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(ABSTRACT)

PCBs are known to cause thyroid disruption in laboratory rats and are thought to be the
causal agent in thyroid gland alterations in herring gulls in the Great Lakes.  This study examined
the regulation of thyroid hormone supply during development in (1) domestic chicken embryos
(Gallus domesticus) exposed to a specific dioxin-like PCB congener (PCB-126) and (2) herring
gull (Larus argentatus) embryos and pre-fledglings from Great Lakes sites with different
chemical pollutant exposures.  Specifically, PCB effects on thyroid status were evaluated by
measuring plasma thyroid hormone concentrations and brain type II 5’D activity (to determine if
PCB exposure was associated with alteration in brain 5’D type II activity that could maintain
local T3 supply to the brain).  If PCB-126 and PCB mixtures altered thyroid function, we
expected to see decreased plasma thyroid hormone concentrations and subsequent increases in
5’D-II activity.  Chicken eggs were injected (into the air cell) before incubation with five dose
levels (0.0512, 0.128, 0.32, 0.64, 0.8 ng/g) of PCB-126 (3,3, 4,4’,5-pentachlorobiphenyl), or
vehicle (sunflower oil); sampling was on day 20 of the 21-day incubation period.  Studies on
PCB-treated embryos included a preliminary study and a larger study encompassing a serious of
smaller studies.  Herring gull embryos (at pipping, on day 25 of the 26 day incubation), and 28-
day pre-fledgling chicks were sampled (for two field seasons) at several Great Lakes sites with
different contaminant exposures (with Kent Island being the reference site).  In PCB-treated
chicken embryos, there were no statistically significant decreases in plasma T4 or T3
concentrations and no significant increases in brain 5’D-II activity in either the preliminary or the
larger study.  We found no clear pattern of altered thyroid function in herring gulls from polluted
Great Lakes’ sites.  Plasma TH concentrations were not significantly decreased and 5’D-II
activity did not significantly increase in birds from more contaminated sites in comparison to
birds from Kent Island or sites with less contamination.  Although pipped embryos from
Strachnan Island had a significant increase in 5’D-II activity when compared to Kent Island, there
were no differences in plasma TH concentrations, and brain 5’D-II activity was not significantly
increased in birds from sites with greater PCB loads than Strachnan Island.  Plasma T4 and T3
concentrations were significantly decreased in prefledglings from West Sister Island and Detroit
Edison in comparison to Kent Island, but there was no subsequent increase in brain 5’D-II
activity.  The present study is the first to evaluate the potential effects of PCBs, alone and in a
mixed environmental exposure, on circulating THs and brain 5’D-II activity in developing birds.
Although thyroid function was not altered by the specific PCB congener used in my study or by
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exposure to environmental pollutants, more complete evaluations are needed before determining
whether PCBs alter thyroid function in birds.
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LITERATURE REVIEW

I.  Endocrine Disruption

Alterations in endocrine development at early stages (or during ontogeny) can have
permanent and detrimental effects throughout the life of the organism.  In brief, studies of
endocrine disruption by pollutant chemicals have focused mainly on alterations in reproductive
development and function.  For example, Beluga whales from the St. Lawrence seaway, where
the waters are highly contaminated with organochlorines [e.g. polychlorinated biphenyls
(PCBs)], show hermaphroditic qualities.  Some males not only have male organs (epididymis,
vas deferens, and testes) but also female organs (uterus and ovaries) (Colborn et al., 1996).
Likewise, Everglades National Park and Big Cypress Swamp in Southern Florida lie downstream
from large agriculture areas where pesticide use is heavy.  Panthers that reside in this area show
signs of sterility, decreased sperm count, and undescended testes (Crain et al., 1997).  In Lake
Apopka in Florida, male alligators have abnormally small penises and defective testes, and
females show follicle and ovary abnormalities.  The hormone ratios in these male alligators are
like those of a normal female.  Females also have estrogen levels above normal (Guillette and
Crain, 1996).  Such observations led to the hypothesis that chemical pollutants bind to hormone
receptors for reproductive steroids and either trigger actions similar to those of the native
hormone (hormone agonists) or prevent the native hormone from binding but don’t trigger
cellular action (hormone antagonists) (Gray, 1992).

Carnivorous birds, residing at the top of the food change, mainly are exposed to
pollutants through bioaccumulation in the food chain.   Before the banning of DDT and dieldrin
use, bald eagles had problems with egg-shell thinning and embryo death, both thought to be a
result of pollutant exposure.  Reproduction rates were also impaired (Bowerman et al., 1995).   In
polluted areas, such as the Great Lakes, and in laboratory tests, herring gulls show estrogenic
effects similar to those in other birds and mammals from similarly polluted areas.  Males are
feminized and have some female organs, such as ovaries.  Females sometimes have extra ovaries
and often nest with other females, presumably due to lack of fertile males (Fry and Toone, 1981).

Disruption of endocrine systems that control developmental processes could alter many
aspects of animal function for the life of that organism.  Thyroid hormones (TH) are essential for
the development and continued function of many organs and tissues, including the central
nervous system, as well as being necessary for proper growth and metabolism in vertebrates.
Studies suggest that thyroid function may be altered in some vertebrates exposed to
organochlorines.  This literature review will (1) briefly describe a major organochlorine group,
PCBs, which are thought to cause thyroid alterations upon exposure in vertebrates (2) outline
important aspects of thyroid function (3) review the literature that suggests alterations in thyroid
function in laboratory rats and laboratory and field-caught birds exposed to PCBs.

II.  Polychlorinated Biphenyls (PCBs)

In the Great Lakes, PCBs are abundant and widespread contaminants and are found in the
tissues of fish-eating birds (Fox et al., 1993).  Until their banning in 1979, PCBs were largely
used as fire retardant fluids in capacitors, coolant fluids in transformers, and as wetting agents
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and surfactants.  Due to their long half-life and lipophilic properties, PCBs are incorporated into
organisms low in the food chain and are biomagnified, they increase in concentration higher in
the food chain.  Given their high position on the food web, fish-eating (piscivorous) birds, such
as herring gulls, potentially are exposed to biomagnification of PCBs and have been used as
sentinel species to monitor the concentrations and biological effects of environmental
contaminants in the Great Lakes (Ness et al., 1993).

The coplanar PCB congeners are dioxin-like and their toxicity appears to be mediated
mainly through the arylhydrocarbon receptor (AhR).  Dioxin-like toxicity is estimated by using
2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) potency as the standard, either as toxic equivalency
factor (TEF) for individual compounds or as the TCDD toxic equivalent (TEQ) for mixtures
(Safe, 1990).  The nonplanar congeners do not bind to the AhR but are found in high
concentrations in the tissues of wild animals (Nessel et al., 1992).  To date, most of the reports of
thyroid disruption in birds have been on wild birds exposed to mixtures of pollutants (Fox, 1993;
Grasman et al., 1996; Murk et al., 1994; Van den Berg et al., 1994).  Thyroid alterations in
laboratory rodents have been associated with treatments of several specific congeners, both
coplanar (e.g. PCB-169, 126, 156, 77) (Grasman et al., 1996, Murk et al., 1994) and non-
coplanar (e.g. PCB-13, 52, 153) (Van der Kolk et al., 1992; Morse et al., 1993; Van Birgelen et
al., 1992) and with PCB mixtures (e.g. Arochlor 1254; Bastomsky, 1974; Morse et al., 1996).

III.  Thyroid Function

The vertebrate thyroid gland secretes two hormones, thyroxine (T4), and triiodothyronine
(T3) that are important for development and metabolism.  T4 is the most abundant hormone,
whereas T3 is the most active with respect to its function in biological systems (i.e. main
hormone that binds to nuclear receptor). The thyroid gland is under the control of the
hypothalamic-pituitary-thyroid (HPT) axis.  Thyrotropin-releasing hormone (TRH), from the
hypothalamus, stimulates the release of thyroid stimulating hormone (TSH), from the anterior
pituitary, which in turn causes the thyroid gland to produce and release hormone.  TH feedback
to the anterior pituitary regulates the control of TSH production, as well as TRH release, which is
also modulated by feedback from TSH (McNabb, 1992).  TSH stimulation of the thyroid gland
increases when circulating concentrations of thyroid hormones (THs) are low.

Although small amounts of T3 are produced by the thyroid gland, most of the T3 in the
body is produced by deiodination of T4.  Deiodination of T4 occurs when iodine atoms are
removed from either the phenolic (outer) or tyrosyl (inner) ring.  In 5'deiodination (5’D), an
iodine is removed from the outer ring of T4, yielding T3 (the most active hormone), and in
5deiodination (5D), an iodine atom is removed from the inner ring, yielding rT3 (which is
inactive), (figure). These products can then be deiodinated further to yield diiodothyronines (T2)
(other inactive forms).  There are three types of deiodination pathways: type I, type II, and type
III.   Type I deiodination provides a circulating source of T3 to peripheral tissues.  This type of
deiodination is found mainly in the thyroid, liver, and kidney.  Hyperthyroidism causes Type I
deiodination to increase and hypothyroidism causes it to decrease, i.e. the enzyme activity is
substrate driven.   Type II deiodination occurs in the brain, pituitary, and brown adipose tissue
(BAT).  In the brain and pituitary, T3 produced by type II remains largely within the tissue where
it is produced, maintaining the intracellular T3 supply at euthyroid levels despite hypothyroid
conditions in the rest of the body.  In mammals, when T3 is limited, BAT type II 5’D releases T3
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to peripheral tissues, providing a circulating source of T3. .  In a hyperthyroid state, type II
decreases its activity.  Type III deiodination involves removal of an iodine atom from the inner
ring of iodothyronines.  It is a major route for T3 degradation and inactivation of T4, producing
rT3 (Leonard and Koehrle, 1996).

Binding proteins transport THs in the blood and ensure sustained TH supply to tissues
despite fluctuations in thyroid gland function.  They are present in different concentrations, with
different numbers of hormone binding sites depending on the species.  Transthyretin (TTR), the
major binding protein in birds, binds to T4 with greater affinity than T3, and the amount of
hormone bound greatly exceeds the amount of free hormone in circulation.  Binding proteins play
important roles in the availability and distribution of THs in the extracellular and intracellular
compartments, and thus in regulating TH metabolism and kinetics (McNabb, 1992).

IV.  Thyroid Development

Birds and mammals, can be divided into two categories with respect to their patterns of
development: precocial and altricial.  Precocial animals (quail, chickens, sheep, humans) are
born/hatched in a relatively advanced state whereas altricial species (doves, mice, rabbits) are in
a more immature state at birth/hatching.

Precocial young have more mature body development and the muscular and skeletal
systems are more advanced than in altricial young.  At hatching/birth, precocial young are
capable of coordinated locomotion, their nervous systems are well developed, and their
respiratory and gastrointestinal organs are functionally mature (McNabb, 1999).  The thyroid
gland appears early and develops considerable function during the latter half of embryonic life.
Thyroids come under HPT control by mid incubation/mid gestation and circulating TH
concentrations peak during the perihatch/perinatal period.  The perihatch/perinatal peak in T4
concentrations is due to TSH stimulation, whereas the peak in T3 concentrations is due to
increased 5’D activity at this time (birds, Thommes 1987; Freeman and McNabb, 1991;
mammals, Fisher et al., 1977).  Hormone concentrations decrease after hatching/birth.

Altricial young have relatively immature body development and of muscular, skeletal,
and nervous systems.  Hatchlings/young are incapable of coordinated locomotion and the
respiratory and gastrointestinal organs have not yet reached functional maturity at hatch/birth
(McNabb, 1999).  The thyroid gland develops little during embryonic life and does not come
under the control of the HPT axis until after hatching/birth (birds, McNichols and McNabb 1988;
mammals, Fisher et al., 1977).  TH concentrations are low at hatching/birth and do not increase
until several weeks after hatching/birth (McNabb and King, 1993).

Herring gulls, however, are interesting in that their development cannot be described as
strictly precocial or altricial, but is described as either semiprecocial (Nice, 1962; Starck, 1993)
or semialtricial (Skutch, 1976).  Herring gull hatchling characteristics include: downy hatchling
plumage, more developed motor and locomotor activity (precocial characteristics), and
dependence on parents for food (altricial characteristic) (Starck and Ricklefs, 1998).  Embryonic
thyroid development has not yet been studied in herring gulls, so we know nothing about the
development of thyroid gland function and hormone production.
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V.  Disruption Of Thyroid Function In Lab Rodents

Studies on PCB effects on thyroid function in rats suggest that many coplanar (dioxin-
like) PCBs alter thyroid function indirectly by altering thyroid hormone dynamics, rather than by
interfering with thyroid hormone/receptor binding (as if often the case with reproductive
endocrine disruption) or hormone production.  Two main mechanisms have been suggested:
enhanced glucuronidation of T4, resulting in increased hormone excretion from the body, and
decreased binding of THs to thyroid hormone binding protein, TTR.  Competitive displacement
of hormones from binding proteins could increase hormone excretion by increasing the amount
of free hormone.

A.  Enhanced Glucuronidation of Thyroid Hormones
UDP-glucuronosyltransferase (UDP-GT), a Phase II liver microsomal enzyme,

glucuronidates T4, which renders it more hydrophilic and thereby facilitates its excretion in bile,
feces, and/or urine (Leonard and Koehrle, 1996).  In adult rats, PCB mixtures act as direct UDP-
GT inducers, increasing the glucuronidation of T4 and decreasing serum T4 concentrations
(Barter and Klassen, 1994).  Coplanar PCBs [#169 (3,3’,4,4’,5,5’-hexachlorobiphenyl), #77
(3,3’,4,4’-tetrachlorobiphenyl), Morse et al., 1993; #126 (,3,3’,4,4’,5-pentachlorobiphenyl), and
#156 (2,3,3’,4,4’,5-hexachlorobiphenyl), Van Birgelen et al., 1995], cause a decrease in total T4
and free T4 concentrations, and an increase in T4 UDP-GT activity in maternal, fetal, and
neonatal rats.

These studies suggest that PCBs induce T4-UDP-GT activity, increase T4 excretion, and
thus decrease circulating T4 concentrations.  A decrease in plasma T4 concentrations facilitates
(through negative feedback) TSH stimulation of the thyroid gland to produce and secrete more
hormone.  Increased TSH concentrations have been measured in rats when glucuronidation was
induced by pollutants (Barter and Klassen, 1994).

B.  Competitive Binding of PCBs to Transthyretin
PCBs (especially the dioxin-like PCBs and their hydroxylated metabolites) have some

structural similarities to thyroid hormones (McKinney et al., 1985), and this observation led to
the suggestion that PCBs might be competing with T4 for their thyroid binding protein,
transthyretin (TTR).  Thus binding of these pollutants to TTR should cause free T4 to increase, at
least transiently, due to its displacement from the protein.  This could enhance T4 removal from
the circulation (possibly by rapid conjugation of the hormone by the liver), and excretion from
the body, resulting in a decrease in circulating T4.

Pregnant mice injected with 14C-labeled CB-77 (a coplanar PCB congener), have a dose-
dependent uptake of 14C-radioactivity in both maternal and fetal plasma and liver with fetal
plasma levels of total radioactivity 4 to 9 times that of the mother.  Electrophoresis confirms that
the 14C-radioactivity in fetal plasma is bound to TTR, and 125-I bound to TTR is reduced by
50% compared to controls.  Fetal plasma total and free T4 concentrations are also significantly
decreased (Darnerud et al., 1996).

PCBs undergo hydroxylation (a type of metabolism) within biological systems, and it is
PCB metabolites that bind with highest affinity to TTR.  Competitive binding studies show that
hydroxylated PCBs and their metabolites have a 3-10X higher binding affinity for TTR than for
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thyroid hormones (Rickenbacher, 1986; Brouwer and Van den Berg, 1986; Lans et al., 1993).
For example, 4-OH-pentaCB (2,3,3’,4,5-pentachloro-4-biphenylol, a major metabolite of PCB-
105), binds to TTR in vitro with a 10-fold higher affinity than T4 (Morse et al., 1995), and 4-OH-
2',3,3',4',5-pentachlorobiphenyl has a 6X stronger affinity for TTR than T4 (Darnerud et al.,
1996).  In competitive inhibition experiments with PCBs, hydroxylated PCBs (OH-PCBs), DDT
and metabolites, only OH-PCBs competed for binding to TTR (Cheek et al., 1999).

C.  Adaptive Responses to Alterations in Thyroid Function in Lab Rodents
Whether PCBs alter thyroid function by displacing T4 from its binding proteins and/or by

enhancing T4 glucuronidation, if circulating T4 decreases, the HPT axis will initiate feedback
effects to maintain euthyroid concentrations of circulating thyroid hormones.  Increased TSH
concentrations (by negative feedback; HPT axis) have been observed when glucuronidation was
induced by PCBs in rats (Barter and Klassen, 1994).  However, Morse and Brouwer (1994) found
no increase in TSH concentrations in PCB-dosed rats with low TH concentrations, suggesting
that PCBs may inhibit HPT axis function.

Brain 5’D type II, which converts T4 to T3, is stimulated in PCB-exposed rodents (Morse
et al., 1993, 1996), and this T3 remains in the CNS where it is produced thereby protecting CNS
function.  The CNS is dependent on THs for normal development and function and 5’D-II
activity is known to be increased in hypothyroid conditions to maintain the intratissue T3
concentrations (Leonard and Visser, 1986).  Eventually, if PCB exposure continues, 5'D-II
conversion of T4 to T3 may no longer compensate for the decrease in TH concentrations (Morse
et al., 1996).

In mammals, if HPT responses are insufficient to maintain normal concentrations of
circulating thyroid hormones, increased 5’D type II activity in BAT may supply adequate
amounts of T3 to the circulation.  In rats exposed to dioxin, type II 5’D activity in BAT increases
significantly; despite a decrease in serum T4 concentrations, T3 concentrations are maintained at
euthyroid levels (Raasmaja et al., 1996).

VI.  Alterations Of Thyroid Gland Function In Birds

To date, there is less known about PCBs effects on thyroid function in birds than in
laboratory rodents.  However, many developmental and physiological abnormalities in birds
exposed to pollutants are suggestive of thyroid alterations.  Most goiters are a compensatory
response of the thyroid gland to stimulation by TSH.  Thyroid gland enlargement (goiter) and
epithelial hyperplasia has been observed in herring gulls from polluted Great Lakes sites (Fox et
al., 1993; Moccia et al., 1986) and in PCB-dosed lesser black-backed gulls and guillemots
(Jefferies and Parslows, 1972).  Homing pigeons fed DDT, DDE, dieldrin, and PCBs also show
signs of goiter and alterations in thyroid histology (Jefferies and French, 1972).  Lower
incubation attentiveness, resulting from nervous system dysfunction, could be due to deficient
thyroid hormone supply to the CNS.  Wild birds exposed to pollutants [Forster’s terns from
Green bay and herring gulls from Lake Ontario (Fox et al., 1978)] have lower incubation
attentiveness.  Likewise, in laboratory studies on ring doves fed PCBs (Peakall and Peakall,
1973), and in ring doves dosed with a PCB-organochlorine mixture (McArthur et al., 1983)
incubation attentiveness was altered.  Thyroid hormones are also necessary for maintenance of
normal metabolic function.  Alterations in metabolic rate and 02 consumption have been
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observed in PCB-fed morning doves (Mayer and Tori, 1981) and pigeons fed dieldrin and DDE
(Jefferies and French, 1971).

More recent studies of laboratory and wild-caught birds have measured thyroid-related
variables to access possible thyroid alterations from PCB exposure.  In 28-day old Eider
ducklings injected with PCB-77 (3,3’,4,4’-tetrachlorobiphenyl, a coplanar dioxin-like congener)
plasma TT4 and TT3 concentrations decreased (Murk et al., 1994).  Van den Berg (1994) found
significant reductions in plasma thyroid hormones in cormorants at 1 of 2 polluted sites studied
in the Netherlands.  However, though plasma TT4, FT4 and TT3 levels were reduced, only FT4
concentrations were significantly correlated with site PCB concentrations.

Surprisingly, in breeding doves fed PCB mixtures, there was a significant increase in
circulating thyroxine concentrations (McAuthur et al., 1983).  Increased thyroxine levels were
correlated with total wing-flipping and in-bowl activities of courtship pairs, suggesting
thyroxine-induced hyperactivity.  There were also decreases in incubation attentiveness and
brooding activity, and the incubation period was extended by 3 days.  Hyperactivity also was
observed by Peakall and Peakall (1973) in PCB-dosed doves.

Other studies on PCB exposed birds show no alterations in circulating thyroid hormones.
In Japanese Quail dosed with two mixed PCB preparations, there were no differences in plasma
thyroid hormone concentrations despite signs of goiter development (Grassle and Biessmann,
1982).  Likewise, no changes were found in plasma thyroid hormone concentrations in 3-week
old herring gulls injected with two doses of PCB-77 (Brouwer, 1991).  The herring gulls also
showed no signs of thyroid hyperplasia.  Some wild-caught birds from polluted sites also show
no alterations in circulating thyroid hormones.  In herring gull and Caspian tern chicks, plasma
T4 levels did not differ in Great Lakes sites with different PCB concentrations (Grasman et al.,
1996).  Murk et al (1994) also found no consistent pattern of a decrease in TH concentrations
with an increase in PCB exposure in chicks of the common tern in coastal waters of the
Netherlands and Belgium.

From these studies, it is difficult to evaluate how PCBs affect thyroid function in birds.
There is no clear pattern showing that PCB exposure alters thyroid hormone dynamics.  Also, the
lack of obvious alterations in plasma T4 concentrations in some birds exposed to PCBs suggests
that these birds may be compensating for PCB effects by increasing TSH secretion.  Whereas in
mammals, BAT 5’D type II activity supplies T3 to the circulation even if circulating thyroid
hormones concentrations are low, birds lack BAT, so this source of T3 production is not
available in avian systems.  To date, no studies have addressed whether brain 5’D type II activity
increases upon pollutant exposure in birds.

With respect to possible mechanisms causing alterations in thyroid function in birds, one
study illustrates induction of UDP-GT in Japanese Quail exposed to PCBs (Riviere et al., 1978).
To date, neither PCB binding to avian TTR nor the consequences of this binding have been
addressed experimentally.

Future studies need to address the extent to which adaptive thyroid responses may
compensate for the effects of PCBs mixtures and specific congeners, and the exposure time and
concentration of congeners that elicit a thyroid specific biological response.  Many more studies
need to be conducted both on field-caught birds and in laboratory species.  Many important
wildlife species are oviparous, and it is important to understand how PCBs may be affecting
developing embryos in the egg (verses mammals developing in utero), hatchlings (after
absorption of possible contaminated yolk; feeding on contaminated fish) and adult birds (longer
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period of exposure through contaminated food).  Fundamental differences in thyroid function
between birds and mammals include: differences in the proportions of T4 and T3 in the
circulation, differences in TH binding proteins, and lack of BAT in birds. More studies need to
be done to evaluate PCB effects on thyroid function in birds and to determine if PCB effects on
thyroid function in birds are comparable to that seen in mammals.
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INTRODUCTION

Polychlorinated biphenyls (PCBs) are abundant and widespread contaminants in the Great
Lakes and are found in the tissues of fish-eating birds (Fox et al., 1993).  Exposure to PCBs is
thought to cause endocrine problems resulting in alterations in growth and development of
vertebrate species (Fox et al., 1993; Brucker-Davis, 1999).  To date, the majority of the focus of
endocrine disruption research has been on effects on reproductive function and development,
with lesser attention to disruption of other endocrine systems.  Thyroid hormones (TH) are
essential for the development and continued function of many organs and tissues, including the
central nervous system, as well as being necessary for growth and metabolism in vertebrates.

Studies of laboratory rodents indicate that PCB mixtures and a number of specific PCB
congeners alter thyroid function indirectly by effects on thyroid hormone dynamics, rather than
by interfering with hormone production or hormone action (i.e. thyroid hormone to receptor
binding).   Two main mechanisms of disruption have been suggested: enhanced glucuronidation
of T4 and decreased binding of THs to the thyroid binding protein, transthyretin (TTR).   Dioxin-
like PCBs, administered to rats, induce the microsomal enzyme UDP-glucuronosyltransferase
(UDP-GT), which facilitates TH excretion (by rendering them more hydrophilic), and decreases
circulating TH concentrations (Barter and Klassen, 1994; Van Birgelen et al., 1994).  PCBs also
may affect thyroid function in rats by binding to TTR, displacing T4 and facilitating its excretion
by liver enzymes, resulting in decreased plasma T4 concentrations (Bastomsky, 1974; Darnerud
et al., 1996).   In PCB exposed rats, FT4 and total T4 (TT4) concentrations are decreased
(Darnerud et al., 1996, Morse et al., 1996).

Decreased circulating T4 concentrations may trigger fundamental adaptive responses by
the HPT axis to maintain TH homeostasis in rats.  TSH stimulation of the thyroid gland increases
when circulating concentrations of THs are low and increased TSH concentrations have been
observed (Barter and Klassen, 1994) when increased glucuronidation was induced by PCB
exposure.  However, Morse and Brouwer (1994) found no increase in TSH concentrations in
PCB-dosed rats with low circulatingTH concentrations, suggesting that PCBs may inhibit HPT
axis function.  It is unclear why discrepancies occur among these different studies.  When PCB
exposure is high or prolonged, and circulating THs are low, the HPT axis stimulation of thyroid
gland activity may not be able to maintain circulating TH concentrations, and there may be an
adaptive enhancement of type II 5’D activity.  Type II 5’D circulating enzyme increases the
conversion of T4 to T3 in the brain and pituitary and thus “protects” these tissues from
alterations in circulating TH supply (Morse et al., 1993, 1996).

To date, little is known about PCB affects on thyroid function in birds.  Field studies
examining birds from polluted areas, such as the Great Lakes, have measured few thyroid-related
variables, and the limited laboratory studies done on birds give no clear indication of alterations
in thyroid function.  Wild birds from the most contaminated areas of the Great Lakes have
developmental, behavioral, and reproductive abnormalities that could be indicative of thyroid
deficiencies.  Herring gulls from Lake Ontario and Forster's terns from Green Bay were shown to
have lower incubation attentiveness (Fox et al., 1978).  Incubation attentiveness also was altered
in ring doves fed diets containing PCBs (Peakall and Peakall, 1973) and a PCB-organochlorine
mixture (McArthur et al., 1983).  The metabolic rate of PCB-fed mourning doves was decreased,
suggesting an inability to thermoregulate (Mayer and Tori, 1981).  Thyroid gland enlargement
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(goiter) and epithelial hyperplasia have been observed in thyroids of Great Lakes' herring gulls
(Moccia et al., 1986) and PCB-dosed lesser black-backed gulls and guillemots (Jefferies and
Parslow, 1972).  Feeding birds PCBs resulted in goiter, alterations in thyroid histology, decreased
metabolic rate and O2 consumption (Jefferies and French, 1972).

In several more recent studies that measured thyroid-related variables, there were no clear
patterns showing that PCB exposure altered thyroid hormone dynamics in birds.  Plasma T4
concentrations did not differ in herring gull and Caspian tern chicks from Great Lakes sites with
different amounts of PCB contamination (Grasman et al., 1996).  Murk et al (1994) also found no
consistent pattern of decreased TH concentrations in PCB exposed common tern chicks in
coastal waters of the Netherlands and Belgium.  Likewise, in laboratory studies on Japanese quail
dosed with two PCB preparations, there were no differences in plasma THs at any dose levels
despite some thyroid gland hypertrophy (Grassle and Biessmann, 1982).  Van den Berg et al
(1994) found decreases in FT4 concentrations in cormorants exposed to PCBs in the Netherlands
but no overall relationship with site PCBs.  Some studies evaluating PCB effects on thyroid
function in birds have shown decreased plasma T4 concentrations.  In 28-day-old eider ducklings
injected with PCB-77 (3,3',4,4'-tetrachlorobiphenyls; a coplanar dioxin-like congener) there were
decreases in plasma TT4 and TT3 (Murk et al., 1994).

From these studies, it is difficult to evaluate how PCBs affect thyroid function in birds.
The lack of obvious alterations in plasma T4 concentrations, despite evidence of TG changes, in
some birds exposed to PCBs suggests that these birds may be able to compensate for PCB effects
by increased TSH stimulation of thyroid gland activity to maintain TH supply.  Whereas in
mammals, BAT 5’D type II activity increases T3 supply to the circulation if circulating THs are
low, birds lack BAT, so this source of T3 production is not available.  To date, no studies have
addressed whether brain 5’D type II activity increases upon pollutant exposure in birds.

The general objective of this study was to examine the regulation of thyroid hormone
supply during development in (1) herring gull (Larus argentatus) embryos and pre-fledglings
from Great Lakes sites with different chemical pollutant exposures and in (2) domestic chicken
embryos (Gallus domesticus) exposed to a specific dioxin-like PCB congener (PCB-126).   To
address this objective, I evaluated the effects of environmental pollutant exposure and PCB-126
on thyroid status by measuring (1) plasma thyroid hormone concentrations and (2) brain T4 to T3
conversion (type II 5’D activity) to determine if mixed pollutant exposure of herring gulls or
PCB-126 exposure of chicken embryos was associated with alteration in brain 5’D type II
activity that could maintain local T3 supply to the brain.
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MATERIALS AND METHODS

Animals

Chicken eggs were injected (into the air cell) with 5 dose levels (0.0512, 0.128, 0.32,
0.64, 0.8 ng/g) of PCB-126 (3,3’,4,4’,5-Pentachlorobiphenyl, Ultra Scientific, North Kingston,
RI), or vehicle (sunflower oil), before incubation; sampling was on day 20 of the 21-day
incubation period.  Dr. Keith Grasman’s laboratory, at Wright State University, Dayton, OH, did
the injection and sampling.  Herring gull embryos (at pipping; 26 days of incubation), and 28-day
pre-fledgling chicks were sampled by Dr. Keith Grasman and Mr. Glen Fox (Canadian Fish and
Wildlife Service, Quebec, Canada) at several Great Lakes sites with different contaminant
exposures (Table 1).  Ten individuals were sampled at each site.  Both the chicken and herring
gull tissues and plasma were stored at –80C until shipping to our laboratory, on dry ice, for
thyroid studies.

Plasma hormone analysis

 Plasma T4 and T3 concentrations were measured with a double antibody RIA by the
method of McNabb and Hughes (1983) using standards prepared in hormone-stripped chicken
plasma.  Primary antibodies were purchased from Endocrine Sciences (Calabasas,CA), 125I-T4
and 125I-T3 were from New England Nuclear (Boston, MA; high specific activity: T4, 1250
µCi/µg; T3, 1200 µCi/µg), and carrier immunoglobulin was from Antibodies Incorporated
(Davis, CA).  Secondary Antibody was kindly provided by Dr. John McMurty (USDA;
Beltsville, MD).  Assay volumes were 12.5 µl for T4 and 25 µl for T3.  The plasma assay was
validated for use in chickens and Herring gulls by demonstrating parallelism of serially diluted
and spiked samples with the standard curve.

Brain Homogenate

Brain tissue (approximately 0.7 gram) was thawed  on ice and homogenized with 3
volumes of phosphate buffer using a hand-held homogenizer (Kontes Potter-Elvehjem tissue
grinder with glass pestle).  Phosphate buffer was composed of 0.2 M monobasic sodium
phosphate, monohydrate (NaH2PO4˙H20) and 0.2 M dibasic sodium phosphate, heptahydrate
(NaHPO4˙7H20), pH 7.4).  For Herring gull assays, this crude homogenate was used directly for
analysis of deiodinase activity.  For chicken embryo assays, a postmitochondrial fraction (PMF)
was prepared in which the crude homogenate was centrifuged at 13,000g at 4C for 2 min. and the
supernatant held on ice.  The precipitate was washed with a volume of phosphate buffer equal to
the volume of supernatant and recentrifuged as before.  The supernatant and wash were
combined to yield a 12.5% PMF.  Both the crude homogenate and PMF were stored at –80C until
analysis.
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Brain type II thyroxine 5’-deiodinase

Validation of the 5’D assay was done by demonstrating proportionality of activity to
enzyme concentration and linearity of activity over assay time.  Initial assay conditions were
determined using brains from Japanese Quail available in our laboratory before final validations
were tested on pooled tissue from PCB-dosed chicken embryos and herring gulls.  These
validations determined the concentrations of homogenate and the reaction time used for the
standard assays.  Measurements of deiodinase activity were adapted from the methods of
Freeman and McNabb (1991), Morse et al. (1993, 1996), and Rudas et al. (1993).  Freeman and
McNabb’s work was on liver type I deiodinase activity in birds, Morse et al. studied brain type II
deiodinase in rats, and Rudas et al. studied brain type II deiodinase in birds.  PMF was used in
assays on PCB-treated chicken embryos because assays with homogenate had high variability in
replicate tubes from individual samples.  Homogenate (instead of PMF) was used in assays on
herring gulls because PMF gave little to no 5’D-II activity.

The brain 5’D assay, with an incubation volume of 180 µl, consisted of the following
components: 100 µl homogenate or PMF, 15 µl phosphate buffer (pH 7.4), 20 µl dithiothreitol
(DTT cofactor, Sigma, St. Louis, MO), 10 µl T3 (to inhibit inner-ring deiodination of T4 by type
III deiodinase), 10 µl propylthiouracil (PTU, Sigma, St. Louis, MO, to inhibit type I deiodinase),
15 µl T4 and 10 µl 125I-T4 (105 cpm, SA, 750-1250 µCi/µg; New England Nuclear Corp.,
Boston, MA).  Final concentrations in the reaction mixture were: 100 mM phosphate buffer, 25
mM DTT, 100 nM T3, 1 mM PTU, 4.3 nM T4 (appoximately 2x the Km of the enzyme, Rudas et
al., 1993).  Incubations were carried out at 37ºC for 30 min.  The reaction was stopped by
addition of 75 µl 4% bovine serum albumin (BSA) and precipitated by 500 µl 20%
trichloroacetic acid (TCA).  Blanks consisted of tissue-free incubations, samples in which the
reaction was terminated immediately after the addition of substrate, or samples with boiled
tissue, each giving the same results.  After TCA addition, the tubes were held on ice for 15
minutes then centrifuged at 4,000g at –10C for 30 minutes. Supernatant (500 µl) was applied to
Bio-Rad “Dowex” AG 50W-X8 (H+) ion-exchange columns with a 2 ml bed volume (poly-prep
chromatography columns; Bio-Rad Laboratories, Hercules, CA) that had been prewashed with 10
ml 1.74 M acetic acid.  Labelled iodide released was eluted with three 5 ml aliquots of 1.74 M
acetic acid and counted.  Iodide released was calculated by subtracting the sum of the 3 washes
from the total cpm in the original sample and expressed as a percent of the total cpm.  This value
was then corrected for the percent iodide in the blank and multiplied by two because of random
labeling at the 3’ or 5’ positions of the phenolic ring of T4 (the labelled iodide released accounts
for only half of the 5’D activity).  Homogenate protein was measured by Pierce Coomassie
Protein Assay (Pierce, Rockford, IL).  Results were expressed as femtomoles T4 deiodinated per
hour per milligram protein (fmol I rel/hr mg protein).

Statistical Analysis

For validation of 5’D assay, an unweighted least-squares procedure was used to
determine regression analyses.  All other data were analyzed using students t-test and one-way
analysis of variance (ANOVA).  Values of p < 0.05 were considered indicative of statistically
significance differences.
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RESULTS

Validation Studies for 5’Deiodinase Assay

Chicken embryos

Proportionality of enzyme activity with enzyme concentration was demonstrated using
PMF up to 5.54 mg PMF protein/ml in the reaction mixture (Fig 1).  Specific activity (fmol I
released/min.mg tissue) was constant over the proportional range.  Enzyme activity also was
linear with time up to at least 70 minutes of incubation using 2.77 mg PMF protein/ml (Fig 2).
Standard assay conditions of 2.77 mg PMF protein/ml and a 30-minute incubation time were
based on these validation studies.

Herring gulls

Proportionality of activity with enzyme concentration was demonstrated using
homogenate, up to 14.68 mg homogenate protein/ml in the reaction mixture (Fig 3).  Linearity of
activity (fmol I released) with incubation time, up to at least 45 minutes, was demonstrated using
14.68 mg homogenate protein/ml (Fig 4).  Standard assay conditions of 14.68 mg homogenate
protein/ml and a 30-minute incubation time were based on these validation studies.

Analysis of Data

Studies on PCB-treated embryos included a preliminary study, April 1998, and a larger
study encompassing August 1998, October 1999, and January 2000.
In 1998, herring gull egg homogenates were sampled and analyzed for PCB concentrations.  All
1998 data were graphed with Kent Island being the reference site (see table 1).  Egg PCB
concentrations for 1999 have not been analyzed yet, so 1999 data are graphed in relation to 1998
PCB concentrations.

Plasma Hormones

PCB-treated Chicken Embryos

There were no statistically significant differences in plasma T4 concentrations in treated
embryos compared to controls (non-injected or vehicle injected) in both the preliminary and the
larger study (Fig 5a, 5b).  Likewise, plasma T3 concentrations did not differ with PCB treatment
in the preliminary study (Fig 6a).  In the larger study, plasma T3 concentrations were
significantly increased at a dose of .05 ng/g egg (increased by 224% compared to N.I, increased
by 233% compared to 0) and .48 ng/g egg [(increased by 234% compared to N.I, increased by
244% compared to 0), Fig 6b].
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1998 Herring Gulls Pipped Embryos

There were no significant differences in plasma T4 or T3 at any of the sampling sites
when compared to Kent Island (Figs 7,8).

1999 Herring Gulls

Although pipped embryos were not sampled at Kent Island in 1999, Chantry Island,
having low PCB concentrations, may also be considered a reference site.  Of the 3 sites that
pipped embryos were sampled (Chantry Island, Detroit Edison, and West Sister Island), there
were no significant differences in plasma T4 concentrations (Fig 9a).

In pre-fledglings, plasma T4 concentrations were significantly less from Detroit Edison
(147%) and West Sister Island (146%) when compared to pre-fledglings from Kent Island (Fig
9b).

In pipped embryos, plasma T3 concentrations were significantly less from West Sister
Island when compared to both Chantry Island and Detroit Edison [(29% and 36% decrease
respectively), Fig 10a].

In pre-fledglings, plasma T3 concentrations were significantly less from Detroit Edison
(68%) and West Sister Island (67%) when compared to pre-fledglings from Kent Island (Fig
10b).

Brain Type II Thyroxine 5’Deiodinase

PCB-treated Chicken Embryos

The preliminary study used 1.3 nM T4, (instead of 4.3 nM T4 that was used in the larger
study), which resulted in low deiodinase activity (see Fig 11).  The preliminary assay was then
rerun using 4.3 nM T4, after tissue had been stored as PMF at –80C for 1 year.  The activity was
very low, indicating a loss of enzyme activity (though the actual pattern of activity across doses
was similar to that seen in prior assays).

In the preliminary study, there were no significant differences in 5’D-II activity in control
versus PCB-treated birds, though 5’D-II activity tended to increase with an increase in PCB dose
(Fig 11a).  In the larger study, there was a significant decrease in 5’D-II activity in embryos
treated with .05 ng/g PCB-126 (82% compared to N.I, 67% compared to 0), but no significant
differences in activity in embryos treated with higher doses (Fig 11b).

1998 Herring Gull Pipped Embryos

There was a significant increase in 5’D-II activity in pipped embryos from Strachnan
Island (70%) when compared to pipped embryos from Kent Island (Fig 12).

In pre-fledglings, there was a significant decrease in 5’D-II activity from Detroit Edison
(43%) when compared to Kent Island (Fig 13b).

1999 Herring Gulls
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In the three sites sampled, 5’D-II activity was significantly lower in pipped embryos from
West Sister Island in comparison to both Chantry Island and Detroit Edison [(decreased by 36%
and 37% respectively), Fig 13a].
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DISCUSSION

The present study of brain 5’deiodinase activity was conducted as part of a
comprehensive evaluation of the effects on thyroid function of PCBs and environmental pollutant
mixtures rich in PCBs, in both chicken embryos exposed to different doses of PCB-126 and
field-caught herring gulls exposed to mixed pollutants in the Great Lakes.  PCBs are known to
disrupt thyroid function in laboratory rats; exposure to specific PCB congeners results in
decreased circulating TH concentrations (Barter and Klassen, 1994, Morse et al., 1993, 1996),
resulting in increased TSH stimulation of the thyroid gland (Barter and Klassen, 1994), and
increased brain 5’D type II activity that is thought to maintain T3 supply to the brain (Morse et
al., 1993, 1996).  In the present study, we hypothesized that in chicken embryos, exposure to
PCB-126 would result in dose-dependent decreases in circulating thyroid hormones and
subsequent increases in brain 5’D type II activity.  The maintenance of circulating thyroid
hormone concentrations in PCB exposed embryos, compared to those in control embryos,
suggest that these levels of PCB exposure do not alter function in a manner that would have
developmental consequences.  However, circulating hormone measurements alone do not address
whether adaptive responses could be occurring to maintain normal thyroid hormone
concentrations in the circulation and in critical tissues.  Adaptive responses that could occur
include (1) increased brain 5’D-II activity to maintain local T3 supply and (2) increased TSH
stimulation of the thyroid gland to produce and secrete more hormone.  In this study, there were
no increases in brain 5’D-II activity at any of the PCB doses.  Also, increased TSH stimulation
was not indicated by analysis of thyroid gland weight and thyroid gland hormone content
(personal communication with Dr. Anne McNabb and Kathy Parsons).  Overall, there was no
indication that PCB-126 altered thyroid function in chicken embryos.

PCB-126 has been known to decrease T4 concentrations in rats (Van Birgelen et al.,
1995), as well as cause developmental abnormalities in chickens (Powell et al., 1996).  A
laboratory study on Eider ducklings dosed with another coplanar PCB (#77) showed decreases in
TH concentrations (Murk et al., 1994), while another study on Japanese quail fed Arochlor 1254
(a PCB mixture) showed no differences in plasma TH concentrations despite thyroid gland
hypertrophy (Grassle and Biessmann, 1982).

Field studies on birds, environmentally exposed to pollutant mixtures, show no clear
pattern of altered thyroid function among sites with different pollutant concentrations (Grasman
et al., 1996, Murk et al., 1994, Van den Berg et al., 1994).  In the present study, we hypothesized
that herring gull embryos and pre-fledglings from Great Lakes’ sites with higher contaminant
loads would have greater alterations in thyroid function than herring gulls from sites with lower
contaminant loads.  We found no clear pattern of altered thyroid function in herring gulls from
polluted Great Lakes’ sites.  As mentioned before, when circulating TH concentrations are low,
brain 5’D-II activity increases to protect intratissue T3 concentrations (Leonard and Visser,
1986).  In this study, 5’D-II activity did not significantly increase in birds from more
contaminated sites in comparison to birds from Kent Island or sites with less contamination.
Although 1998 pipped embryos from Strachnan Island showed significant increases in 5’D-II
activity when compared to Kent Island, there were no differences in brain 5’D-II activity at sites
with greater PCB loads than Strachnan Island.  Also, pipped embryos from Strachnan Island
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showed no differences in plasma TH concentrations.  A previous study on field-caught herring
gulls from the Great Lakes showed no alterations in TH concentrations  (Grasman et al., 1996).
However, Eider ducks and cormorants in polluted sites from coastal regions of the Netherlands
and Belgium have decreased plasma T4 concentrations compared to those from more pristine
locations (Murk et al., 1994; Van den Berg et al., 1994).

The present study is the first to evaluate the potential effects of PCBs, alone and in a
mixed environmental exposure, on circulating THs and brain 5’D-II activity in developing birds.
Although thyroid function was not altered by the specific PCB congener used in my study, more
complete evaluations are needed before determining whether PCBs alter thyroid function in
birds.  Future studies on PCB dosed chicken embryos should include non-coplanar PCBs (e.g.
PCB-153) and PCB mixtures.  Non-coplanar PCBs are found in high concentrations in the
environment and show interactions (additive effects) with coplanar PCBs in laboratory studies of
embryonic mortality, deformities and immune function (Van der Kolk et al., 1992).  Wild birds
are exposed to a mixture of PCBs, rather than one specific PCB congener, and some of the
strongest evidence for TH alterations has been with PCB mixtures.  Studies should assess PCB
effects on several developmental stages during different times of growth and maturation of
specific tissues such as the brain.  Herring gulls are exposed to pollutants mainly through their
diet (herring gulls are top predators; fish-eating birds), therefore older birds would be expected to
have greater PCB loads and show greater thyroid alterations.  Future studies on field-caught
herring gulls should include more age groups to determine if thyroid function is being altered.
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Table 1: 1998 Herring Gull Sampling

A: PCB Concentrations of Pooled Egg Homogenates
Sampling Site Sum of PCBs (In PPM) PCB Ranking
Kent Island (K) 1.508 1
Chantry Island 2.898 2
Scotch Bonnet (S) 7.856 3
Strachnan Island (STR) 11.207 4
Detroit Edison (DE)* 13.00 5
West Sister Island (WS) 16.092 6
Saginaw Bay (SB) 21.224 7
*Egg homogenates were sampled but not analyzed, so the PCB concentration at Detroit Edison is
based on analysis in 1997.

B: Arochlor Concentrations of Pooled Egg Homogenates
Sampling Site Arochlor Concentration (PPM)
Kent Island (K) 1.961
Scotch Bonnet (S) Not analyzed
Strachnan Island (STR) 17.128
Detroit Edison (DE)* 15.3472
West Sister Island (WS) 21.838
Saginaw Bay (SB) 35.002
*Egg homogenates were sampled but not analyzed, so the Arochlor concentration at Detroit
Edison is based on analysis in 1997.
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Assay conditions: 4.3 nM T4,  30 minute incubation.  Data reported 

(postmitochondrial fraction) of pooled brain samples fromchicken.

expressed as fmol iodide generated at a 30 minute incubation.    

 

 are the means of 4 replicates at each protein concentration. Activity is 

embryos. Control embryos

Fig 1.  Proportionality of T4 5'D activity with enzyme concentration
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PCB-treated embryos.  Assay conditions: 2.77 mg protein concentration, 
4.3 nM T4.  Data  reported are the means of 4 replicates at each protein 

samples from chicken embryos. Controls embryos 
Fig 2. Linearity of T4 5'D activity with incubation time of postmitochondrial fraction 
 frompooled brain

concentration. Activity is expressed as fmol iodide generated.   
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(crude homogenate) of pooled brain samples from herring gulls. 

Activity is expressed as fmol iodide generated in a 30 minute incubation.  
 are the means of 4 replicates at each protein concentration.  
Assay conditions: 4.3 nM T4,  30 minute incubation.    Data reported

  

  Fig 3. Proportionality of T4 5'D activity with enzyme concentration 

 

Protein Concentration (mg)

5'
D

 A
ct

iv
ity

 (f
m

ol
 I)

0

10

20

30

40

50

60

70

1.84 3.67  7.34               14.68



26

from pooled brain samples from herring gulls.  Assay conditions: 14.68 mg
  Fig 4.  Linearity of T4 5'D activity with incubation time of crude homogenate

protein concentration, 4.3 nM T4.  Data reported are the means of 4 replicates
at each protein concentration.  Activity is expressed as fmol iodide generated.
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preliminary study (4/98).  b: larger study (samples combined from 8/98, 10/99, 1/00).  

  Symbols represent mean +/- 1 SE;  There are no significant differences between 
controls and embryos treated with any of the PCB doses.  

N = 7         7            7      6        5                              6   

Fig 5.  Plasma T4 concentrations in chicken embryos treated with PCB-126.  a:     

b:  8/98, 10/99, 1/00 
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preliminary study (4/98).  b: larger study (samples combined from 8/98, 10/99, 1/00).  

represent mean +/- 1 SE; *Indicates significantly different from control values   
  N: number of embryos/dose.  N.I: non-injected.  0: injected control.  Symbols

at p < .05. 
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Fig 6.  Plasma T3 concentrations in chicken embryos treated with PCB-126.  a:
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pipped embryos from Kent Island vs. Great Lakes sampling sites. 
There are no significant differences in plasma concentrations in herring gull

                      S          Str   DE    WS               SB 

Sampling Sites 

Fig 7.  Plasma T4 concentrations in herring gulls from K (Kent Island, reference

based on pooled egg homogenates.  Symbols represent mean +/- 1 SE;
DE (Detroit Edison), WS (West Sister Island), SB (Saginaw Bay).  PCB rankings
site) and Great Lakes sampling sites: S (Scotch Bonnet), Str (Strachnan Island),
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There are no significant differences in plasma T3 concentrations in herring gull
pipped embryos from Kent Island vs. Great Lakes sampling sites.  

K                     S           Str   DE      WS              SB    

based on pooled egg homogenates.  Symbols represent mean +/- 1 SE; 
DE (Detroit Edison), WS (West Sister Island), SB (Saginaw Bay).  PCB rankings
site) and Great Lakes sampling sites: S (Scotch Bonnet), Str (Strachnan Island),

Fig 8.  Plasma T3 concentrations in herring gulls from K (Kent Island , reference
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b: *indicates significantly different from Kent Island at p < .05.  

Fig 9.  Plasma T4 concentrations in 1999 herring gull: a. pipped embryos b. pre-fledglings 
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therefore, the three sites sampled are compared to each other with no significant differences.
Symbols represent mean +/- 1 SE.  a: Kent Island pipped embryos were not sampled, 
Sister Island), and C (Chantry Island).  PCB rankings based on 1998 PCB concentrations.
from K (Kent Island, reference site), S (Scotch Bonnet), DE (Detroit Edison), WS (West
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significantly different from both C and DE at p < .05.  b: *Indicates significantly
therefore, the three sites sampled are compared to each other.  a: *Indicates WS 

Fig 10.  Plasma T3 concentrations in 1999 herring gull: a. pipped embryos  b. pre-fledglings
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a: preliminary study (4/98), assay conditions: 1.3 nM T4, 30 minute incubation.

control.  0: injected control.  Symbols represent mean +/- 1 SE.    a: There are

b: larger study (samples combined from 8/98, 10/99, 1/00), assay conditions:  

the PCB doses.  b: *Indicates significantly different from control values at p < .05.   

4.3 nM T4, 30 minute incubation. N; number of embryos/dose. N.I: non-injected

no significant differences between controls and embryos treated with any of 

Fig 11.  Brain 5'D-II activity in chicken embryos treated with PCB-126.  
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Fig 13.  Brain 5'D-II activity in 1999 herring gull: a. pipped embryos  b. pre-fledglings

WS (West Sister Island), C (Chantry Island).   PCB rankings based on 1998

 *Indicates WS significantly different from both C and DE at p < .05.   b: *Indicates

 C                                   DE      WS

PCB concentrations.   Symbols represent mean +/- 1 SE.  a: Kent Island pipped
embryos were not sampled, therefore the three sites are compared to each other. 
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