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Framework and Objectives of the Project:

The research in this proposal was designed to establish safe exposure levels for
ammonium perchlorate (AP) in developing and adult birds and to develop assessment
endpoints for determining the impact of perchlorate exposure in birds. The main focus of the
experimental work was to evaluate AP effects using an array of endpoints that measure thyroid
function (a key target of perchlorate anion), growth and development during embryonic, early
posthatching and adult life. Laboratory dosing studies of two wildlife species of birds, Bobwhite
quail (Colinus virginianus) and Mallard ducks (Anas platyrhynchos), were used to investigate the
following objectives:

1. To establish safe exposure levels of perchlorate for embryos, chicks and adults based on the
effects of AP on thyroid function, growth and development.

2. To evaluate measurements of thyroid function that may be used as assessment endpoints for
determining the impact of perchlorate exposure in birds.

3. An additional objective was added following the first year In Progress review — to investigate
the role of cations (sodium and ammonium) in combination with perchlorate anion.

AP has been used as an oxidizer in solid rocket fuels and is a ground and water
contaminant on a number of military bases. AP is persistent, water soluble and readily ionized,
thus it is highly labile in environmental waters. Perchlorate effects on thyroid function are fairly
well understood in laboratory mammals and in certain human clinical contexts. Perchlorate ion
is known to compete with iodide transport into the thyroid gland in vertebrates. This results in
iodine deficiency and consequent reduced thyroid hormone (TH) synthesis, which depending on
the level of exposure, results in organismal hypothyroidism. THs are required for normal
development and growth, as well as adult function of many critical systems (e.g., central
nervous system, musculoskeletal system) in all vertebrates. Thus, hypothyroidism can have
severe permanent effects on developing animals and can cause functional inadequacies in
adults. Because perchlorate effects on birds had not been investigated previously, our studies
required fundamental investigations of both the nature and dose-response characteristics of
effects resulting from perchlorate exposure in birds and of the capability and sensitivity of
specific types of thyroid assessments for detecting those effects. These investigations
addressed different doses and exposure times and different developmental stages (embryos,
chicks, adults) in two wildlife species using multiple indicators of thyroid function, growth and
development.

Bobwhite quail are a good example of an avian wildlife species that are likely to
experience the full impact of the most extreme AP exposures in their native habitat. Quail are
ground-dwelling birds that use local water sources and are likely to inhabit military bases. They
are year-round inhabitants of a single habitat so will have sustained exposure to any



contaminants in their local water sources. In contrast, mallard ducks typically live near large
bodies of water, are migratory and are strong fliers. Thus, these birds are less likely to
encounter concentrated AP such as in small waste ponds and are less likely than quail to have
sustained high AP exposure. In choosing the range of AP exposures used in our studies, we
considered the following published literature. Groundwater at contaminated sites may have
perchlorate ion concentrations as high as 3700 mg/L (Urbansky 1998). Recent analyses of
water on a military base in Texas found concentrations of 30-31 mg/L perchlorate ion in a
perchlorate holding pond and concentrations <85 ng/L at other sites. This study also found 840-
7620 ng/kg perchlorate on a dry-weight basis in plants near the holding pond (Smith et al.
2001). Thus, birds may be exposed to AP in both food and water sources. Most of the attention
focused on perchlorate contamination has been directed to human exposure in public water
supplies (Soldin et al. 2001) from large bodies of water where perchlorate is at relatively low
concentrations (5-24 ng/L in some public water supplies in California and Nevada; Urbansky
1998). In contrast, water and food utilized by ground-dwelling wildlife are from local sources so
it is useful to know the nature of wildlife responses to a much wider range of exposures than
may be relevant for human populations.

Approaches and Techniques in Relation to Objectives:

Objective 1: To establish safe exposure levels of perchlorate for embryos, chicks and
adults. This part of the study began with range finding experiments using developing birds,
which are potentially more sensitive to endocrine disruption than adults. A wide range of high
AP exposures in drinking water (250-4,000 mg/L) was used in 2-week, short term experiments
to determine the range of doses to be used in the more detailed, longer range studies. In the
second part of the study, we extended the 2-week exposures to lower AP concentrations (below
50 ng/L) and did several series of longer range exposures. These studies were done on
embryos, chicks and adults of bobwhite quail (Colinus virginianus) and on embryos and
ducklings of Mallard ducks (Anas platyrhynchos), both Environmental Protection Agency
approved models for studies of avian toxicology.

We evaluated organismal thyroid status (circulating concentrations of THs, thyroxine [T4]
and triiodothyronine [T3]), activation of the HPT axis (thyroid weights; thyroid hypertrophy
caused by increased pituitary thyrotropin) and thyroid hormone stores (thyroidal T, and T3
content). In some studies we also measured endpoints known to be affected by TH deficiency:
body growth, as indicated by body weight, and skeletal growth, as indicated by femur and tibia
length. The objective of these studies was to determine safe exposure levels of perchlorate for
birds, with sufficient information to establish how birds may differ from other vertebrates in their
responses to this chemical.

Objective 2: To evaluate measurements of thyroid function that may be used as
assessment endpoints for determining the impact of perchlorate exposure in birds.

This part of the study evaluated all results on perchlorate effects on thyroid and developmental
variables, from studies in Objective 1, to determine which measurements are suitable as
assessment endpoints for evaluating the effects of perchlorate exposure in birds in their natural
habitat.

Objective 3: To evaluate the effects of sodium and ammonium cations in combination
with the perchlorate anion. This part of the study used the same techniques as Objective 1 but
guail were exposed to (1) sodium vs. ammonium perchlorate at the same perchlorate ion
concentrations or (2) ammonium chloride vs. ammonium perchlorate at the same ammonium
ion concentrations.

Procedures:
Bobwhite quail eggs, chicks and adults used in this study were obtained from a breeding
colony in the College of Veterinary Medicine at Virginia Tech. Experimental treatment and



maintenance during the experiment were done in our animal facilities in the Dept. of Biology,
Virginia Tech. Embryos were exposed by injection of AP in 25 mi of distilled water onto the air
cell on day 4 of incubation, sampling was at day 21 (of the 23 day incubation period) prior to rise
in thyroid hormones during the perihatch period in quail. Chicks were exposed to AP in drinking
water beginning at days 3-4 posthatch. Adult studies were initiated in young adults just coming
into reproductive capability. Mallard eggs and ducklings were obtained from a game bird farm in
Michigan and the experimental work was done at Virginia Tech as described for quail. Mallard
eggs were injected with AP onto the air cell on day 4 of incubation and sampled on day 25 of
the 27-day incubation period. Mallard ducklings were exposed to AP in drinking water
beginning at 3-4 days posthatch.

Animals were sacrificed, blood was collected in heparinized tubes (plasma stored at —
20°C), body weight was determined to the nearest 0.01 g, and the thyroid glands were
dissected out, weighed to the nearest 0.01 mg and frozen until analysis. In some experiments
femur and tibia length were measured to 0.01 mm using a dial caliper.

THs were measured using a double antibody radioimmunoassay. For plasma hormone
measurements, standards were prepared in hormone-stripped chicken plasma. All methods
were validated according to standard endocrine procedures to insure their accurate
performance on samples from each species of bird used. For measurements of the TH content
of thyroid glands, the glands were digested with a bacterial Pronase to free the hormones from
their storage protein (thyroglobulin), then the hormones were extracted in ethanol and the T,
and T3 content of the extracts was analyzed by radioimmunoassay using standards prepared in
ethanol. Additional details of these methods are given in McNabb et al. [1].

Results and Interpretation:
Assessments of AP effects in birds (Objective 2):

This section is discussed first because it provides useful framework for understanding
the results of specific experiments.

Our studies show that the most sensitive indicator of thyroid disruption in birds is the
thyroid gland T4 content (T4 represents >95% of the thyroidal hormone stores) [4,8,9]. Thus,
although birds with depleted thyroidal T, content aren’t always overtly hypothyroid, these birds
will not have normal TH reserves for responding to environmental conditions (such as cold
exposure) that are associated with increases in TH demand. To our knowledge, no other
laboratory has used measurements of thyroid gland TH content to assess thyroid function in the
context of endocrine disruption. We developed this assay as part of our previous studies of
avian thyroid development to better understand how the thyroid gland matures (see McNabb
and Cheng, 1985). Previously, studies of AP effects on mammalian thyroid gland function
typically have examined thyroid histology (e.g. Siglin et al. 2000; York et al. 2001a,b). However,
this technique is primarily qualitative, is difficult to quantify and is very labor intensive. Thus, we
chose to measure thyroidal TH content to develop a better quantitative method for assessing
the state of the thyroid gland. Our work on this SERDP project indicates the measurement of
thyroidal hormone content has promise as a sensitive tool for detecting thyroid disruption.

A unique feature of thyroid function, namely that the thyroid is the only endocrine gland
capable of hormone storage, appears to be the key reason why thyroidal T, content is the most
sensitive indicator and plasma TH concentrations are much less useful indicators of thyroid
alterations. Thus, exposure to perchlorate or other agents that cause decreases in circulating
THSs, results in feedback activation of the HPT axis (increased thyrotropin release) that leads to
the release of stored hormones. This release of stored hormone provides at least temporary
compensation and restoration of euthyroid levels of circulating THs (Delange et al. 1996; Taurog
1996). There is evidence in the mammalian literature that sustained exposure to thyroid
inhibitors can lead to a cyclic pattern of responses with temporary restoration of euthyroid levels
of circulating hormone followed by the return of hypothyroid conditions (with continued exposure



to the inhibitor), renewed HPT axis activation leading to more stored hormone release, etc.
(York et al. 1991a,b). The patterns of plasma THs in our study were consistent with the
interpretation that such cyclic responses were occurring in our studies of AP effects in bobwhite
guail. This report emphasizes T4, the predominant thyroid hormone. Although T3 is the more
metabolically active thyroid hormone, our studies indicate that T, patterns give the most useful
information about alterations in thyroid function in response to AP exposure.

Previous studies of thyroid disruption by perchlorate and other thyroid inhibitors
(primarily on mammals) have typically measured plasma THs or assessed hypothalamic-
pituitary-thyroid axis activation by measuring plasma thyrotropin concentrations or by evaluating
thyroid histology. Assays for avian thyrotropin are not available and histology is very labor
intensive and hard to quantify, so we used thyroid weights as our indicator of HPT axis
activation (pituitary thyrotropin stimulates thyroid growth). In general, changes in thyroid weight
were equivalent to measures of plasma THSs in assessing thyroid disruption (both were much
less sensitive indicators than thyroidal T, content) [1]. This result is consistent with literature
which shows plasma THSs, plasma thyrotropin and thyroid gland histology have similar
sensitivities for detecting alterations in thyroid function in perchlorate-exposed mammals (York
et al. 2001).

We also evaluated whether “downstream” target organ effects of thyroid deficiencies
resulting from AP could be used to detect thyroid disruption. If such measurements could be
made on intact animals these measurements would be useful for environmental monitoring.
However, our studies indicate that body weight and skeletal growth variables (femur and tibia
length) are very insensitive indicators of thyroid disruption. For example, in AP-exposed
bobwhite chicks, body weight was unaffected and skeletal endpoints (femur and tibia growth)
were altered only after relatively long (4 weeks) exposure to very high AP concentrations (e.g.
4,000 mg/L) [1]. We speculate that this is because sustained organismal hypothyroidism is
necessary before end organ effects are apparent. If target organ measurements are to be used
in this context, they will probably require animal sacrifice and will need to be very sensitive
measures such as disturbances of molecular or biochemical events in a system such as the
nervous system whose function is critical to the dynamic state of the animals.

Dose response studies to establish safe limits for AP exposure (Objective 1):

Because there are no established protocols for evaluating thyroid disruption in birds, our
studies addressed the effects of both AP exposure levels and exposure time. (It should be noted
that protocols for evaluating AP effects on mammals also have not been established). We also
needed to build a basic understanding of AP effects on thyroid function in both avian species we
used to insure the appropriateness of our sampling times relative to the developmental ages
studied. In addition, because of the unique storage capacity of the thyroid gland and the
potential for cyclic patterns of response (see discussion in section above) there is more
complexity to the timing of thyroid responses than is the case with disruption of other hormone
systems.

In the summary presentation below, emphasis is placed on thyroidal T, content results
because this measurement is the most sensitive indicator of thyroid disruption (see discussion
above) but all thyroid variables measured are discussed in publications. To address a wide
range of AP exposures we used a series of overlapping studies of different AP ranges. To
present the wide range AP results, individual studies are combined by expressing the treatment
data as % of controls within each study. Throughout our studies, dose-response data were
analyzed using linear regression of either raw data or log transformed data (if the relationship
was exponential). When ANOVA indicated there were differences between the thyroid
responses for exposure to different AP concentrations, Fisher's Protected Least Significant
Difference test was used to determine which treatments differed from control values.
Probabilities of p<0.05 were considered indicative of statistically significant differences.



Bobwhite quail chicks:

Our most extensive studies of posthatch birds have involved 2 week AP exposures.
Thyroidal T, content was the most sensitive measure of decreased thyroid function whereas
plasma THs and thyroid gland weights were similar and much less sensitive indicators. For
example, Fig. 1 indicates that decreases in thyroidal T, content are significantly related to AP
exposures from 50ng/L to 4,000 mg/L in drinking water (Fig. 1c). However, decreases in
plasma T, and HPT axis activation (increased thyroid weights) do not occur except at AP
concentrations of =500mg/L (Fig. 1 a,b). When all 2 week studies on chicks are combined, we
found a lowest observed effect level (LOEL) of 50 ng/L AP in drinking water based on thyroidal
T, content (Fig. 2) [1,10]. (NOEL of = 25 ng/L found in two other studies). These studies
suggest that birds with depleted thyroidal T, content will be unable to respond to environmental
conditions such as cold exposure that are associated with increases in TH demand.

We also studied thyroid variables in relation to different times and AP exposures [6,
10,11]. At high AP exposures (=500 mg/L) longer exposure time (8 weeks compared to 2
weeks) leads to additional depletion of thyroidal T, content, decreases in plasma THs and
increases in thyroid gland weights. However, at lower AP exposures (12.5 ng/L to 5 mg/L)
chicks appeared to be able to partially compensate for the initial AP effects of thyroidal T,
depletion with sustained exposure up to 8 weeks (Fig. 3). Thus, although it is often assumed
that developing animals are more vulnerable to chemical exposure than adults, our results
argue that at relatively low AP exposures over a limited time range (up to 8 weeks) chicks show
some adaptation to sustained AP exposure. Presumably this results from increased thyroid
gland size and functional capacity stimulated by pituitary thyrotropin. This should increase the
iodide transport capacity of the gland in effect enhancing iodide uptake relative to the partial
perchlorate inhibition at low to moderate AP exposures [10]. We speculate that in developing
birds there may be greater plasticity of the thyroid gland than in adults because we saw the
opposite response in our studies of long range adult quail exposures to AP (see section below).

Bobwhite quail adults:

Adult bobwhite quail tolerate higher AP exposures than do quail chicks and they are
slower to develop signs of decreased thyroid function. For example, adult quail exposed to AP
concentrations up to 8,000mg/L AP in drinking water for 3 weeks showed extreme variability in
individual responses for all thyroid variables but did not differ significantly from controls (see Fig.
4 for thyroidal T, content data; no LOEL established). With continued AP exposure there were
increasing thyroid effects. For example, by 5 weeks of exposure all groups exposed to =250
mg/L had significantly depleted thyroidal T, content and by 8 weeks all groups =50 ng/L had
significantly depleted thyroidal T, (8 week LOEL 50 ng/L). Thus, in contrast to bobwhite chicks,
which showed some compensation for the initial effects of low AP exposure when the AP
exposure was sustained, bobwhite adults showed further decreases in thyroid function with
increasing AP exposure time (Fig. 5) [11].

Bobwhite quail embryos:

Ammonium perchlorate is water soluble and is presumed to enter avian eggs but we
know of no published data on avian egg AP content. Until experimentation with hens exposed to
AP and data on AP in their eggs are available, we cannot be sure what concentrations of AP
embryos may be exposed to in ovo. The experimental doses we put into eggs are based on
tissue AP measurements from the literature and the assumption that egg AP deposition may be
in proportion to the AP content of maternal tissues.

Thyroidal T, content of quail embryos was inversely related to AP concentration in eggs
from 25 ng/kg to 150 mg/kg. Results were highly variable at the three lowest AP exposures (25,
50 and 100 nmg/kg egg). At =1 mg/kg egg AP concentrations (LOEL 1 mg/kg egg AP; NOEL 0.5
mg/kg), thyroidal T, content was =60% that of embryos from control eggs injected with distilled
water. Embryo mortality increased with AP exposure compared to controls injected with distilled
water (data currently being analyzed). In a few experiments we hatched some of the AP-treated



eggs. One day old hatchlings from eggs with 50-150 mg/kg AP had thyroidal T4 content ~50%
that of hatchlings from control eggs or from uninjected eggs (Fig. 6). If we compare embryo
exposure (as AP concentration in the egg) with chick exposure studies (as AP concentration in
the drinking water), it appears that embryos are less sensitive to AP than chicks. However,
without tissue AP data, it is not clear whether this is an appropriate comparison. Second, the
increasing mortality in embryos with increasing AP exposure may be selecting out vulnerable
individuals. Completion of the analysis of our embryonic data will be necessary before further
interpretation of these studies.

Mallard duck development:

Before studying the effects of AP on developing mallard ducks we did a basic
investigation of the pattern of thyroid development in this precocial species (Fig. 7). This work
was necessary for determining when to sample in the context of development in this species
which has not previously been studied with respect to thyroid function.

Mallard ducklings:

Ducklings were sampled at 1 and 2 weeks of exposure to AP in drinking water. Effects of
AP on thyroid function appeared at 1 week at high AP exposures but this report will focus on the
2 week exposure data for comparison with the effects of AP on bobwhite quail. The LOEL for 2
week exposures in mallard ducklings was 5.0 mg/L for the dose range used (NOEL = 1mg/L;
Fig. 8). These data suggest that thyroid function in ducklings is more resistant to AP effects
than is the case for quail (note the 2 week LOEL for quail of 50 ng/L in the experiments
described above). Ducks are less likely to use small local water sources with the highest AP
concentrations. However, we were unable to do long range studies of AP effects on ducks
within this project so it is not clear whether 2 week tests are sufficient to determine safe levels of
exposure for this species [4, 5, 7].

Mallard embryos:

Decreases in thyroidal T, content were significantly related to in ovo exposure to
increasing concentrations of AP (Fig. 9). Mallard embryos were more sensitive to AP exposure
than were bobwhite embryos. Thyroidal T, content in mallard embryos was significantly reduced
at 50 ng/L AP in the egg (LOEL 50 ng/L; NOEL 25 ng/L) whereas in quail embryos thyroidal T,
content wasn'’t significantly decreased until 1 mg/L AP in the egg [4, 5, 7]. This difference could
be related to the relative maturation patterns of the embryos in these two species. We are
doing a detailed examination of the comparative data for the two species to determine if our
data support this idea.

Sodium vs. Ammonium Cations with Perchlorate:

Although most perchlorate contamination originally came from the release of AP,
because AP readily dissociates, it is thought that most environmental perchlorate may now exist
in association with sodium (Urbansky 1998). We have done a number of studies on bobwhite
chicks, one study of bobwhite embryos and one study in duck embryos to evaluate whether
sodium vs. ammonium cations alter the thyroidal response to perchlorate anion. In general the
results from sodium perchlorate and ammonium perchlorate, at the same perchlorate ion
concentrations do not differ significantly. Surprisingly, ammonium ion, as NH,Cl, seemed to be
stimulatory to thyroid function in several experiments. We have not completed our analysis of
these experiments [6].

Reversibility of Perchlorate Effects:

In human clinical medicine, where perchlorate was once used to inhibit hyperthyroidism,
the effects of perchlorate have been considered to be reversible (Green 1996; Wolff 1998). In
response to an Action Item question about reversibility, we did a study of reversibility of AP
effects on quail chicks. Plasma T, concentrations were decreased after 2 weeks of exposure to
500 mg/L AP in drinking water, this effects was patrtially reversed by 2 weeks and fully reversed
by 4 weeks on distilled water. The thyroidal T, content analyses from this study have not yet
been done.



Perchlorate Speciation:

An Action Item requested that we address whether any effects of perchlorate are due to
CIlO; or whether all effects result from ClO,4. ClO3 is not a competitor for the iodide symporter of
the thyroid gland so although chlorate is a breakdown product present in association with AP
contamination, it apparently is not playing a role in the environmental effects of perchlorate.

Conclusions and Technology Transfer Potential of These Studies:

This project addressed the data gap in understanding the effects of perchlorate
exposure in birds, a key wildlife group that needs to be protected from harmful chemical
exposures. This work shows that measurement of thyroidal T, content is the most sensitive
indicator for assessing thyroid disruption and suggests that a protocol for using this measure as
an assessment tool should be developed. The work establishes LOELSs for AP for bobwhite
guail chicks and mallard ducklings using 2 week exposures. Based on their 2 week LOEL (50
ng/L), quail living on military bases would be likely to experience thyroid disruption from drinking
AP contaminated local water sources based on published data of AP measurements from a
number of bases (Urbansky 1998; Smith et al. 2001). However, longer range studies suggest
that 2 week exposures are not adequate for evaluating longer term effects of AP. The pattern of
longer range AP effects is different in chicks and adults and further research is needed to
determine the most appropriate AP exposure time for tests used in making critical decisions
about safe concentrations of AP. Quail chicks show some adaptation to sustained AP
exposure. In contrast, quail adults show little effect of AP short range (2 week exposure) but
show increasing thyroid disruption with sustained AP exposure. Bobwhite embryos, exposed to
AP in ovo are relatively resistant to AP-induced alterations in thyroid function so embryonic
exposure may not be problematic for this species. Mallard ducklings are less sensitive to AP
exposure than quail and are less likely to encounter harmful AP concentrations in the water
sources they use. Mallard embryos are much more sensitive to AP than quail embryos.
Tentative conclusions on our studies comparing sodium vs. ammonium cations in combination
with perchlorate, suggest perchlorate effects on avian thyroid function are similar when
perchlorate is combined with either of these cations.
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Fig. 1. Thyroid variables in bobwhite quail chicks exposed to ammonium perchlorate in drinking
water for 2 weeks beginning at days 3-4 posthatch. Values are means +/- SE.
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Fig. 2. Thyroidal T, content in bobwhite quail chicks exposed to ammonium perchlorate in
drinking water for two weeks. Treatments with different letters above the bars are significantly
different at p<0.05. Values are means +/- SE.
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Fig. 3. Compensation in thyroid response (thyroidal T, content) to sustained ammonium
perchlorate (AP) exposure in bobwhite quail chicks. AP decreases thyroidal T4 content during
the first 2 weeks but sustained AP exposure partially reverses these effects at the lower AP
concentrations used.
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Fig. 4. Thyroidal T, content in adult bobwhite quail exposed to ammonium perchlorate (AP) in
drinking water for 3, 5 and 8 weeks. Treatments with different letters above the bars are
significantly different at p<0.05. Values are means +/- SE.
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21 of the 23-24 day incubation period. In some studies chicks were hatched and sampled after 1
day posthatch.

15



Mallard duck Thyroid Development
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Fig. 7. Development of thyroidal T, stores in mallard duck embryos and early posthatch
ducklings. Values are means +/- SE.
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Fig. 8. Thyroidal T, content of mallard ducklings exposed to ammonium perchlorate in drinking
water for 2 weeks. Values are means +/- SE.
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Fig. 9. Thyroidal T, content in mallard embryos exposed to ammonium perchlorate (AP) in ovo.
Values are means +/- SE.
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