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Abstract

Few studies have examined the effects of chronic perchlorate exposure during growth and
development, and fewer still have analyzed the effects of perchlorate over multiple generations.
We describe morphological and developmental characteristics for threespine stickleback
(Gasterosteus aculeatus) that were spawned and raised to sexual maturity in perchlorate-treated
water (G1 2003) and for their offspring (G2 2004) that were not directly treated with perchlorate. The
G1 2003 displayed a variety of abnormalities, including impaired formation of calcified traits,
slower growth rates, aberrant sexual development, poor survivorship, and reduced pigmentation
that allowed internal organs to be visible. Yet these conditions were absent when the offspring of
contaminated fish (G 2004) Were raised in untreated water, suggesting a lack of transgenerational
effects and that surviving populations may be able to recover following remediation of
perchlorate-contaminated sites
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INTRODUCTION

Perchlorate is used by the National Aeronautics and Space Administration and the U.S.
Department of Defense as an oxidizer in the solid propellant of rockets, missiles, the space
shuttle, and in artillery and other explosives [1]. It is also found in many common household
and industrial products [1,2]. Natural sources of perchlorate were previously known to occur
in sodium nitrate deposits of Chilean caliche (which is exported in Chilean fertilizers), in
nitrates from Death Valley, California, USA, and in potash deposits from Carlsbad, New
Mexico, USA [2-5]. However, recent methodological advances are revealing the
geographically extensive occurrence of perchlorate at low levels (<4 pg/kg [ppb]), and
elevated levels occur in some arid and semiarid regions of the American Southwest [6,7].
The highest concentrations of environmental pollution originate from industrial
contamination of the Colorado River [8] and from military storage and disposal practices
[9]. In 2005, perchlorate was reported in the Canadian Great Lakes, marking the first time
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that perchlorate contamination was identified outside the United States [10]. As of March
2005, perchlorate contamination had been reported in 36 states of the U.S.
(http://www.epa.gov/fedfac/documents/

known_perchlorate_releases_in_the _us_09_23_2004.xIs).

Perchlorate is highly soluble in water [11], typically remains unaltered for several decades in
solution [12,13], and can persist for millennia in groundwater [14]; it causes deleterious
effects at low levels [15-17] and remains unregulated because the U.S. Environmental
Protection Agency (U.S. EPA) has not established regulatory maximum exposure levels.
The U.S. EPA’s most recent (2005) perchlorate reference dose is 24.5 pg/L
(http:/lwww.epa.gov/iris/subst/1007.htm#reforal).

Many acute toxicity studies have been conducted on a variety of vertebrates, showing that
environmentally relevant concentrations of perchlorate (i.e., levels found in contaminated
ground and surface water) affect the thyroid gland and alter concentrations of circulating
thyroid hormones ([THs]; triiodothyronine [T3] and thyroxine [T4]). Perchlorate delivered
via water reduces plasma TH concentrations among fish [18,19], amphibians [16,20], birds
[21], and mammals [17,22,23], including humans [23]. It disrupts the thyroid cascade by
competitively inhibiting iodide uptake [22] and has been reported to stimulate the discharge
of inorganic iodine from the thyroid gland by an as-yet unidentified mechanism [2,9,24-26].
These conditions can lead to the production of insufficient levels of THs. This in turn
typically leads to the upregulation of thyroid stimulating hormone (TSH) by the anterior
pituitary and can result in thyroid hypertrophy, hyperplasia, angiogenesis, colloid depletion,
and goiter [18,19,22,27,28]. Chronic thyroid hypertrophy can lead to hyperplasia, which
increases the likelihood that organisms will develop tumors [29].

Maintaining proper thyroid hormone homeostasis is essential for normal development since
THs mediate a wide range of developmental processes. In fish, many biological processes
are believed to be at least partially under the influence of thyroid hormones, including
metamorphosis; formation of the gastric organ (stomach); morphogenesis; temperature
tolerance; skeletal and somatic growth; muscular development; calcification; locomotor
activity; behavioral activity, including migration and reproduction; osmoregulation; lipid,
carbohydrate, protein, and vitamin metabolism; smoltification; ovarian maturation and
oogenesis; gonadal recrudescence; reproduction; and integumentary silvering and
melanophore function [19,30-43].

Goleman et al. [16] demonstrated that perchlorate exposure altered sex ratios in
postmetamorphosed Xenopus laevis with a bias toward females. Mukhi et al. [44]
demonstrated that administration of perchlorate to zebrafish (Danio rerio) during larval-
juvenile development produced a female-biased sex ratio at 43 d postfertilization (dpf), and
perchlorate exposure with supplemental TH administration produced a male-biased sex
ratio. This finding suggests that altered TH levels play a key role in the sexual development
of at least some teleosts, although the outcome (feminization or masculinization) may vary.
Bernhardt et al. [45] demonstrated that chronic perchlorate exposure masculinized genotypic
female threespine stickleback (Gasterosteus aculeatus) to the point that they produced both
functional sperm and eggs.

The responses of a variety of fish species, including fathead minnows (Pimephales
promelas) [19], zebrafish [18,46], and Eastern mosquitofish (Gambusia holbrooki) [28,47]
have been analyzed following perchlorate exposure. These studies illustrate that fish respond
in a typical manner to perchlorate exposure; that is, all species display thyroid follicular
hypertrophy, hyperplasia, and altered TH levels. Therefore, we assume that similar effects
occur in threespine stickleback exposed to perchlorate and examine whether endpoints

Environ Toxicol Chem. Author manuscript; available in PMC 2012 January 4.


http://www.epa.gov/fedfac/documents/known_perchlorate_releases_in_the_us_09_23_2004.xls
http://www.epa.gov/fedfac/documents/known_perchlorate_releases_in_the_us_09_23_2004.xls
http://www.epa.gov/iris/subst/1007.htm#reforal

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

1duasnuey Joyiny vd-HIN

Bernhardt et al.

Page 3

typically mediated by THs are affected by chronic perchlorate exposure. We employed the
threespine stickleback as our model organism to test the hypothesis that chronic perchlorate
exposure creates developmental abnormalities that become more prevalent and more severe
as the concentration of perchlorate exposure increases. We also tested for transgenerational
effects by analyzing whether stickleback raised in water lacking detectable concentrations of
perchlorate (<1.1 pg/L) are affected by parental exposure.

MATERIALS AND METHODS

Overview

To determine how exposure to sublethal concentrations of perchlorate (sodium perchlorate;
Sigma Aldrich Batch: 12802 TA) affects growth and development, we conducted a series of
experiments on the threespine stickleback between 2002 and 2004. The 2002 sample sizes
were small and were therefore treated as pilot data that helped to guide the design of the
2003 to 2004 study presented here [48]. All perchlorate concentrations are reported as mass
of the perchlorate ion per unit, rather than mass of the sodium- or ammonium-perchlorate
molecule.

Sexually mature anadromous threespine stickleback (Gg 2003) Were captured from Rabbit
Slough, Alaska (61°32'12"N, 149°15'17"W) in June to July, 2003 as they returned to spawn.
These fish were acclimated to captivity in negative control water (less than the method
detection limit [MDL] of 1.1 pg perchlorate/L) for approximately three weeks before
spawning trials began. Then they were exposed to perchlorate for approximately three weeks
while they spawned and tended to their young. Their offspring (G1 2003) Were raised in
negative control water or perchlorate-treated water for approximately four months prior to
euthanasia and morphometric analysis.

A subset of the G1 003 Was raised to sexual maturity at one year of age in negative control
or perchlorate-treated water. Upon reaching sexual maturity, these fish were allowed to
reproduce in 38-L aquaria containing negative control water, one male per aquarium.
Therefore, gametogenesis for the G 2g03 occurred in perchlorate-treated water, but
oviposition and fertilization occurred in untreated water. The resulting G, 2004 fish were
maintained in negative control water until 25 weeks of age (from June 8 to December 28,
2004), at which time they were euthanized and stored at —80°C until their morphology could
be analyzed for evidence of transgenerational effects.

Animals and husbandry

Experimental fish were housed in 400-L pools, 1,600-L pools, and/or 38-L aquaria
containing fortified tap water (3—4 g/L Instant Ocean sea salt) that was continuously filtered
and aerated through Azoo biofilters (Aquatic Ecosystems). All 38-L aquaria contained one
biofilter (65 mm diameter), nesting material, and a sandy substrate; 400-L and 1,600-L pools
each contained two biofilters (150 mm diameter each).

Daily observations were made throughout the experiment for viability and behavioral
abnormalities. Dead and moribund fish were recorded and removed upon detection. Analysis
of the negative control water was conducted by ion chromatography in tandem with
electrospray ionization mass spectrometry (n = 21 samples). Temperature and perchlorate
concentrations were monitored daily using an Acorn 6 potentiometer with a perchlorate ion-
sensitive electrode (Cole-Parmer). Dissolved oxygen, pH, and salinity were checked every
two to three months. The only exchange of perchlorate-treated water occurred on October 5,
2003 (experimental day 120) when a subset of the G1 2003 fish were moved indoors and
placed in 400-L tanks at the same perchlorate concentrations as they had been raised
outdoors. On May 21, 2004 (experimental day 349), mature, Gy 2003 males were removed
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from their treated water and isolated in individual 38-L aquaria containing fortified tap water
(2 g/L Instant Ocean without perchlorate added) in order to produce the G 20o4 fish.

Adults and juveniles (>2 months old) were fed frozen brine shrimp daily (Brine Shrimp
Direct), while fry (<2 months old) were fed a mixture of Golden Pearls 100, Artemia food
(both from Aquatic Ecosystems), and ground brine shrimp. Tanks were cleaned at
approximately three-week intervals. Perchlorate-treated water lost during routine aquarium
maintenance was replaced with fresh perchlorate-treated water to maintain the desired
perchlorate concentrations. With those exceptions, water was only added to offset
evaporative water loss.

2003 Experimental groups

Wild-caught adult males (Gg 2003) in six experimental groups were distributed among 15
1,600-L outdoor pools, and each pool was partitioned into four quadrants with one adult
male per quadrant. The six experimental groups consisted of negative controls (three pools/
12 quadrants), and nominal perchlorate concentrations of 3.6 mg/L (three pools/12
quadrants), variable_4 5y mg/L (one pool/four quadrants), 30 mg/L (three pools/12
quadrants), variableg_go) mg/L (three pools/12 quadrants), and 100 mg/L (two pools/eight
quadrants). The Gg 2003 exposures took place under ambient photoperiod (18:6 h light:dark
increasing to 20:4 h and then decreasing to 18.5:5.5) and temperature (14-20°C) through
mid-July.

In 2003, sodium perchlorate was gradually added to the variable_go) mg/L experimental
group to mimic the increasing concentrations recorded in our pilot 2002 study as perchlorate
leached from 3.70 g cores of hydroxyl-terminated polybutadiene (HTPB) solid rocket
propellant [48]. The concentration in the variable_gg) mg/L treatment increased from
<MDL on June 1, 2003 to 60 mg/L by October 14, 2003 (experimental day 129). The
fifteenth pool (variableg_4 5) mg/L) contained the partially spent HTPB cores from the 2002
trials, causing its perchlorate concentration to increase from undetectable levels on June 1,
2003 to 4.5 mg/L by August 22, 2003 (experimental day 76) as ammonium perchlorate
continued to leach from the cores.

G1 2003 husbandry

After conducting 5 d of fry guarding (generally 11-12 dpf), adult Gg 2093 males were
removed from their pools and euthanized. Their offspring (G1 2003) remained outdoors in
their parents’ treatment groups under ambient photoperiod (20:4 h light:dark declining to
11:13 h) and temperature (20°C declining to 8°C) through October 5, 2003. When the

G1 2003 reached 15 weeks of age, only 200 fish from four experimental groups could be
brought indoors due to space limitations. Fifty fish each from the negative control group, the
30 mg/L, variabley_gg), and the 100 mg/L groups were selected. These fish provided the
opportunity to assess survival rates while being raised to sexual maturity. They continued to
be maintained under simulated natural photoperiod throughout the winter but were kept
between 17 and 19°C until they reached sexual maturity in the spring. Their offspring
(G2.2004) Were used to assess potential transgenerational effects from parental perchlorate
exposure.

Morphological analysis

In all years, Fowler Sylvac digital calipers (Model S 235 PAT) were used to measure
character lengths on whole fish. Growth rates were determined by taking repeated measures
on live fish, but all other measurements were performed on intact, preserved fish. Bilateral
traits were summed to produce a total length for each character and treated as a single trait.
Fluctuating asymmetry did not differ between treatments in the pilot study [48], so it was
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not analyzed in 2003 or 2004. To test for transgenerational effects in 2004, we analyzed the
16 traits that varied the most among the pilot study fish and G 203 for transgenerational
effects. We included two additional traits (dorsal fin length and total pelvic score) in 2004
that did not meet these criteria, but are frequently used in studies of comparative stickleback
morphology.

In addition to analyzing the characters shown in Figure 1, a fish was considered to have a
completely armored ring if the pelvic girdle, anterior lateral plates, and second dorsal spine
formed an overlapping calcified ring entirely around the fish. Total pelvic score was
determined by adding one point for each bilateral component of the pelvic girdle, including
the two ascending branches, two anterior processes, two posterior processes, and the two
pelvic spines for a maximum of eight points [49]. A fish was considered to be transparent
when vertebrae, ribs, internal tissues or organs were externally visible.

Unlike meristic traits, morphometric traits are impacted by the size of the fish, and therefore
had to be adjusted for standard length (distance from the anterior tip of upper jaw to
posterior end of hypural plate; standard length [SL]). This was done by converting traits to
their expected value at the mean SL for all fish (global mean; see von Hippel and Weigner
[50]). First, each of the morphometric traits was entered into a regression, with SL as the
independent variable, and residuals were recorded. Second, for each trait, the y-value at the
global mean SL was recorded. Finally, residuals were added to the y-value at the global
mean, essentially converting all specimens into a common SL while preserving the
individual morphological differences between them.

2003 Condition indices

Condition indices for every surviving G 2003 fish were periodically assessed. These
included survivorship, SL, transparency, gravidity, swimming behavior, and the presence of
fungal infections. Censuses of the G; go3 fish were conducted monthly. The SL of each
G1.2003 fish was measured five times between August 30, 2003 (experimental day 84) and
June 10, 2004 (experimental day 369). On each occasion, all surviving Gy 2qo3 fish were
removed from their tanks and measured with digital calipers.

Statistical analyses

Prior to conducting statistical analyses, homogeneity of variances was evaluated using
Levene’s tests, and data normality was evaluated using Kolmogorov—-Smirnov tests.
Kruskal-Wallis tests were used when violations to normality, homogeneity of variances, or
low sample sizes (n < 20) occurred with continuous data. Frequency data, such as the
number of transparent fish and the number with completely armored ring development were
compared using chi-square tests. When data were normally distributed with homogeneous
variances and sample sizes >20, data were analyzed using analysis of variance (ANOVA)
tests. Bonferroni multiple comparison tests revealed which groups differed when ANOVAs
indicated overall significance, and Dunnett’s tests followed significant Kruskal-Wallis tests.
An analysis of covariance (ANCOVA) was used to determine the significance of perchlorate
concentration (factor) and fish density (covariate) on growth (dependent variable) of the

G1 2003 SPSS v. 15.0 was used for all statistical procedures, and all tests were two-tailed.

To reduce the likelihood of committing type | errors, a values were adjusted downward to
equal the probability of having one false positive in the number of annual tests plus one. The
greatest number of statistical tests (n = 29) were run in 2003, and a cutoff value (o)) of 0.038
(i.e., 1/30 = 0.038) was deemed to be the most appropriate measure of significance. A
similar correction in 2004 would have caused the o value to rise above 0.05; therefore, the a
value was not adjusted in 2004.

Environ Toxicol Chem. Author manuscript; available in PMC 2012 January 4.
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RESULTS

Perchlorate measurements

Spectrophotometric analysis revealed that the level of background perchlorate in untreated
tap water used in all experimental groups was less than the method detection limit (<1.1 ug
perchlorate/L). The mean perchlorate concentration of the negative control water based on
18 Acorn 6 readings was 0.15 mg/L (standard error [SE] 0.01), yet this value is less than the
lowest calibration standard used (1 mg/L) and is less reliable than the spectrophotometric
analyses. The results of the daily perchlorate readings from the Acorn 6 perchlorate
potentiometer show that the nominal 1.6, variableg_4 5, 30, and 100 mg/L treatments had
mean perchlorate concentrations of 1.6 mg/L (n = 85, SE = 0.05), 2.2 mg/L (n =85, SE =
0.08), 32.0 mg/L (n =334, SE = 0.20), and 102.9 mg/L (n = 334, SE = 0.57), respectively.
The variableg_gp) mg/L treatment reached a maximum concentration of 71.8 mg/L on
experimental day 179 (December 3, 2003) with a mean perchlorate concentration of 51.1
mg/L (n = 324 readings, SE = + 1.00 mg/L). After experimental day 179, the perchlorate
readings remained relatively stable (meanyggz = 61.8 mg/L, n = 185, SE = 0.19). The rates of
increase between the 2002 HTPB and 2003 variableg_go) mg/L treatments were similar
(Y2002 = 0.32x — 12.04, r2 = 0.92 Vs Y03 = 0.31x — 9.44, r2 = 0.88; y = perchlorate
concentration, x = number of experimental dpf).

Untransformed morphometric results

In 2002, fish raised from syngamy through 5.5 months of age in negative control water, 1.5
mg/L, or 12.0 mg/L treatments showed significant developmental differences in 9 of 39
morphological characters, with fish from higher treatments generally showing greater
impairments of growth and calcified structure development. The experiments of 2003
repeated and expanded upon the 2002 experiments with larger sample sizes. In 2003, fish
raised from syngamy to 15 weeks of age showed highly significant statistical differences (p
< 0.0001) in developmental patterns for 27 of 29 morphological characters (Table 1, Fig. 2).
The dose-dependent relationship noted in 2002 was replicated in 2003, as a greater
proportion of fish from higher treatments displayed transparency, incomplete keel plate
development, fewer and smaller lateral plates, incomplete armored ring formation, and
smaller fins and spines (Table 1, Fig. 2).

The G2 2004, Which were maintained in water without detectable perchlorate concentrations
to test for transgenerational effects, suffered early mortality. By the time they were
euthanized in December 2004, only 32, 20, and 7 of the G 2004 remained from parental
groups in the negative control, 30, and variable_go) mg/L experimental groups,
respectively. From these, 20, 20, and 7 G 2004 progeny from the negative control, 30, and
variableg_go) mg/L experimental groups, respectively, were tested for morphological
differences.

The Gy 2004, all unexposed to perchlorate, showed growth patterns typical of fish being
raised at different densities, but a typical of stickleback affected by perchlorate. Statistically,
the negative control and progeny of fish exposed to 30 mg/L did not differ from each other
(Table 2, Fig. 3), but both groups were generally smaller than the unexposed G 2004
progeny of fish from the variableg_go) mg/L treatment (Fig. 3). Although four of 18
characters were significantly different among groups of the Gy 5004, this is due to the
progeny of fish in the variable_go) mg/L group being larger than the progeny of fish
exposed to negative control and 30 mg/L perchlorate. None of these four characters showed
highly significant differences (p < 0.001) between experimental groups (Table 2), and none
of the G »go4 fish showed incomplete calcification, transparency, or impaired
developmental patterns. One anomalous developmental event occurred, however, on one of

Environ Toxicol Chem. Author manuscript; available in PMC 2012 January 4.
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the Gy 2004 progeny of the variableg_go) mg/L group. This fish developed a fourth dorsal
spine (Fig. 4).

Standardized morphometric results

For G 2003 fish, after the continuous morphometric characters were transformed to remove
effects of differences in SL, statistically significant differences were found in developmental
patterns for 24 of 25 continuous characters; all but two of these 24 characters showed highly
significant differences (p < 0.0001; Tables 1, 2). The G2 2004 Showed differences in seven of
13 traits between groups when the data were transformed to a common SL (Table 2).

Growth rates

Negative control fish reached their maximum SL faster than treated fish, but all fish
ultimately reached similar maximum SL at sexual maturity (Fig. 5; ANOVA, F3 190 = 1.418,
p=-0.242).

Density effects

To determine whether perchlorate concentration or fish density had a stronger effect on
growth, comparisons were made between fish raised at different densities and perchlorate
concentrations. Prior to conducting the ANCOVA, preliminary analysis evaluating the
homogeneity-of-slopes assumption indicated that the relationship between density
(covariate) and SL (dependent variable) differed significantly as a function of the
perchlorate concentration (independent variable; F3 224 = 59.67, MSE = 451.43, p < 0.0001,
partial y2 = 0.444). Furthermore, Levene’s homogeneity of variances testing demonstrated
that variances were not homogenous (Fs 228 = 4.792, p < 0.001). Nevertheless, the
ANCOVA was performed to provide insight and was found to be highly significant (Fs o7 =
36.89, MSE = 495.46, p < 0.0001). The strength of the relationship between the perchlorate
concentration and SL was strong, as assessed by a partial x2, with perchlorate concentration
accounting for 45% of the variance in SL when density of the stickleback was held constant
at 253 fish per pool. Since both ANCOVA assumptions were violated, the statistical results
were interpreted as being suggestive. However, examination of the four instances when
G1.2003 fish were raised in lower perchlorate concentrations and higher densities provided
further evidence of perchlorate’s role in growth inhibition. In every instance, fish maintained
at higher density and lower perchlorate concentration grew to be larger than those raised in
higher perchlorate treatments at lower densities (Table 3).

Gross developmental abnormalities

Several gross developmental abnormalities were noted among perchlorate-treated G 2003
fish (Fig. 4). Ventral and dorsal protrusions developed on 3, 12, and 42% of fish exposed to
30, variable(g_g), and 100 mgl/L, respectively, but were absent from negative control fish.
Exopthalmia (bulging eyes) was noted in treatments >30 mg/L. All fish (2002-2003)
exposed to >12.0 mg/L perchlorate either lacked lateral plates, or their lateral plates were
abnormally small and poorly calcified. Negative control fish had 9 to 10 keel plates on each
side of their caudal peduncles, while 50% of 30 mg/L fish, 82% of variableg_gg) mg/L fish,
and 95% of 100 mg/L fish completely lacked these plates, and this despite the fact that their
wild-caught parents had complete lateral plate development with fully plated keels.

In 2002, fish exposed to =1.5 mg/L perchlorate displayed impaired formation of calcified
traits and impaired somatic growth [48]. Also in 2002 [48], only stickleback in the highest
treatment [variableg_gs) mg/L HTPB] had incomplete formation of the armored ring,
developed fewer and smaller lateral plates, completely lacked keel plates, and were
transparent. In 2003, subsamples of 27-36 G1 »go3 fish per treatment were analyzed for

Environ Toxicol Chem. Author manuscript; available in PMC 2012 January 4.
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transparency at 35 weeks of age (experimental day 262). None of the 36 negative control
fish were transparent, while four of 29 (13.8%), 19 of 25 (76%), and 24 of 26 (92.3%) fish
from the 30, variable(o_gg), and 100 mg/L treatments, respectively, were transparent. In fact,
many treated fish remained transparent at sexual maturity, allowing vertebrae, air sacs,
digestive tracts, kidneys, and ribs to be seen externally (Fig. 4). Treated fish failed to
produce normal nuptial coloration [45]. Transparency was never observed in wild-caught
fish.

DISCUSSION

Chronically exposed stickleback raised in perchlorate-treated water displayed abnormalities
that increased in frequency and severity in a dose-dependent manner (Figs. 2, 4) [48]. The
G2 2004 Stickleback, which were not directly exposed to perchlorate but were the offspring of
perchlorate-treated parents (excluding negative control fish), did not show changes in
endpoints characteristic of perchlorate exposure, suggesting a lack of perchlorate-related
transgenerational effects (Fig. 3). However, one of the seven G, 204 progeny of fish from
the variableg_gg) mg/L experimental group developed an extra dorsal spine (Fig. 4), which
is a rare natural event. Whether this was a perchlorate-induced transgenerational effect or a
random event is unclear. Because so few fish exposed to higher perchlorate treatments
managed to spawn in 2003 [45], there were not enough offspring to draw definitive
conclusions about transgenerational effects. Therefore, future research should investigate
whether perchlorate induces transgenerational effects in spine duplication, as it may also
have done in fish directly exposed to perchlorate (i.e., anal spine duplication, Fig. 4) [48].

Size differences by experimental group were apparent among the Gz 2004 (Fig. 3), but these
did not appear to be perchlorate-related transgenerational effects. Instead, these effects were
likely the result of different fish densities among the Gy 2004 €xperimental groups, since fish
raised at lower densities grew faster and larger than those at higher densities. The progeny of
fish exposed to 30 mg/L perchlorate are statistically similar to negative control fish and the
progeny of fish in the variable_go) mg/L treatment were larger than both, which is contrary
to what would have been expected if parental perchlorate exposure imposed dose-dependent
transgenerational effects.

The Gy 2003 fish in higher perchlorate treatments experienced higher mortality (percent
mortality between October 2003 and May, 2004 was 14, 52, 56, and 74% for Control, 30,
60, and 100 ppm fish, respectively; details in Bernhardt et al. [45]). Therefore, fish in higher
perchlorate concentrations were raised at lower densities between 15 and 52 weeks of age.
Fish maintained at lower densities typically grow larger and/or faster than those raised at
higher densities [51-55] even, as in the present study, when food is not a limiting factor
[52]. However, stickleback maintained at higher densities and lower perchlorate
concentrations were larger than those raised at lower densities and higher perchlorate
concentrations (Table 3). These results support the hypothesis that the concentration of
perchlorate had a greater effect on stickleback growth than did fish density, within the
respective ranges of the present study. Although assumptions were violated, our ANCOVA
analysis also suggests that perchlorate reduced growth rate when the effects of density were
held constant. An interaction study specifically designed to analyze these factors would be
necessary to definitively tease them apart.

Analyses of size-adjusted data demonstrated that perchlorate also affected the relative size
of characters (Tables 1, 2). Therefore, size differences were not due solely to fish from
higher perchlorate concentrations being smaller. Rather, perchlorate exposure caused the
relative size of most traits (24 out of 25) to be proportionally smaller.

Environ Toxicol Chem. Author manuscript; available in PMC 2012 January 4.
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Overall, our findings demonstrate that fish raised in higher perchlorate treatments showed
impaired development, slower growth, and smaller characters, with the exception of the
G1.2003 3.7 mg/L fish, which were larger than expected (Table 3, Fig. 2). Several characters
showed evidence of reduced calcium deposition, and nearly every measured characteristic
on fish from higher treatments was smaller than on fish from lower treatments or negative
controls. Many characters were absent or had incomplete expression among fish from higher
treatments. Thus, the trends noted in the 2002 pilot study [48] were reinforced by the present
study.

These findings reflect what have become typical dose-related trends for animals exposed to
perchlorate during development. Crane et al. [19] found that 10 and 100 mg/L perchlorate-
treated fathead minnows (Pimephales promelas) also had significantly lower wet body mass
and standard lengths compared to negative controls and those exposed to 1 mg/L
perchlorate. Goleman et al. [16] found that growing Xenopus laevis exposed to 425 mg/L
ammonium perchlorate had a reduced snout to vent length after only 16 d of exposure.
However, evidence of hormesis, an overcompensation to insult resulting in overdevelopment
or overexpression, has occasionally been reported among organisms exposed to
approximately 1 mg/L perchlorate [19,21,46,47,56]. Therefore, we cannot rule out the
possibility that the larger G 2003 exposed to 3.7 mg/L perchlorate displayed a hormetic
effect, but their lower density almost certainly contributed to their enhanced growth.

A prominent trend in the present study was for calcified traits to be underdeveloped among
perchlorate-treated fish (Tables 1, 2, Fig. 4). Dose-dependent effects were revealed with fish
in higher treatments having smaller (or missing) calcified traits (Tables 1, 2). Reduced
calcium deposition is known to be associated with chronic hypothyroidism among fishes
[30]. Crane et al. [19] found that fathead minnows exposed to 10 and 100 mg/L ammonium
perchlorate for 28 d had smaller scales than negative controls or those exposed to 1 mg/L.
Srivastava [57,58] showed that thyroxine administration stimulates phosphate uptake from
aquarium water, which may reflect an intensification of calcification and/or protein
synthesis.

Robust calcification of characters such as lateral plates, spines, and the pelvic girdle on
threespine stickleback reduce the risk of predation and may help in the acquisition and
maintenance of breeding territories [59]. A robust armored ring (including anterior lateral
plates, pelvic girdle, pelvic spines, and dorsal spines) poses a formidable defensive barrier to
gape-limited predators, such as many piscivorous fish [60].

Previous experiments have shown that both pectoral fin and lateral plate formation are
linked with swimming performance in stickleback [61,62]. In fact, Bergstrom [63] used
resident freshwater stickleback to demonstrate that the number of lateral plates was
negatively correlated with swimming velocity and attributed these findings, in part, to less
drag among fish with fewer lateral plates. Thus, when all else is equal, one might expect to
find enhanced swimming performance among stickleback with fewer and smaller lateral
plates. However, stickleback exposed to higher perchlorate concentrations performed worse
in swimming trials than those exposed to a lower perchlorate concentration or negative
controls [64]. These findings suggest that lateral plate reductions are not linked to the
impaired swimming performance noted among perchlorate treated fish. Poor swimming
performance may have been associated with abnormalities in their shape (Fig. 4),
suboptimal energy metabolism, or muscular formation associated with altered TH levels
[65], or even reduced size of the pectoral fins (Table 2).

Taylor and McPhail [66] compared resident freshwater stickleback with smaller pectoral fins
to anadromous stickleback with larger fins and found that resident freshwater morphotypes

Environ Toxicol Chem. Author manuscript; available in PMC 2012 January 4.



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

1duasnuey Joyiny vd-HIN

Bernhardt et al.

Page 10

were only able to maintain swimming speeds of five mean body lengths per second for 12—
24 minutes before failing to resist the current. Longer pectoral fins provide more thrust per
stroke [67], and allow stickleback to achieve greater velocity with fewer fin beats.
Therefore, fish with smaller pectoral fins have to expend more energy than fish with larger
pectoral fins in order to achieve the same velocity. Together, abnormally small fins and
reduced armor development would affect key components of fitness, including vulnerability
to predation, migratory success, and parental care behavior [64].

Perchlorate-exposed stickleback also displayed impaired silvering and remained transparent
at phenotypic maturity, with organs and vertebrae clearly visible (Fig. 4). Although a greater
percentage of stickleback in the variableg_go) mg/L treatment had opaque flesh, compared
to the 30 and 100 mg/L treatments, the concentration of the variableg_go) mg/L treatment
was less than the 30 mg/L treatment until the fry were approximately five weeks of age (July
30, 2003), long after the point that integumentary silvering normally occurs. Therefore, the
proportion of fish with normal flesh (opaque and silvery) actually decreased in a dose-
dependent manner (Fig. 2).

Transparency may be linked to impaired thyroid function. Silvering of teleosts normally
occurs when thyroxine and/or TSH stimulates integumentary purine deposition, specifically
guanine and hypoxanthine [31,33,68,69]. Goitrogens, such as thiourea [69] and perchlorate
[19,43], are known to inhibit thyroxine production, thereby preventing integumentary
silvering. Crane et al. [19] showed that fathead minnows exposed to 10 and 100 mg/L
ammonium perchlorate for 28 d retained the transparency typical of their larval form. Mukhi
et al. [44] demonstrated that zebrafish treated with 100 and 250 mg/L perchlorate exhibited
reduced integumentary silvering. Both of these studies [19,43] also demonstrated that
perchlorate exposure interfered with thyroid function as indicated by follicular hypertrophy
and hyperplasia, colloidal depletion, and altered T, levels.

Thyroxine has been shown to affect the pigmentation of different species in different ways
or not at all [19,30,33,44,70-72], and perchlorate could alter pigmentation by other means.
The transparency of our perchlorate-treated stickleback as well as the scarcity of
pigmentation on the testes of genotypic male stickleback exposed to perchlorate [45]
suggests that perchlorate may inhibit melanogenesis or may be melanocytotoxic. This is a
topic worthy of study to determine if the mechanism by which perchlorate disrupts
pigmentation is of concern to human health.

LaRoche et al. [30] found that retarded gonadal development among radiothyroidectomized
fish was attributed to a chronic state of hypothyroidism. Although retarded gonadal
development might be expected among fish with impaired thyroid function, the intersex
gonads in genotypic female stickleback produced by perchlorate exposure [45] suggests
interference with developmental processes beyond the control of thyroid hormones. In fact,
we found that perchlorate-treated genotypic male stickleback developed markedly enlarged
testes in a dose-dependent manner [45]. Other studies have also shown that perchlorate has
direct effects on animal tissues that appear to be extrathyroidal, such as renal flow, muscular
function, and maintenance of bone [73-75].

CONCLUSION

Every threespine stickleback that was chronically exposed to >12.0 mg/L of sodium
perchlorate displayed morphological abnormalities at phenotypic maturity (Tables 1, 2, Figs.
2, 4) [48]. Aberrant patterns were primarily associated with reproduction, locomotion,
calcification, pigmentation, antipredatory structures, and vision. Some genotypic female fish
exposed to =30 mg/L perchlorate became masculinized and developed intersex gonads,
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showing both structural and functional hermaphroditism [45]. Many fish exposed to >30
mg/L perchlorate failed to become silver and lacked lateral plates, allowing vertebrae and
internal organs to be visible. The abnormalities noted among these fish illustrate the
profound morphological changes induced by chronic exposure to perchlorate. However,
impaired stickleback that reproduced in water without detectable levels of perchlorate (<1.1
pg/L) produced offspring without the suite of abnormalities noted among perchlorate-treated
fish. This suggests that surviving populations may be able to recover following remediation
of perchlorate-contaminated sites. However, perchlorate may impose selective forces that
alter the genetic and phenotypic composition of the surviving population.
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Fig. 1.

Morphological landmarks shown on a cleared and stained (Alizarin red S) stickleback. The
45 characters that were measured on each of the Gy »po3 fish are shown. A = body depth, B
= body width, C = orbit length, D = 1st dorsal spine length, E = 2nd dorsal spine length, F =
3rd dorsal spine length, G = pelvic girdle length, H = anal spine length, | = keel length, J =
ascending branch length, K = anterior lateral plate length, L = opercular length, M =
opercular depth, N = pelvic spine length, O = anal plate length, no. 1-33 = number of lateral
plates, no. 24-33 = number of keel plates, P = dorsal fin length, Q = dorsal fin height, R =
anal fin length, S = pectoral fin length, T = number dorsal fin rays, U = number anal fin
rays, V = number pectoral fin rays. The total pelvic score was determined by adding the
presence or absence of J, N, and the two components represented by G (anterior and
posterior processes of the pelvic girdle) for each side of the fish. An armored ring was
considered to be completely developed when the calcified structures represented by E, 6, G,
and J overlapped one another without gaps. See text for the criteria used to determine
transparency. Photo courtesy of W. Cresko.
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Fig. 3.

Typical developmental patterns for G; 2004 fish: (a) mean standard length by experimental
group; (b) mean length of select calcified structures by experimental group; (c) percent of
fish with opaque flesh or armored ring by experimental group; and (d) mean number of
lateral and keel plates by experimental group. The G 2004 are categorized according to the
nominal exposure of their parents. The progeny of fish exposed to 30 and variableg_gg) Mg/
L perchlorate show none of the aberrant patterns noted among their perchlorate-treated
parents. When differences occurred, the G 5004 progeny of fish from the variable_gg) mg/L
experimental group were larger than fish in the other treatments, probably reflecting the
effects of unequal fish densities. SE = standard error.
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Fig. 4.

Gross developmental abnormalities. Perchlorate clearly disrupted body pigmentation, lateral
plate development, body shape, and appeared to express itself in features such as
exopthalmia and possibly duplicated spines.
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Fig. 5.

Growth of G1 »g03. Asterisks represent the degree of significance between each treatment
and negative control stickleback ("p < 0.05, *p < 0.01, and ***p < 0.001). Rapid growth
among fish in the variable_gpy and 100 mg/L perchlorate treatments demonstrate a release
effect between October 5 and February 24 because densities were standardized to 50 fish per
400-L tank on October 5; prior to that these treatments had higher densities. Yet treated fish
in the 30, variable_gg), and 100 mg/L treatments suffered higher mortality rates and
subsequently developed at lower densities than the negative control fish.
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Table 1

Differences in morphological traits between G 2003 experimental groups

2003 r2 2003 Untransformed K-W 2003 Standardized K-W
Characters with SL F / df / p values F / df / p values
Standard length 1** 82.013/5/<.0001
Body mass 0.92** 95.355/5/<.0001 74.398 /5 /<.0001
Body depth 0.982** 78.258 /5/<.0001 28.762/5/<.0001
Body width 0.948** 71.495/5/<.0001 45.421/5/<.0001
Sum orbit length 0.945** 79.965/ 5/ <.0001 72.798 /5/<.0001
1st dorsal spine 0.95** 89.930/5/<.0001 94.643/5/<.0001
2nd dorsal spine 0.941** 87.991/5/<.0001 91.330/5/<.0001
3rd dorsal spine 0.892** 85.844/5/<.0001 89.296 / 5/ <.0001
Pelvic girdle length 0.925** 91.927/5/<.0001 77.253/5/<.0001
Anal spine length 0.919** 78.358 /5 /<.0001 83.929/5/<.0001
Sum keel length 0.86** 87.127/5/<.0001 101.491/5/<0.001
Sum ascending branch length 0.98** 76.800/5/<.0001 68.160 /5 /<.0001
Sum anterior lateral plate length ~ 0.944** 90.828 / 5/ <.0001 83.926 / 5/ <.0001
Sum opercular length 0.986** 81.658/5/<.0001 69.114 /5/<.0001
Sum opercular depth 0.984** 83.004 /5/<.0001 75.883/5/<.0001
Sum pelvic spine length 0.944** 87.171/5/<.0001 74.745/5/<.0001
Sum anal plate length 0.79** 103.441 /5 /<.0001 78.943 /4 /<.0001
Total no. of lateral plates 0.817** 95.503/5/<.0001 98.985/5/<.0001
Total no. of keel plates 0.771** 106.432 /5/<.0001 80.213 /4 / <.0001
Total Pelvic Score 0.169 5.050/5/.410
Dorsal fin length 0.978** 77.029/5/<.0001 8.220/5/.145
Dorsal fin height 0.952** 71.192/5/<.0001 61.350/5/<.0001
Anal fin length 0.968** 79.169 /5 /<.0001 12.572/5/.028
Sum pectoral fin length 0.888** 97.389/5/<.0001 96.658 / 5/ <.0001
No. dorsal fin rays 0.681** 53.149/5/<.0001 100.779/5/<.0001
No. anal fin rays 0.611** 34.096 / 5/<.0001 72.172/5/<.0001
Total no. of pectoral fin rays 0.004 9.589/5/.088 50.449 / 3/ <.0001
Transparent flesh 0.59** 112.817/5/<.0001
Armored ring completely formed  0.754** 81.334/5/<.0001
Significance summary 27 of 29 24 of 25

Page 20

Significant differences were identified for 27 of 29 untransformed characters and for 24 of 25 standardized characters in nominal treatments
ranging from negative controls (<1.1 pg/L) to 100 mg/L perchlorate.

aA significance value of o < 0.038 was adopted for 2003.
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Table 2

Differences in morphological traits between G 2004 experimental groups

2002 r2

2004 Untransformed K-W

2004 Standardized K-W

Characters

Standard length

Body depth

1st dorsal spine

2nd dorsal spine

3rd dorsal spine

Pelvic girdle length

Sum ascending branch length
Sum anterior lateral plate length
Sum pelvic spine length

Sum anal plate length

Total no. of lateral plates

Total no. of keel plates

Total pelvic score

Dorsal fin length

Sum pectoral fin length

No. dorsal fin rays

Transparent flesh

Armored ring completely formed

Significance summary

with SL
1

0.951 **
0.925 **
0.895 **
0.848 **
0.924 **
0.896 **
0.899 **
0.892 **
0.844 **
0.561

0.089
0.843 **
0.87 **
0.383 *

F / df / p values
6.717/2/.035
5.151/2/.076
7.271121.026
5.906 /2 /.052
9.357/2/.009
5.151/2/.076
4.408/2/.110
6.857/2/.032
0.657/2/.720
3.174/21/.205
0.635/2/.728
0.000/2/1.000
0.000/2/1.000
4.154/2/.125
.080/2/.961
2.222/21.329
0.000/2/1.000
0.000/2/1.000
40f 18

F / df / p values

1.111/2/ 574
8.244/2/.016
7.120/2/.028
6.967/2/.031
13.366/2/.001
6.247/2/.044
0.409/2/.815
498/21/.780
7.554/2/.023
4.815/2/.090

3.590/2/.166
12.115/2/.002
0.424/2/.809

70f13
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All G2, 2004 were raised in water without detectable levels of perchlorate, but their parents were raised from fertilization to sexual maturity in

negative control or perchlorate-treated water. Significant differences were identified for four of 18 untransformed characters and for seven of 13
standardized characters. Significant differences were due to the offspring of the G1,2003 fish in the variable(0—60) mg/L treatment being larger,

which was likely due to lower densities in their aquaria.

aDifferences were considered significant when o < 0.05 in 2004.
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Table 3

Effects of perchlorate concentration and fish density on standard length

Tank [CIO;](mg/L) Number of fish  Density (fish / Liter) Mean standard length (mm)
152 100 265 0.166 16.5
4ab 0-60 291 0.182 205
11b 0-60 343 0.214 18.22
12 30 294 0.184 24.05

Fish raised in treatments with higher perchlorate concentrations and lower densities are smaller than those raised at lower perchlorate
concentrations and higher densities, suggesting that perchlorate concentration has a greater effect on growth than does fish density.

aDensi'(y/PerchIorate concentration comparison 1: Fish from tank 4 exposed to as high as 60 mg/L perchlorate and raised at a density of 0.182 fish/
L were larger than fish from tank 15 exposed to 100 mg/L perchlorate and raised at a density of 0.166 fish/L.

bFish in tank 4 were exposed to the same perchlorate treatment as fish in tank 11 [variable(0—g0) mg/L treatment], but tank 11 had a higher density
of fish and produced smaller fish.
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