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Perchlorate Affects Thyroid Function
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The purpose of this study was to determine the effects of
perchlorate on thyroid function in mosquitofish. Adult
mosquitofish were exposed to 0, 0.1, 1, 10, 100, and

1000 mg/L sodium perchlorate for 2, 10, and 30 d. Whole
body thyroxin (T4) content and histological assessment of
thyroid follicles (e.g., follicular epithelial height, hyperplasia,
hypertrophy, and colloid depletion) were used to gauge
alterations in thyroid function. Follicular epithelial cell height,
hyperplasia, and hypertrophy increased with increasing
perchlorate concentration, especially in fish exposed for
30d, and these effects were statistically significantly different
from control at concentrations as low as 0.1 mg/L (nominal
concentration). The percent occurrence of follicles with
depleted colloid decreased with increasing perchlorate
concentration, which is contrary to what is expected with
thyroid inhibition. There also was a decrease in whole
body T, concentration in fish exposed to perchlorate for
30d, but clear dose—response relationships were less evident
for whole body T, than for histopathological endpoints.

In conclusion, thyroid histopathology provides a sensitive
biomarker for thyroid endocrine disruption at environ-
mentally relevant concentrations of sodium perchlorate,
and whole body T, is a less sensitive indicator of perchlorate
exposure than is histopathology.

Introduction

Perchlorate salts are used as oxidizers in solid-fuel rockets
and missiles, illuminating munitions, fireworks, automobile
airbags, and flares (I). The perchlorate anion is also a
contaminant found in some nitrate-based fertilizers (I).
Environmental contamination of soil and surface or ground-
water has been found at facilities where these materials are,
or have been, manufactured, used, or processed (I—3).
Concern over environmental perchlorate contamination
stems from the fact that it competitively inhibits thyroidal
iodide uptake by reversibly binding to the sodium/iodide
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symporter, thus hindering synthesis of thyroid hormones
(TH) (9.

Perturbation of TH homeostasis may be manifested as
hypertrophy and hyperplasia of thyroid follicle epithelial cells
as well as modulation of thyroid follicle colloid volume (5).
This is because a reduction in the amount of circulating TH
results in an increase in the secretion of thyroid stimulating
hormone (TSH) via a negative feedback loop. Elevated blood
concentrations of TSH cause hypertrophy and hyperplasia
of thyroid follicle cells and depletion of colloid. Alteration of
the thyroid follicular colloid volume may occur when there
is a perturbation of TH synthesis, for example as affected by
reduced iodine availability (6).

Although perchlorate has been known to inhibit thyroid
production in mammals for some time (7—10), its effects in
other vertebrates, such as fish and amphibians, have only
recently been recognized (I11—14). In teleost fish, thyroid
hormones regulate such ecologically relevant processes as
growth, embryo/larval development, metamorphosis, re-
production, and behavior (15—18). Although perchlorate-
induced thyroid disruption has been studied in zebrafish
(Danio rerio) and sea lamprey (Petromizon marinus) (14,
19), effects in native North American teleosts have not been
determined. This information is necessary for developing
biomarkers of exposure and effects of thyroid disrupting
chemicals and for assessing risk to ecological receptors such
as fish. Thus, the purpose of this research is to determine the
effects of perchlorate on thyroid histopathology and T,
concentrations in the eastern mosquitofish (Gambusia
holbrooki). Mosquitofish were chosen because they are often
present at perchlorate-contaminated sites, and perchlorate
has been detected in mosquitofish from these sites (3, 20).
It was hypothesized that T, levels would be decreased in a
dose—response manner and that changes in thyroid follicle
morphologies such as hyperplasia and hypertrophy would
also be apparent.

Experimental Section

Chemicals. Sodium perchlorate (99% purity) was purchased
from Sigma-Aldrich (St. Louis, MO). Sodium perchlorate was
chosen over the ammonium salt to eliminate the confounding
effects of ammonium toxicity. In addition, although the
ammonium salt is most frequently used in manufacturing
processes and is the form most frequently released to the
environment, in field conditions ammonium perchlorate is
rapidly converted to the sodium salt (21). Thus, sodium
perchlorate is most commonly encountered in the environ-
ment (21) and would be the perchlorate salt that is most
environmentally significant.

Animals. Adult female mosquitofish were used for all
experiments below. They were purchased from commercial
hatcheries (Ken’s Hatchery and Fish Farm, Alapaha, GA).
Females only were used in order to control for effects of sex
on thyroid endpoints. Male were not used because, due to
the fact that they are much smaller in size than the females,
it would have been more difficult to obtain adequate tissues
for analysis from them. Also, males were very rare in the fish
shipments received from the hatchery (probably due to the
fact that they are much smaller than females, and so they
could more easily slip through the mesh of the netting used
to capture them from stock ponds). Fish were allowed to
acclimate to laboratory conditions for at least 5 d prior to the
start of the experiments. A 12-h photoperiod and constant
water temperature were maintained throughout the experi-
ment. Fish were fed ad libitum with commercial flake food
daily (Aquatox Flake, Zeigler Bros. Corp., Gardners, PA). This
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food contains 9 mg/kg of iodine, as determined by the
manufacturer. The test and acclimation water consisted of
60 mg/L of Instant Ocean sea salts in deionized (DI) water,
containing 0.4125 ug/L of iodide anion (reconstituted water)
following ref 14. This level of iodine is within the range of
iodine concentrations typically found in surface waters in
the U.S. and elsewhere: surface water total iodine concen-
trations have been found to vary between 0.3 and 5 ug/L
(22—25). TIodine concentration in the water is significant,
because even low concentrations of iodine in the water can
negate the effects of perchlorate, at least in amphibians (26).

Experimental Design

Mosquitofish were exposed to 0, 0.1, 1, 10, 100, and 1000
mg/L sodium perchlorate in reconstituted water for 2, 10,
and 30 d. There was 15 L water per aquarium. Fifteen
mosquitofish were randomly assigned to each aquarium.
There were 5 replicate aquaria for each of the treatment
concentration and duration combination. There were six
concentrations used (control plus five concentrations of
perchlorate). There were 3 exposure time periods (i.e., there
were a total of 18 treatments — 6 concentrations x 3 exposure
periods, and a total of 90 aquaria (18 x 5 replicates per
treatment). The aquaria were arranged in a randomized block
design, with 1 replicate per treatment assigned to each block
(laboratory shelf), minimizing possible effects due to envi-
ronmental variation in the laboratory. Fish were fed Aquatox
Flake food daily, ad libutium, and all feedings were at the
same time of the day.

Every other day, 1/3 of the water was changed, and the
aquaria were refilled with reconstituted water and the
appropriate amount of sodium perchlorate stock solution.
Dissolved oxygen, salinity, pH, ammonia, and conductivity
were determined on days between water changes. Water
samples were also taken on the first day and last day of each
exposure, and once weekly for the longer exposures, and
analyzed for perchlorate as described in Anderson and Wu
(27). Fish were fed ad libitum and were fed at the same time
of the day each feeding period.

Following exposure, the fish were euthanized in 1 g/L of
MS-222 (methanesulfonate salt, 3-aminobenzoic acid ethyl
ester), and the standard length and mass of each fish were
recorded. Two fish were randomly selected from each
aquarium and were preserved in Bouin'’s fixative (75% picric
acid-saturated water, 20% formalin, and 5% glacial acetic
acid) for histological processing, and the remainder of the
fish were frozen whole in liquid nitrogen and stored at
—80 °C for determination of whole body T, content.

Histopathology

The fish heads severed from whole fish fixed in Bouin’s fixative
(as described above). The heads were were immersed in
Bouin’s fixative for 2 d to decalcify and fix tissues, after which
the fixative was removed by rinsing in running DI water
(24 h) and soaking in 70% ethanol. The ethanol was replaced
every 24 h until there was no longer any yellow discoloration
(due to Bouin’s fixative) in the ethanol. Tissues were
processed with the Tissue-Tek V.I.P. 2000 Processor (Miles
Laboratories, Elkhart, IN) and then embedded in paraffin.
Transverse cross-sections were cut with a microtome (5 um)
and mounted on microscope slides. The slides were then
stained with hematoxylin and Eosin Y for light microscopic
observation following ref 28.

The number of follicles per section and the height of the
follicular epithelium were measured in 10 fish randomly
selected from each exposure group. In each fish, the height
of 100 epithelial cells from a total of 10 follicles (10 cells per
follicle) was determined with a light microscope. Five follicles
were chosen from a section from the rostral end (the first

section to have at least five follicles), and five were chosen
from a section from the caudal end of the basibranchial
region. Follicles were chosen on the basis of lack of
histological artifacts (tears, folding of the sections, distortions
due to cutting, cutting through the wall of the follicle). The
slides were also examined to score the percent occurrence
of hyperplasic, hypertrophic, and colloid-depleted follicles;
in this case, all follicles (without discernible artifacts of
preparation, see above) were scored. When a particular
section was chosen for scoring, the preceding and subsequent
sections were also examined qualitatively to ensure that the
follicle was not cut through the follicle wall. Because artifacts
of histological processing may cause conditions that may
appear similar to colloid depletion, follicles were scored as
colloid-depletion only if there were indicators of colloid
depletion other than reduced colloid size (i.e, pale, “lacy”,
or eosinic colloid, increase number of vacuoles, follicular
wall infolding) (29, 30). All slides were coded and scored
blind: one investigator performed the exposures, while
another performed the histology.

The severity of thyroid damage was also assessed based
upon the guidelines established by the EPA Pathology
Working Group (29, 30). Based upon these guidelines, the
degree of colloid depletion, hyperplasia, and hypertrophy
was given a score of 0, 1, or 2 in order of increasing severity.
The overall score was then determined by calculating the
mean of the colloid depletion, cell hypertrophy, and hyper-
plasia scores for all sections and summing to determine the
mean histological grade for the fish (30). Scoring was done
on all follicles located in three section per fish. The sections
were from the rostral, caudal, and midpoint of the follicle-
containing region of the basibranchial apparatus. Sections
were spaced far enough apart as to avoid scoring the same
follicle in more than one section. “Hypertrophy” was defined
as follicles with cuboidal-high columnar epithelium (30), i.e.,
cells where the width (dimension parallel to the axis of the
basement membrane) < height (dimension perpendicular
to the axis of the basement membrane).

Determination of T, Concentration

Methods for determination of whole body T, followed
Goleman et al. (12) and Denver (31). Approximately 2.5 g of
fish tissue (about 5 fish) were pooled into 1 sample from
each test aquarium (90 samples total) and frozen in liquid
nitrogen for determination of whole body T4 concentration
by radioimmunoassay (RIA). Fish were thawed, minced,
homogenized, and sonicated in 3 volumes of MeOH/PTU
(methanol containing 1 mM propylthiouracil). An aliquot
was removed for spectrophotometric protein determination.
125]-T4 (New England Nuclear, Boston, MA, 1000—1500 #Ci/
ug) tracer was added to each sample to achieve a specific
activity of 1000 counts per minute (CPM). Samples were then
extracted with chloroform (2:1, chloroform:MeOH/PTU) and
then back-extracted with 0.1 volumes of 2 N ammonium
hydroxide (NH,OH). The aqueous supernatants were pooled
and dried overnight in a rotary evaporator.

Dried extracts were reconstituted in 1 mL of 2 N NH,OH
and again extracted with chloroform. The aqueous phase
was added toaAG 1 x 2 resin (200—400 mesh, chloride form)
chromatography column and sequentially washed with
acetate buffer (AB, 16.4 g of Na-acetate/L deionized water,
pH 7), absolute ethanol, AB (pH 4), AB (pH 3), 1% acetic acid,
35% acetic acid, and 70% acetic acid. The samples were then
eluted in 70% acetic acid, dried in a vacuum evaporator, and
reconstituted in 125 L of RIA buffer (bovine gamma globulin-
EDTA-thimerosal-barbital buffer, 15.46 g of barbital, 0.5 g of
EDTA, 0.1 gof thimerosal, 1.0 g of bovine gamma globulins/L
deionized water, pH adjusted to 8.6 with 1 N HCl) with
1.5 mg of ANS (8-anilino-1-naphthalenesulfonic acid)/mL
RIA buffer (RIA buffer/ANS). The T, content of reconstituted
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TABLE 1. Mean (+-SD)? Perchlorate Concentrations (mg/L)
Measured in Water during Exposures

exposure period

nominal concn,

mg/L 2 day 10 day 30 day
0.1 0.08 +0.008 0.10 +0.039 0.18 £ 0.103
1 0.80 + 0.05 0.75 + 0.046 0.90 + 0.360
10 7.5 +0.29 7.0 £0.32 7.1 £0.39
100 96 + 18 82+ 15 68 + 4
1000 906 + 149 1100 + 318 667 + 49

2 Mean value for each exposure period for samples taken at least
once per week.

extract samples was determined by radioimmunoassay
following ref 32 using T, antiserum (rabbit anti-T,;, ICN
Pharmaceuticals, Inc., Irvine, CA; 1:320) and '*I-T, and
measured in a Cobra 5005 Gamma-Counter (Packard,
Downers Grove, IL). Intraassay variation was determined
by comparing two sets of standards, one at the beginning of
the assay and one at the end of the assay. The T, concen-
trations were then converted to ng/g based upon the
original wet weight of the sample and the reconstituted
volume of 125 uL. Validation of the assay was achieved by
comparing the displacement of ?I-T, in serially diluted
mosquitofish extracts with that produced by authentic T,
standards.

Statistical Analysis of Histopathology and T, Concen-
trations. Nonparametric statistics were used because of the
small number of samples, heterogeneity of variances, and
non-normality of the data. Nested ANOVA on the ranked
dataindicated no differences among blocks or aquaria within
treatments, so for histopathological analysis all fish were
pooled within each treatment. Differences among treatments
were tested with the Kruskal-Wallis test with Dunn’s post-
hoc comparisons of all treatments vs control.

Because different parameters may respond in different
directions or with different magnitudes, a more integrative
approach would include multivariate analysis of multiple
endpoints in order to determine overall differences in
oxidative responses among thyroidal states. Also, multivariate
analyses may be more sensitive indicators of responses than
univariate analyses (33). Thus, multivariate ANOVA was also
performed on the ranked histopathological data, and multi-
variate t-tests with Bonferoni adjustments were used for
multiple comparisons among treatments within each ex-
posure period. To visualize relative multivariate differences
among treatments, discriminant analysis was performed on
the rank-transformed data, and the group centroids were
plotted as a function of the first and second discriminant
functions.

Results and Discussion

Mortality for the 2-day exposure was 0%. Mortality for the
10-day exposure ranged from 0 to 0.4%. Mortality for the

30-day exposure ranged from 0 to 0.9%. Mortality did not
vary in response to exposure concentration. There were no
statistically significant differences in size of the fish before
or after the treatments (P>0.05, ANOVA). Measured per-
chlorate concentrations within each aquarium are presented
in Table 1, and water quality parameters were within
acceptable ranges for fish chronic toxicity tests (34) (Table
2).

The types of histolopathological abnormalities observed
areillustrated in Figure 1. There was an increase in the height
of the follicular epithelium, especially after the 30 d exposure
(Figure 2A). Apparent differences in epithelial cell height in
fish exposed for 2 and 10 d were minimal, but after 30 d large
differences were apparent. The presence of hyperplasia and
hypertrophywere also apparent (Figures 2B and 3A). Although
these effects were statistically significantly different from
control as soon as 2 days after exposure, there was not a
discernible pattern of increasing response with increasing
dose until after 30 d of exposure (Figures 2 and 3). A notable
findingis that perchlorate exposure induced effects that were
statistically significantly different from controls at environ-
mentally relevant concentrations (0.1, 1, and 10 mg/L). Other
studies have found that these concentrations are within the
ranges of perchlorate surface water concentrations found in
the field (3, 20, 35).

The results for colloid depletion were somewhat unex-
pected. Instead of increasing with perchlorate exposure, the
levels of colloid depletion actually decreased. At 30 d, there
was a definite tendency toward decreasing occurrence of
colloid depletion with increasing dose (Figure 3B). This
suggests that there is a perturbation in the balance between
thyroid hormone secretion into the colloid and pinocytosis
from the colloid.

Histopathology score increased significantly with in-
creasing concentration in mosquitofish exposed to sodium
perchlorate for 30 d (Figure 3C). A definite dose—response
pattern was less evident in mosquitofish exposed to sodium
perchlorate for 10 d (Figure 3C). At 2 days, there were no
follicles evident with epithelial hypertrophy (cell height >
width) or depleted colloid, so the scores for day 2 could not
be reported.

Multivariate analysis of variance indicated that, when all
variables are used in the analysis, there were highly significant
differences between all treatments and control (p<0.001)
after 10 and 30 d of exposure. The plots of the group centroids
in discriminant space indicated that for environmentally
relevant concentrations (0.1—10 mg/L, nominal concentra-
tions), there was in increase in distance (in discriminant
space) between control and treated centroids with increasing
dose concentrations (Figure 4). This was more apparent at
30 d than at 10 d (Figure 4). For higher concentrations
(100 and 1000 mg/L), this was not the case.

Except for the colloid depletion, results from the histo-
logical analysis are consistent with pathologies seen in
amphibians, zebrafish, and rats exposed to perchlorate
(12, 14, 36—40) and in other species of fish exposed to various

TABLE 2. Time-Weighted Average of Water Quality Parameters during Experiments in Which Mosquitofish Were Exposed to

Sodium Perchlorate at the Concentrations Indicated

water quality parameters

nominal concn, temperature
mg/L pH (°C)
0 6.03 +£0.13 18.4+ 1.6
0.1 6.81 +0.26 18.3 £ 0.09
1 6.07 +0.16 18.3 £ 1.2
10 6.23 + 0.023 18.4+£1.8
100 6.34 £ 0.18 18.4 £ 0.1
1000 6.56 + 0.12 189+ 1.8

dissolved conductivity salinity NH3
oxygen (%) (uS/em) (ppt) (ug/t)
87.0 £ 45 145 + 5.3 0.1 0.77 £ 0.12
89.8 + 3.2 178 £ 8.9 0.1 0.86 + 0.16
92.7+ 2.0 165 +15.8 0.1 0.77 + 0.41
93.6 + 3.1 178 + 15.3 0.1 0.97 +0.14
84.1+2.9 186 + 18.3 0.1 0.86 + 0.12
83.9+1.3 1026 + 42 0.6 0.88 + 0.16
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FIGURE 1. Photomicrographs of hematoxylin/eosin stained sections of thyroids. (A) Control mosquitofish follicle with simple squamous
epithelium. (B—D) Thyroid alterations due to exposure to sodium perchlorate: (B) total colloid depletion with follicular collapse and
hyperplasia; (C) moderate hypertrophy (follicle with low columnar epithelium); and (D1) colloid depletion with severe hypertrophy (high

columnar epithelium).
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FIGURE 2. Hyperplasia (A) and epithelial cell height (B) in
mosquitofish exposed to 0, 0.1, 1, 10, 100, and 1000 mg/L sodium
perchlorate for 2, 10, and 30 d. Bars labeled with an asterisk are
significantly different from control (p<0.05, Kruskal-Wallis test,
Dunn’s post hoc test of all treatments vs controls). Bars are medians
and error bars are first and third quartiles (n=5).

thyroid disrupting compounds (18, 41—44). The colloid
depletion data are in contrast to the effects seen by Patifio
etal. (I14), in which increasing levels of perchlorate exposure
led to increasing occurrence of depleted colloid. In the
mosquitofish, hyperplasia, hypertrophy, and colloid depletion
were evident in fish chronically exposed to perchlorate. In
aprevious study, histological examination of the thyroid from
amphibians exposed to ammonium perchlorate also indi-
cated an increase in the epithelial cell height compared to
the controls (12). Since differences were seen in the epithelial
cell height between the control group and the group exposed
to the lowest concentration, Goleman et al. suggest that
epithelial cell height is the most sensitive indicator of
ammonium perchlorate exposure (12). Other histological
studies of amphibians also indicate the presence of hyper-
trophy and hyperplasia after exposure to perchlorate
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FIGURE 3. Hypertrophy (A), colloid depletion (B), and histopathology
score (C) in mosquitofish exposed to 0, 0.1, 1, 10, 100, and 1000 mg/L
sodium perchlorate for 10 and 30 d. Bars labeled with an asterisk
are significantly different from control (p<0.05, Kruskal-Wallis test,
Dunn’s post hoc test of all treatments vs controls). Bars are medians
and error bars are first and third quartiles (n=5).

(11—13, 36—38), similar to what was found in mosquitofish
from the present study.

In terms of whole body T4 concentration, there was a
decrease in exposed fish for at least some treatments for all
exposure periods, but this decrease did not follow a definite
dose—response pattern (Figure 5). The results of this study
indicate that whole body T, is a less sensitive or less predictive
(in terms of dose—response relationships) indicator of
perchlorate exposure than thyroid histology, as was indicated
by Goleman et al. (12). Interassay variation was less than a
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FIGURE 4. Group centroids using the firsttwo discriminant functions
generated by discriminant analysis using the thyroid follicle
histopathological variates percent hyperplastic follicles, percent
hypertrophic follicles, and percent follicles with colloid depletion
for eastern mosquitofish exposed to 0—1000 mg/L sodium perchlorate
for (A) 10 d and (B) 30 d.
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FIGURE 5. Whole body T4 content in mosquitofish exposed to 0,
0.1, 1, 10, 100, and 1000 mg/L sodium perchlorate for 2, 10, and
30 d. Bars labeled with an asterisk are significantly different from
control (p<0.05, Kruskal-Wallis test, Dunn’s post hoc test of all
treatments vs controls). Bars are medians and error bars are first
and third quartiles (n=5).

10% difference between any set of standards, in terms of
amount of 12°I-T, displaced by authentic T, standards. There
was a strong correlation between amount of displacement
of '%[-T, in serially diluted mosquitofish extracts and that
produced by authentic T4 standards (P<0.01, r=0.91).
Although only a slight decrease in whole body Ta
concentration was indicated in the mosquitofish exposed to
perchlorate (0.05<P<0.1), other studies have indicated large
decreases in serum T, concentrations. Sea lamprey that were
exposed to potassium perchlorate for 4, 8, and 16 wk had
lower serum T, levels than the control group (19), and in a
following study with a 23 wk exposure, serum T, levels were
more than 60% lower than in the control. In amphibians that
were exposed for 42, 70, and 98 d, whole body T, concentra-
tions were significantly lower than in the control in the
amphibians exposed for the 2 longest time periods (12). A
2-generation study in the rat (41) and a 90-d exposure of rats
to perchlorate in drinking water (40) both gave evidence of
significant decreases in serum T, concentrations. These
significant findings may be due to the fact that previous
studies examined T, in the plasma rather than in the whole
body. Because of the small size of the fish used to determine
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T4 levels in the current study, the T, had to be extracted from
the whole fish. Thus, there was no differentiation among T,
in blood, thyroid, and extrathyroidal tissues, which may have
complicated the analysis. Ifit had been possible to determine
plasma T4 and triiodothyronine (Ts) levels, thyroid hormones
may have been a more sensitive indicator of perchlorate
exposure than was evident in the current study.

Whole body T, levels decreased with increasing concen-
tration of perchlorate, as expected. However, occurrence of
depleted colloid decreased with increasing perchlorate dose,
and this is opposite of what would be expected. T4 levels are
expected to drop as colloidal stores of iodinated thyroglobulin
(a protein used to make thyroid hormones) fall. Further
studies focusing on these alternative endpoints are needed
to clarify these results.

In conclusion, results were consistent with the hypotheses
in that thyroid homeostasis was affected by exposure of fish
to perchlorate for long periods of time, at least for thyroid
histopathological endpoints was observed in fish exposed to
perchlorate. Definitive concentration—response relationships
were only seen for the longest exposure scenario. Whether
these results are indicative of compensatory responses or
pathological conditions remains to be determined. Also, it
is not known if such effects would be translated into effects
on fitness parameters such as reproduction, development,
growth, survival, and lifespan. Such endpoints must be the
focus of future research.
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