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Polychlorinated biphenyls (PCBs) are a class of synthetic organochlorinasethat
thermally stable, resistant to degradation, and persistent in the environmeesals of
bioaccumulation and intermittent redistribution through trophic levels. These compounds
were sold commercially as mixtures in the twentieth century and lateet@ue to their
biological toxicity. There are 209 known PCB congeners, each with differenttiesi
and physical properties that cause a variety of adverse health effeceovitothe
effects of PCB mixtures vary with exposure concentrations, PCB congerztytcand
species sensitivity. However, limited information is available about thecinop& CBs
on the development of the embryonic cardiovascular system. There is a neagdr sit
contamination along the upper Hudson River in New York; wildlife in that region have
shown evidence of exposure to PCBs. The purpose of this research was to determine the
impact of embryonic exposure to a PCB mixture and a single congener, both found in the
upper Hudson River on the developing avian cardiovascular system. In study 1, tree
swallow eggsTachycineta bicolgrwere dosed with PCB 77 and incubated to hatch.
Similarly, domestic chicken egg&4&llus domesticysvere dosed with the PCB mixture

at embryonic day zero and incubated to hatch in study 2. Eggs were monitored through



incubation; other measures were taken at hatch along with tissue collectsuits Re
showed that embryonic exposure to PCBs resulted in an absence of the ventri¢ular wal
compact layer and hypertrabeculation in tree swallow hatchlings in spiteeffect on
survival. Embryonic exposure to a PCB mixture in domestic chickens resulted in
compact layer absence as well as additional cardiomyopathies, includingeabséhe
ventricular wall trabeculated layer, ventricular chamber dilation, abndreaat wall and
septal formations, and arrhythmias during embryonic development. In study 3,
embryonic exposure to a PCB mixture was studied at Hamburger Hamiltos $@ade,
and 20. Embryonic exposure to a PCB mixture resulted in abnormal proliferation of
cardiomyocytes early in heart development. Dose-dependent mortalityestourr
chicken embryos exposed to the PCB mixture. These results support other findings
demonstrating PCB effects on the cardiovascular system. Further, theskayetd
dramatic adverse effects of the PCB mixture as well as a singlercamigund in the

region of the upper Hudson River on the developing avian cardiac system.
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CHAPTER 1

INTRODUCTION



Polychlorinated biphenyls

Polychlorinated biphenyls (PCBs) are synthetic organochlorines cons$mg
biphenyl molecule with one to ten chlorine substitutions. There are 209 known PCB
congeners, which are in a variety of PCB mixtures, such as Aroclors used in ihdustria
applications in the United States. PCBs were introduced in 1929 and manufactured
through 1976, with a total global production estimate of 13 billion pounds (Detrtde
1976). PCBs were manufactured for a variety of purposes, including use in tramsforme
capacitors, regulators and switches, motor oil, hydraulic systems oil Steortdight
ballasts, cable insulation, adhesives and tapes, caulking, oil based paints, cacopyless
paper, plastics, and floor finish (Durfetal, 1976). These compounds are thermally
stable and are resistant to degradation, making them appealing for industrial use
(Blectchy, 1983). In the United States, PCBs were used industrially from 19Pheint
ban in 1979 as Aroclors, produced solely by Monsanto, and production totaled 1.25
billion pounds (Blectchy, 1983). Aroclors were named based on their percent
chlorination by weight: for example, Aroclor 1254 has 54% chlorination by weight.
Further, individual lots of the same Aroclors can contain varying congeneiulisins,
thereby altering their environmental impact (Fraehal, 1996; Frame, 1997; Rushneck
et al, 2004). While this makes assessing the biological impact of PCB mixturesildiffi
it does make each mixture and lot unique, affording the ability to trace environmental
exposures to specific sites of release (Bretval, 1984).

In 1979, PCBs were officially banned from manufacture, processing, and
distribution in the United States: three years after the Toxic Subst@noé®l Act

(TSCA) authorized the Environmental Protective Agency (EPA) to control amyichis



posing potentially hazardous risks to human populations and the environment (TSCA,
1976). Until then, PCBs were released and distributed into the environment primarily
through manufacture for industrial applications, some having “open system” pregedur
which often released PCBs into waterways (USEPA, 1992a; 1992b). Since their ban,
PCBs have been intermittently released from deteriorating hazardetessitas, leaks
from industrial transformers containing PCBs, disposal of consumer productsicanta
PCBs, and burning of contaminated waste in industrial incinerators (USEPA, 1992a;
1992Db). Ironically, the compound’s resilience which made them popular in the tventie
century is the characteristic that makes PCBs environmentallgieertsioday in a

variety of locations, including surface waters and throughout natural cycboggses
(Hoffmanet al, 1996).

The difficulty in determining the environmental impact of PCBs is related to
structural differences between congeners and PCB compositional differeribe
mixtures at contaminated release or exposure sites (Feaahel1996; Frame, 1997;
Rushneclet al, 2004). Generally, congeners substituted abttie positions (in
relation to the biphenyl bond) cause a rotation in the molecule making the phesyl ri
non-planar and as a rule, less biologically active. Congeners substitutedatdor
para positions generally have coplanar or planar orientations, with the phenyirriags
single plane. In most instances these compounds are more biologically active, due t
their proposed mechanism of action (Kennetlgl, 1996; Schuuet al, 1998). There
are species-specific biological impacts of PCBs. PCBs bioaccunmlfsk and
invertebrates with little metabolic alteration of ingested congdhnstrom, 1988).

Conversely, reptiles, birds, and mammals do metabolize some PCB congeihettse wit



exception of species with blubber stores, thereby altering the patterosgener
exposure and ultimately biological impact (Norstrom, 1988; Carey, 1994). ®tesref
assessing the potential environmental impact of PCB mixtures betwesofsite
contamination and across trophic levels is challenging. It is important tosgiadyic
sites of exposure and individual animal species to assess the completeohapRciB

exposure or contamination site.

The Hudson River Superfund Site

The Hudson River in New York, USA is a site of PCB contamination, designated
by the EPA as a Superfund site in need of remediation and/or restoration (USEPA
1992a; 1992b). The Hudson River contamination project encompasses approximately
200 miles of waterway, from Hudson Falls to the Battery in New York City. nfdjer
area of contamination is in the Upper Hudson River (UHR) from Hudson Falls to Federal
Dam, Troy, NY and is approximately 40 miles long. The remaining 160 miles, from
Federal Dam, Troy to the Battery in Manhattan is identified as the LoweoH iriger
(LHR). Environmental contamination along the Hudson River impacts sixteen counties
in New York and New Jersey and has been associated with effects on residifiet wil
(USEPA, 1992a; 1992b; Echads al, 1996; Custeet al, 2010a; b; c; d).

In 1947, General Electric (GE) first began manufacturing capacitors kbthe
Edward plant on the UHR, and a second manufacturing plant was producing PCBs at
Hudson Falls, NY within five years. For the next few decades PCBs ertered t
waterway at these two sites, with contamination contained at the region hel&wart
Edward Dam, which blocked high concentrations of PCBs from moving downriver.

However, when the Federal Dam at Troy was removed from the UHR in 1973 a bolus



release of PCBs occurred, contaminating downriver regions. The removaldaithe
altered the contaminated area from a few miles, to approximately 289 aohexposed
waterway (USEPA, 1992a; 1992b). By 1976, studies revealing the adverse heelth effe
of PCB exposure prompted the Department of Environmental Conservation to bag fishi
along the Hudson River, which remains today. During that same year, natural flooding
resulted in further spread of PCBs downstream, prompting national attenticeadimgy!

to close both manufacturing plants (Clearwater, 2011). Unfortunately, antestiina
million pounds of PCBs entered the Hudson River from Fort Edward and Hudson Falls
between 1947 and 1976 (TAMS al, 1991).

Three mixtures were released from these GE plants along the HudsomRheer i
twentieth century. From 1952 until 1955, Aroclor 1254 (54% chlorine by weight) was
released, accounting for approximately 4% of the total PCB contamination iudse
River. From 1955 until 1971, Aroclor 1242 (42% chlorine by weight) was released and
determined to be the source of 90% of total detected PCB contamination. Fioally, fr
1971 until 1977, Aroclor 1016 (42% chlorine by weight) was released, accounting for
approximately 1% of the total PCB contamination (TABtS&l, 1991). As previously
mentioned, Aroclor mixtures are made up of different congeners and nameddayt perc
chlorine by weight. Individual lots of the same mixtures can have variable congener
compositions, making each Aroclor lot a traceable fingerprint to the source site of
contamination (Framet al, 1996; Frame, 1997). Based on soil analysis of downstream
PCB congener profiles, concentrations, and distributions, PCB contamination of the
Hudson River has been linked solely to the GE manufacturing plants (PARIS1991;

ATSDR, 1997).



The link between PCB contamination and GE is a milestone for environmental
stewardship under the Comprehensive Environmental Response, Compensation, and
Liability Act (CERCLA), established in 1980 by the EPA. The purpose of CERG&#\
to investigate claims for natural resource damage relative to jmjesyruction, or loss of
natural resources as a result of release of hazardous substancesnde,6SERCLA
can retroactively identify responsible parties of hazardous substancer@lEzRCLA,

1980). In the case of the UHR, CERCLA findings resulted in a Record of Decision
(ROD) by the EPA in 2002 that required General Electric to remediatetedfareas of

the Hudson River. Currently, the ROD calls for six miles (2.65 million cubic yafds)
dredging to remove PCB-contaminated sediment from the riverbed in the UldR odgi

the Hudson River (USEPA ROD, 2002). The legality of this remediation and restoration
project is very challenging to the environmental cause, cleanup is now fars/beyond

the halt in manufacture and PCB exposure continues during periods of high river flow
and drought. The continuous, intermittent release of PCBs in the environment presents a
constant problem for the ecosystem along the Hudson River and is a curreof issue

concern to both scientists and the community.

PCB mechanism of action

Polychlorinated biphenyls act as agonists that induce the aryl hydrocarbon
receptor pathway to varying degrees to upregulate downstream genes ithtesypa
The aryl hydrocarbon receptor (AhR) is a member of the basic helix-loop¢hEli)
Per-Arnt-Sim (PAS) transcription factor family (Denison and Nagy, 2008 T
functional domains of the AhR include a DNA binding domain (bHLH region), two

ligand-binding domains (PAS-A and PAS-B), and a glutamine rich domain, which



functions as a co-activator (Fukunagaal, 1995). This protein is inactive in cellular
cytoplasm, prior to ligand-binding transduction. The inactive form of AhR is part of
complex with a dimer of heat shock protein 90 (hsp90), Ptges3, X-associated protein 2
(XAP2), and p23 co-chaperone. Hsp90 and co-chaperone p23 protects the complex
against proteolysis, with p23 also regulating AhR ligand responsiveness (Kkazsleius

al., 1999), and XAP2 is a transcriptional enhancer while preventing AhR transfer into the
nucleus prior to ligand-binding (Meyet al, 1998).

Coplanar (planar) PCBs act as ligand agonists on this cytoplasmic complex. The
ligand binds to the PAS-B domain of the AhR, releasing XAP2 and exposes the bHLH
region of the AhR protein, activating a nuclear localization signal and shutténg t
complex into the nucleus, where the hsp90 dimer, co-activator p23, and Ptges3 dissociate
(Hord and Perdew, 1994; Polleeizal, 1994). The dissociation exposes the PAS-A
binding domain, which is the binding site for the aryl hydrocarbon receptor nuclear
translocator (ARNT) (Lindebret al, 1995). Bound ARNT converts AhR into its active
form, with a high affinity for a specific DNA recognition site, xenobiotipuese
elements (XRE) (Shen and Whitlock, 1992). The ligand bound AhR-ARNT complex
binds to XRE, causing an activation cascade stimulating gene transcriptiosticianm
(Hankison, 1995; Schmidt al, 1996; Denisomt al, 1998). As such, the XRE genes
serve a regulatory role in xenobiotic metabolism in response to AhR pa#itiwagtion
(Shen and Whitlock, 1992; Whitlock, 1999; Denistral, 1988).

AhR protein expression has been detected in multiple cell types, including neural
ganglia, smooth muscle, cardiac muscle, skeletal muscle, and epithddiah tleé

developing chick embryo, with mRNA expression occurring in all cells except



myocardium (Walkeet al, 1997). Downstream targets of cytochrome P450 (CYP),
subfamily 1A, genes are upregulated at varying rates in different tisslosgng
activation by ligand agonists, with the induction of AhR-dependent avian CYP1A4 and
CYP1A5 shown in a subset of these protein-rich cells. CYP1A4 was induced in the
blood vessels, small intestine, liver, kidney, and outflow myocardium in response to
dioxin (TCDD) exposure, a chemical that activates the AhR similar to PCBkéWand
Catron, 2000; Heaelt al, 2008). CYP1A5 is also induced, but to a lesser degree than
CYP1A4, in response to this potent AhR stimulant (Jones and Kennedy, 2009). In birds,
the activation of the AhR pathway by dioxin-like PCBs induces CYP responses of both
CYP1A4 and CYP1AG.

The importance of the CYP-1A gene family in response to AhR activation resides
in the regulatory function of the resulting proteins. The CYP1A subfamilgporeible
for detoxification and oxidative metabolism of organic or exogenous compounds.
Unfortunately, the detoxification process may also result in the bioactivatsmmed
PCBs, due to the strong affinity of the CYP1A subfamily to aromatic compounds
(Goldstone and Segeman, 2006). The detoxification effectiveness of CYP1As that lead
to pollutant bioactivation is a major factor contributing to the susceptibilitifferent

organisms (Goocht al, 1989; Arzuaga and Elskus, 2002).



Figure 1: Schematic of the activation of the AryHydrocarbon Receptorpathway in
the cellfollowing PCB exposure

[ cveias |

Translation

Increased Cytochrome L/
PA450-1A proteins

Adaptedirom Denison and Nagy, 20

Conservation of the AhR protein and its functioroas species has been w
established. Comparisons of AhR protein sequeimoeschick embryos to mammalia
amphibian, and piscine species revealec the bHLH domain of the AhR had
conservation identify of £-100% amino acids (mammalian and amphibian) ar-74%
amino acids (piscine). The PAS region is 97% comgkbetween avian species-86%
conserved in amphibians and mammals, ar-69% consered in piscine species
However, the carboxyl terminus is less than 53%seored between the domestic cr

and these other spies (Walker and Catron, 200(Because the bHLH domz and the



PAS regions are highly conserved across species, these regions are thowagtha to pl
major role in AhR pathway activation (Jones and Kennedy, 2009; Hankinson, 1995;
Whitcock, 1999; Schmidt and Bradfield, 1996).

The efficacy of a PCB to activate the AhR pathway has been linked to congener
toxicity. Using this toxicological characteristic, the World Healtlggization
developed a toxic equivalency (TEQ) paradigm with tetrachlorodibenzo-p-dioxin
(TCDD) serving as the standard for activation of the AhR pathway for both @leanm
and avian species (van den Betal, 1998; 2005). The TEQ schematic was developed
as a cumulative yardstick of biological toxicity of PCB coplanar (plac@myeners
compared to TCDD activation in the AhR pathway. To summarize, each “dioxin-like
PCB congener is assigned a toxic equivalency factor (TEF), which represexitstg t
relative to TCDD. The TEQ for PCB mixtures is calculated by multiglyive TEF by
the concentration of each congener and then summing all values (van den &erg
1998; 2006). Due to the high variability within PCB mixtures and lots, the TEQ
assessment becomes increasingly important to establish safe levels expdSBre (van
den Berget al, 1996; 1998; 2005). Moreover, it is critical to evaluate wildlife from
individual sites of contamination to gauge the impact of mixtures with sitéispec
variations in partitioning, chemical transformations, and bioaccumulation (TARER).
While TEQs do not account for variability in responsiveness between specipsdifics
congeners, the TEQ provides valuable information in the initial assessment oiigbotent

toxicity and risk (USEPA, 1996; van den Beargal, 2006).
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Adverse health effects of PCBs

PCBs have been linked to a variety of adverse health effects, with specidis-speci
differences in sensitivity (Hoffmaet al, 1996). PCBs are regarded as carcinogenic,
based on occupational studies that showed increased mortality of exposed workers from
liver, gall bladder, and skin cancers following exposures to Aroclors 1254, 1242, 1016 in
the United States and around the world (Bertatzai.,, 1987; Brown, 1987; Silberhogt
al., 1990; Sinkst al, 1992; USEPA, 1996). Similarly, rodent studies confirmed that
ingested PCB mixtures induced liver tumors (Kimbroaghl, 1975; Silberhoret al.,
1990; Mayest al, 1998). In addition, maxillary and mandibular tumors occurred with
two months of dietary exposure to a dioxin-like PCB congener in mink (Rehdgr
2000). Interestingly, nonplanar PCB congeners are associated with idaniek s
cancer, suggesting a mechanism of action unrelated to the AhR pathway. These PCB
congeners are general cancer promoters that generate reactive oxyges) sjci
prolonged exposure leading to oxidatitve DNA damage (Tharappd) 2002).
Additonally, PCB metabolites are thought to be responsible for chromosomal
abnormalities seen in animal exposures (Carpenter, 2006). Animals with higher
bioaccumulative PCB loads such as marine mammals with blubber have increased can
rates similar to those found in exposed human populations (Guedée1995; Rosst al.,
2000; Martineawet al, 2002; Yilatoet al, 2005).

PCBs also adversely affect the immune system of humans with exposed
individuals at increased risk for infections, lower white blood cell and immunoglobulin
levels, decreased antibody production rates, and increased incidences afamgspir

diseases (Weisglas-Kupereisal, 1995; 2000; 2004; Dewalillgt al., 2000; Kudyako\et

11



al., 2004). These data are further supported by the finding of depressed immunoglobulin
levels in non-human primates that were exposed to PCBs (Trypebalgsl988). Fish,

birds, and rodents have impaired immune system function following PCB exposure
(Dunier 1994; Tryphonas, 1995). Moreover, immune responsiveness decreased in
blubber marine mammals, inferring decreased fitness associated witldagcimmune
challenges (Lahvist al, 1995; Rosst al, 1996). Similarly, fish exposed to a dioxin-

like PCB congener showed depressed antibody production for up to two weeks following
an acute exposure (Dufét al, 2002). In addition, gulls and tree swallows have also
shown decreased immune responsiveness with dietary PCB congener expogsare (Sm
al., 2000; Grasman, 2002; Bustretsal, 2004). PCB exposure altered immune system
organ morphological effects, including reduced thymus gland, decreased germinal
proliferative capacity, and altered immunological cells in the peripbkrad (Carpenter,
2006). Finally, immunologically impaired individuals are at greater risk for inG&ced
immunological dysfunctions (Weisglas-Kupertsal, 1995; 2002). The effects of PCBs

on the immune system have been categorized, with estrogen-like PCB cotgamgrs

key compounds impacting dysfunction. Estrogen receptors located in lympghanyite
non-lymphoid cells are susceptible to estrogen-like PCB congeners.rdResaggests

that these contaminants can upregulate the expression of molecular massaciyeais
cytokines, impair developmental immune organs including the thymus and bone marrow,
and alter patterns of T and B cell apoptosis (Ahmed, 2000), suggesting various
mechanisms of action. In summary, data from human health, domestic species, and

wildlife studies implicate PCBs as responsible for immune system imeair

12



PCBs also impact nervous system functidn.uteroor dietary PCB exposure
through breast milk resulted in reduced performance of children on intelligencenguot
diminished overall intelligence, and poorer performance on behaviora{Yests al,

1996; Jacobson and Jacobson, 1996; @hah, 1992). Additionally, exposed children
also had neurobehavioral deficits including abnormal reflex to stimuli, loweeelefr
muscle tone, and amplified responses to stressors (leirddy 1996; Rogeret al.,

1986). While neurological and behavioral effects are prevalent in children due to their
developmental stages, adults exposed to PCBs also had decreased memaitg@ssoci
with increased concentrations of PCB loads (Schetrdiz, 2001). These data are
supported by non-human primate studies, in which exposure to Aroclors impaired spatial
learning and memory in cognitive tests (Schattal, 1991). Other mammalian studies
showed PCB treatment induced spontaneous behavioral patterns, decreased cognitive
function in neonatal mice, and altered concentrations of neurotransmitters inithia bra
mink kits (Fischeet al, 2008; Aulerichet al, 1985). Studies in birds have confirmed

the presence of measureable PCB levels in the brain, making the central ngstemsas
potential target of PCB action (Naettal, 2007). Delayed developmental milestones
were also observed in the higher trophic level American kestrel followifygx@osure
(Fernieet al, 2003). Neurological effects following PCB exposures have been
associated with the perturbation of calcium homeostatis during development. Insanimal
exposed to PCBs, decreased calcium transfer enzyme concentrations and reduced
enzymatic function were identified. Many developmental processeslarem

dependent and perturbations in homeostasis can affect neurological growthass we

cause cellular injury (Tilsoat al, 1998). As such, the evidence implicates PCBs in
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impacts on neurological systems, especially with exposure during ladiéiealopmental
stages.

PCBs are an established endocrine disrupting chemical (EDC), with adverse
effects on endocrine function. In humans, dietary PCB exposure through maternal breast
milk has been correlated with decreased levels of thyroid hormones T3 and T4 and
increased levels of thyroid stimulating hormone and thyrotropin in infants (Koopman-
Essenboonet al, 1994; Osiu®t al, 1999; Schelét al, 2002). Similarly, the
hypothalamus-pituitary-thyroid (HPT) axis appears to be a target of, R@tBs
decreased thyroid function, thyroid gland hypertrophy, and follicle cpktpjasia in
neonatal rats, harbor seals, and kestrel hatchlings (Cretfaln 2000; Tabuchet al.,

2006; Hoffmaret al, 1996). Increased turnover of thyroid horomones as a result of
increased hormone excretion leads to decreased circulating levels of thyroahasrm

This causes the HPT axis to overcompensate, eventually leading to hypothyiaidis
chronic cases. Exposures to PCBs have been shown to disrupt thyroid status through
different mechanisms of action. PCBs can disrupt biotransformation enzymediwéithe
such as transferaces, which are essential in proper thyroid function. PCBemattdr
select congeners have also been shown to interfere with thyroid hormone tragsport
plasma proteins and individual congeners can also interfere directly withctlgyaoid
function (McNabb and Fox, 2002). In short, multiple congeners can be linked to thyroid
dysfunction through a myriad of mechanisms.

In addition to thyroid dysfunction, PCBs have been linked to functional
abnormalities in the hypothalamus-pituitary-adrenal (HPA) axis inasinincreased

PCB loads in polar bears and fish have been linked to decreased cortisol levels in
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peripheral blood as well as atrophy of the pituitary corticotropes (Oskain 2004;
Hontelaet al, 1992). Similarly, American kestrels and tree swallows exposed to
environmental mixtures had an inverted-U dose response in corticosterone arskoepres
adrenal responsiveness (Losteal, 2003; Franceschiet al, 2008). While the

underlying mechanism of reduced cortisol responsiveness following PCB exosate i
clearly understood, there is evidence implicating a direct effect on theahdissue
(Franceschinet al, 2008). It is clear that PCBs can have significant implications for
organisms relative to normal growth and development, as well as stress responses
necessary for survival.

PCB exposures have been associated with reproductive abnormalities, likely
associated with endocrine disruption. In humans, males exposed to PCB mixtures had
decreased concentrations of free testosterone in peripheral blood, decreased spe
motility, and increased sperm abnormalities (Ritchtkotil, 2003; Hsiet al, 2003).
Laboratory studies in male rats confirmed these effects: exposure idléstesterone
production, impacted Leydig cell proliferation, and showed competitive inhibition of the
testosterone binding receptor (Kovacesi@l, 1995; Portigaét al, 2002). PCBs also
affect the female reproductive system. In humans, PCB exposure was linkelg to e
onset of the menstrual cycle in adolescents, increased duration of menstruation, and
higher rates of endometriosis in adults (Denledral, 2005; Coopertel., 2005;

Pauwelset al, 2001). Similar effects of PCBs were observed in studies on the rhesus
macaques (Riegt al, 2001). In addition, human infants born to PCB exposed mothers
have decreased birth weights and shorter periods of gestation, compared to non-exposed

mothers (Tayloet al, 1984; Baibergenowat al, 2003). Reproductive failure, impaired
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reproduction, and reduced litter size was also correlated to PCB concentrati@igig m
mammals, mink, and rats (Addison, 1989; Heabal, 1995; Kimbrough, 1985). In
birds, embryonic mortality, reduced reproductive fithess, and declines in brooding
behavior followed Aroclor exposure (Peakall and Peakall, 1973; Custer and Heinz, 1980;
Carroet al, unpublished). The underlying mechanism of action of PCBs on the
reproductive system is not well understood. PCB congeners have been shown to be
estrogenic or anti-androgenic, and the sensitivity of reproductive function aaress
species. Further work is needed to elucidate the mechanistic cause éaisddcr
reproductive fitness following PCB exposure (Schwaetkal, 2002). In summary, PCB
exposure was associated with decreased overall reproductive fitness.

PCB exposure has also been linked to a variety of other effects including
increased rates of diabetes in women, increased risk of asthma, elevateteoide
joint inflammation, and arthritis in humans (Longnecieal, 2001; van den Heuvet
al., 2002; Kuratsunet al, 1980; Gueet al, 1990). In birds, exposure to a PCB mixture
have inhibited proper heme production, reduced growth rates, altered oxidative
responsiveness, and increased liver necrosis (Elliak, 1990; 1991; McKinnewgt al,
1976; Hoffman, 1995). PCBs have adverse health effects on multiple physiological
systems across a range of organisms. PCBs are carcinogenic and adffecsehea

immune, neurological, endocrine, and reproductive systems in humans and other species.

Specific effects of PCBs on the cardiovascular system
Exposure to PCBs has been linked to a variety of cardiovascular defects in
developing embryos and adults. In humans, dietary and dermal PCB exposures in adults

correlated with increased plasma triglyceride levels and total sdralesterol, elevated
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blood pressure, and increased hypertension (Bzlkadr, 1980; Morgaret al, 1980;
Wilsgaardet al, 1981; Kreis®t al, 1981; Chaset al, 1982; Moysictet al, 2002).
Adults residing in contaminated areas along the upper Hudson River had higher
diagnostic rates for coronary heart disease and myocardial infarctiol8% 86d

39.1%, respectively compared to national averages (Sergeev and Carpenter, 2005).
Similar findings of increased coronary heart disease were obtainedamdrabn-human
primate studies in which animals were exposed to PCB mixtures and dioxin-like
congeners (Mochizulet al, 1998; 2000; Belkt al, 1994; Lindet al, 2004). PCB
exposure was correlated with increased heart weight in adult rats and michlet(al,
2004; Aulerich and Ringer, 1977; Restetral, 1998). In fish, dioxin-like PCB
exposure was linked to decreased blood flow to the periphery, decreased heart size,
depressed rates of contraction, and altered heart looping during embryonurexpos
(Kopf and Walker, 2009). In birds, exposure to PCB mixtures or dioxin-like congeners
resulted in increased heart weight in chick embryos and passerine nésttingsl et al,
1996; Walkert al, 1997; Walker and Catron, 2000; DeWttal, 2006). Passerine
nestlings in areas contaminated by PCB mixtures had thinning of the ventrialllar w
microsurface roughness, and overall heart deformities (DeX\alt, 2006). Chicks
exposed to dioxin-like PCB congeners also had abnormal chamber dilation, vantricul
wall thinning, depressed heart rate stimuli responsiveness, and reduced rates of
cardiomyocyte proliferation when examined at embryonic day 10 of development
(Walker and Catron, 2000; Kopf and Walker, 2009). Our research suggests similar

effects of PCB embryonic exposure on the developing heart in birds.
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Stages of chick heart development vulnerable to PCB exposure

The cardiovascular system begins to function very early in embryonic develppme
with the heart being the first functional organ in vertebrates. At Hamburgeittbia
(HH) stage 5, the early progenitors of the heart field have moved through theverimiti
streak and are located in the anterior lateral plate mesoderm €¥ahg002). Within
the splanchic layer, these progenitors form a bilateral pair of cardiogddiofie two-
dimensional plane of heart precursors (Rosenquist, 1970; dtrdip 1994). By HH9
these bilateral, separate fields begin to indent, forming a trough-lilctgte before
folding towards the ventral midline as the ventral foregut closes. These caidibeglels
constitute the myocardium that forms the primordial cells of the trabedudater of the
ventricles (de la Cruet al, 1989).

These two newly three-dimensional heart fields fuse at the ventral mittingeits
cranial border, forming the outer curvature of the future heart tube (de l&CGalyz
1989; Meilhacet al, 2003). Following cranial fusion, the myocardium begins to fuse
along the dorsal midline, which forms the inner curvature of the future hearheand t
simple heart tube by HH10 (Linask, 2003). This heart tube is made up of three distinct
layers; myocardium along the outer surface, cardiac jelly secretide Imyyocardium in
the middle, and endocardium lining the inner surface (Linask, 2003). At HH10, the heart
is oriented dorsal to the foregut and pulsations or initial heartbeats begin as sodium-
calcium exchange pumps appear in the myocardial membrane (de la Cruz, 1977;
Wakimotoet al, 2000; Linaslet al, 2001). These pulsations eventually become a
rhythmic heartbeat controlled by the sinus venosus, allowing muscle contraations

control blood flow before the completion of heart valve formation (Lirasit, 2001).
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Figure 2: Representation o the formation of the heart tube at HH10 in the chik.

\
|||.|
]

(From Martinsen, 2005)

The looping of the heart is the first visible swfiright-left asymmetry in th
developing embryo. In the chick, the complete lngmprocess occurs from embryol
day 28, with critical stages occurring between HH14 &tll6 (Manner, 2000). At thi
point, the anterior and posterior regions of the hieave different polarities, with tt
anterior region the beginning of the outflow trant the posterior region the beginn
of the inflow tract (van den Hoet al, 2001; Waldeet al, 2001). Additin of cells to
the myocardial regions of the outflow and inflowdts elongates the simple heart tu
The looping process requires the heart tube to,betate and twist around the foregu
converge into a Ghaped loop directed towards the righe of the body (DeHaal
1965; Icardo, 1996). When the outflow and infle@gions of the heart converge, -

shaped loop is formed with the outflow tract crélgiariented and the inflow tra
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oriented caudally (Manner, 2000). During this mortof loopng, the right ventricle an
a portion of the left ventricle are present in tinge (de la Cruet al, 1989). As
myocardium is added to the inflow and outflow enfithe tube, the atria and outflc
tract begins to get incorporated into the heart et al, 2003). By the end of loopin
the developing heart contains all of the regiorg Will give rise to the adult foi-
chamber heart.

Figure 3: Representation of proper heart looping atHH16 in the developing chick.
Developing heart forms an “S-shape” at this stage.

(From Martinsen, 2005)

Chamber development occurs from HH16 to HH29, wijor events occurring
HH17, 21, and 25. While the heart tube is loopthg, myocardium signals fi
detachment of the endocardial cells. These calisate to the cardiac jelly forming
endocardiatushion which divides, as the atrioventricular septlongates, the loopir

tube into right and left atrioventricular chann@sttset al, 1991; Larsen 1993). The
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divided channels give rise to the mitral and tricuspid valves in the mature kagatt(l
1996). As this occurs the enlarged primitive atrium developing along the inflavistrac
undergoing partitioning by septal formation (Larsen, 1993). Interestingly aagr
derived from left and right cardiogenic fields and retain this left-rigist specification in
the adult heart (Manner, 2000). As the atrioventricular and primitive atrium undergo
septation, ventricles are also septating. The part of the S-shaped cardiactlaolp tha
join the developing inflow and outflow tracts, known as the bulboventricular fold, will
ultimately divide the right and left ventricles. As the outer curvature afatdac loop
grows and expands, it gives rise to the trabeculated region of the ventricllar el
ventricular septum also grows from the bulboventricular fold, ultimately dividing the
right and left ventricles (Cristofellst al, 2000; Sedmeret al, 2004). Finally, the conus
eventually becomes the area connecting the right ventricle with the pulmandcand
the left ventricle with the aorta and the truncus becomes the semilunar vabogh i
ventricles, both undergo septation (€aal, 2003; Waldeet al, 2001; 2005). The aortic
sac, a sinus in the outflow tract region of the developing heart, initially bramtbdbe

pulmonary trunk and aorta by a preliminary septation (de la €ral, 1977; Thompson

et al, 1987). Remodeling, further septation, and apoptosis of this region then connect the

right ventricle to the pulmonary artery and the left ventricle to the aortae{@h 2003;
Schaefeet al, 2004). In summary, septation of the primordial atria, atrioventricular
canal, ventricles, and conotruncus gives rise the four chambered, valved, vastulariz
heart.

Another important component to heart development is the formation of the

trabecular and compact zones or layers of the heart wall. After looping azdiyasse
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HH16, trabeculations can be seen in the ventricles (Challice and Viragh, 19@8;dcd
Fernandez-Teran, 1987). These trabeculations orient themselves as sheets, wit
protrusions that increase surface area (Van Mierop and Kutsche, 1984). Thesthcreas
surface area enables the myocardium to increase in size in the absencplefecom
circulation. As the heart undergoes septation, trabeculations in the lefthecbétome
thicker than the right ventricle and intertrabecular spaces increase (iRgzhter and
Rychterova, 1981). Trabeculations enhance contractility and coordinate iniavantr
conduction in the heart (Challice and Viragh, 1973; Hogead, 1995). The
trabeculated layer initially starts developing before septation in bidde.cdmpact layer
or outer myocardial layer of the heart wall is not developed until long afterébere

of the trabeculated layer. At very early stages of embryonic developmeobontipact
myocardial layer is only one or two cell layers thick and much of the myocarass at
these stages can be attributed to the trabeculated layer (Rychterova, 29%&ndlal,
1990). The early embryonic compact layer is the source for proliferatirsg ailough
differentiation rates are lower than those found in the trabeculated lazrgidet
Cameron, 1971, Challice and Viragh, 1973). Compaction of the myocardial wall, which
occurs concurrently with cardiac vascularization, is the driving force th@mineases in
wall thickness (Rytchterova, 1971). During this process, proliferation of cardigtegoc
in the compact layer contributes significantly to heart wall thickness cothjzatiee
trabeculated layer (Blausetal, 1990). Compaction occurs at greater rate in the left
ventricle, contributing to the substantial growth of the left versus right gatariwall,
with growth and compaction still occurring after embryonic development (Hiaka

1972). In birds, thickness of the compact layer in the left ventricle is apprekymae
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times greater than the right ventricle in adults, but only three times asrthiekchlings
(King and MacLelland, 1986). Notably, adult mammals have a left to right veatricul
wall thickness ratio of three to one (Komaetlal, 1982). The difference in ratio

suggests an adaptation for flight in birds (King and MacLelland, 1986).

Congenital cardiovascular malformations

Congenital cardiovascular malformations (CCVMs) are one of the most common
forms of birth defects in human infants, occurring in approximately 1.0 % of livatinfa
births (Hoffman, 1995). Prenatal death associated with congenital heart disgiesder
and estimated to account for approximately 7.3% of all fetal deaths (Hoffman, 1995). Of
the live infant births with identified CCVMs, 15% will die in the first yearif&.| Four
percent of the surviving cases of CCVMs will die before 16 years okageeset al,

2005). Additionally, 30% of postnatal infant deaths attributed to other birth defexts als
have CCVM, as these malformations are genetically linked to other high itydsieth
defects (Jenkinet al, 2007).

The severity of CCVMs, their diagnosis and treatments, and the incidence in the
human populations varies greatly. Many postnatal CCVMs are associated pritipén
septation during development. Atrial septal defects (ASDs) are one of theanmoaon
malformations of the heart. They occur in 50-100 per 100,000 live births and are usually
isolated malformations, meaning they usually do not occur with other birth defects
(Hoffman, 1987). Notably, fetal environment impacts the prevalence of ASD, for
example neonates born with fetal-alcohol syndrome have increased incidences of ASD
(Hoffman, 1987). Another septal malformation is Complete AtrioventriculamBept

Defect (CAVSD), a major malformation of the lower part of the atrial sepipmer
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portion of the ventricular septum, and atrioventricular valves. The incidence of CAVSD
is 30 per 100,000 live births and is generally linked to other genetic defects including
Down Syndrome (Wilsoet al, 1993). Ventricular septal defect (VSD) is one of the
most common CCVMs in live births, occurring in an estimated 300 per 100,000 cases.
Only an estimated 60 per 100,000 live births require surgical correction. In many
instances, infants with VSD can live normal lifestyles without being diagnegk this
CCVM (Hoffman, 1987). Teratology of Fallot (TOF) is a septal defect wittabhor
displacement, usually existing with right ventricular obstruction and dedreasifow
(Hoffman, 1987). This defect is severe and life threatening, usually occasriag

isolated malformation in 30 per 100,000 live births. Finally, Hypoplastic LefttHear
Syndrome (HLHS) occurs in 20 per 100,000 live births, and is a combination of
underdeveloped left ventricle, underdeveloped valve formation and aortic arch and aorta
This leads to poor circulation to the periphery and lungs (\&@rah, 2008).

In addition to malformations during septation of the various regions of the heart,
improper vascular formation is another cause of CCVMs. Total anomalous pulmonary
venus connection (TAPVC) occurs if the pulmonary veins do not properly connect to the
left atrium, instead connecting to the systemic venous system. This maiforisat
severe and infants with TAPVC are very ill. TAPVC usually occurs with an edditi
ASD (Bleyl et al, 1995; Hancock-Frieseat al, 2005). Pulmonary atresia is defined by
the absence of a proper connection between the heart and lungs, usually results from
malformations of the septum, valves and vessels, and occurs in 20 per 100,000 live births
(Leonardet al, 2000). Pulmonary atresia is a severe malformation, with infant mortality

rates greater than 50% within the first year of life (Leomdral, 2000). Transposition

24



of the Great Arteries (TGA) is a severe CCVM if untreated but can sfaibebe

corrected in newborns. TGA is identified by incorrect orientation of the pulyonar
artery and aorta, with the pulmonary artery attaching from the left elendémd the aorta
attaching from the right ventricle. TGA occurs in 30 per 100,000 births (&{r&in

2003). Finally, truncus arteriosis (TA) occurs in 10 per 100,000 live births and is one of
the most major malformations. Characterized by failed septation of thecudantri

outflow tract, TA affects the pulmonary arteries and the aortic archr(tdaf 1987).

Cardiomyopathies involving the ventricular wall also inhibit proper cardiovascul
function in infants. The heart wall thickness forms from myocardium. As the compa
layer forms, compaction of the trabeculated layer is essential. Noncoompacti
myocardial disorder in which the trabeculated layer does not get compacted due to a
failure of differentiation by the myocardium, is a rare development thatdgar@éed by
hypertrabeculation of the ventricular wall, and deep intertrabecular recelsis
disorder prevents proper proliferation of the ventricular wall and cart affiecor both
ventricles (Chiret al, 1990; Oechsliet al, 2000; Odaet al 2005). Proliferation is
essential to normal ventricular wall development, and decreased ratesfefatioty
cardiomyocytes during development can be linked to defects in ventriculaghiekiiess
in association with environmental exposures to contaminants (Hextsklel1993).

In summary, embryonic exposure to environmental contaminants during critical
developmental stages increases the risk of a child born with a CCVM. The inaidence
CCVMs has increased in the last decade, suggesting a link between enviednment
exposures and adverse heart effects (Piemgoalt, 2007). Exposures to environmental

contaminants such as pesticides and solvents during embryogenesis account for 2.8-4.7
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fold increases in the TGA and 3 fold increases in HLHS based on risk assessment
modeling (Ferencet al 1997). The estimated incidence of CCVM attributed to
environmental contaminants is approximately 30% (Wilsioal, 1998). Embryos

exposed to dioxins, specifically TCDD, have shown increases in heart weighiguant
cavity size, and myosin protein during development (Kopf and Walker, 2009). These
hearts exhibited cardiac stress and cellular hypertrophy (Walker and C4106).

Dioxins work mechanistically through the AhR, similar to dioxin-like PCB&paigh the
AhR mediated process is not the exclusive target pathway for PCB exposupeEn{&ar
2006). As such, there is an indication for human health and wildlife that embryonic
exposure to PCBs can be linked to increases in CCVMs and cardiomyopathies seen in

developing embryonic hearts.

Summary and purpose of this research

PCB mixtures are still environmentally persistent today, with some nergyeore
biologically toxic based on their chemical structure and mechanism of actiontthhsug
aryl hydrocarbon receptor. PCBs are resistant to degradation and bioacwaywwigt
higher trophic animals at greater risk for biological effects. PCBs hearelmked to
health effects including carcinogenicity, and adversely impacting tveu® endocrine,
reproductive, and immune systems. Additionally, PCBs have been thought to impact the
cardiovascular system, although PCB effects on avian embryonic cardiac develapme
unique PCB mixtures are not well categorized. One major site of PCB coniamisat
along the UHR in New York, where PCB mixtures have been intermittefhdlysed into

the ecosystem since the 1920’s. The goal of this dissertation is to assdf=cthef
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PCB mixtures and dioxin-like congeners that are environmentally relevéet @HR on

the avian embryo, with an emphasis on impact to cardiac development.
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CHAPTER 2

THE EFFECTS OHAN OVOEXPOSURE TO 3, 3’, 4, 4-TETRACHLOROBIPHENYL
(PCB 77) ON THE DEVELOPMENT OF HEART MORPHOLOGY IN TREE
SWALLOW (TACHYCINETA BICOLORHATCHLINGS
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Abstract
Polychlorinated biphenyls (PCBs) are environmentally ubiquitous, synthetic
compounds that are resilient to degradation, lipophilic, and bioaccumulative in the
environment. The purpose of this study was to determine embryonic effect of PCB 77,
administered at two doses on wild tree swallows and with respect to impacts on the
developing cardiac system. Tree swall@w¢hycineta bicolgreggs from two
uncontaminated sites, Patuxent Research Refuge (PRR), MD and CobleskNidires
NY were dosed with a single dioxin-like PCB congener, PCB 77. To ensure embryonic
viability, treatments were administered into the air cell at embryoni¢egay 2.5 of
development and treated as follows: untreated, vehicle, 100 and 1,000 ng/g egg wt.
Eggs were dosed, returned to the nest for incubation, and then collected at ED13,
hatched, and necropsied. PCB 77 treated hatchlings were compared to envirbtyymental
exposed hatchlings collected from a PCB contaminated site along the upper Hudson
River (UHR). Results showed no effects of PCB 77 on hatching success or hatchling
mortality, heart index (heart wt/body wt %), or morphological measures of fetimati
heart layers (heart width, length, septal thickness, total area, vemtdauity area)
compared to controls. However, hatchlings dosed with 1,000 ng/g PCB 77 had
increased incidence of a specific cardiomyopathy, the absence of the taypaof
the ventricular heart wall (Chi sq; p<0.001). The compact layer is essenpab par
heart growth and overall heart function because of its role in ventricular cgodipta
proliferation and normal heart contraction. The finding ithatwvoexposure to PCB 77
resulted in a distinct cardiomyopathy (absence of the compact layer) swadew

hatchlings has implications for the fitness of affected individuals. Furtheyith@se
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data point to the importance of considering impacts of non-lethal PCB effects on

lifetime fitness for exposed individuals.

Introduction

Polychlorinated biphenyls (PCBs) are synthetic compounds composed of a
biphenyl molecule with one to ten chlorine substitutions, with 209 known congeners.
PCBs were used extensively in manufacturing from their introduction in 1929 until thei
ban in the late 1970s. PCBs were released from the General Electric plants at F
Edwards and Hudson Falls during this time as mixtures or Aroclors, synthesized
according to percent chlorine by weight. Each lot mixture utilized different
concentrations of congeners, altering toxicity effects between rasxaurd lots, making
source sites easily traceable (Broetral, 1987; Framet al, 1996; Frame, 1997;
Rushneclet al, 2004). Avian species are variable in their sensitivity to PCB congeners,
but it has been well established that coplanar “dioxin-like” congeners, su€Bak28,
81, and 77, induce toxicity responses at higher rates than non-dioxin-like congeners
(McKinney and Waller, 1994; Kenney al,, 1996; Elliotet al, 1997; Heackt al, 2008;
Hervéet al, 2010). Recent contaminant analysis showed concentrations of PCB 77, 81,
and 126 account for approximately 86%, 9%, and 3% respectively, of the total PCB-TEQ
in tree swallows eggs collected along the Upper Hudson River (UHR) (@usier
2010c). These data, along with contaminant analysis performed in the 1990s, suggest
that PCB 77 is a primary dioxin-like congener that causes adverse headitls aff
exposed birds along the UHR (Echetsal, 1996; Secorét al, 1999).

Environmental exposure to PCBs has been linked to cancer (Safe, 1994;

Silberhornet al, 1990), immune system dysfunction (Thomas and Hindsdill, 1978;
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McNabb, 2005; Lavoie and Grasman, 2007), decreased reproductive fithess (Barsotti
al., 1976; Aulerich and Ringer, 1977; Golebal, 1991), endocrine disruption (van de
Berg, 1990; Goulet al, 1999), and neurological and cognitive dysfunction (Jacobison
al., 1990). Additionally, the effects of environmental exposure to PCBs was linked to
improper cardiovascular development in wild birds (De\itl, 2006). Previous
research also demonstrated that exposure to dioxins and PCB 126 resultecGgedhcre
ventricular dilation, thinned ventricular wall, elongated apical heart regiceaised
overall heart weight, and decreased chronotrophic responsiveness (&{aket997;
Walker and Catron, 2000; Kopf and Walker, 2009).

The effects of environmental exposure to PCBs on tree swallow nestlings and
embryos have been well documented at the UHR site and other locations across the
country (Bishopet al, 1995; Echol®t al, 2004; Custeet al, 2002; 2003; 2010c, d).
Moreover, contaminant analysis of bird eggs and nestlings collected from e UH
showed that PCBs were detectable, including elevated levels of PCB 77 (S&ealgrd
1999; Custer 2010 a, b, c, d). PCB 77 has dioxin-like characteristics and a relatively high
toxicity equivalency factor (TEF) of 0.05 in birds, which suggests that PCB 77 may be
the principle congener linked to adverse health effects (Keretealy 1996; Karchneet
al., 2006).

Tree swallow eggs were collected from two uncontaminated sites, PRR and
Cobleskill and one contaminated site on UHR. Eggs from the UHR were not dosed and
regarded as “environmentally exposed” embryos. Eggs collected from PRR and
Cobleskill were dosed with one of two concentrations of PCB 77 and necropsied at hatch.

The purpose of this experiment was to determine if PCB 77 increased mortakty in tr
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swallows eggs and to assess any other impacts of this congener, includirug feehs

following in ovoembryonic exposure.

Materials and Methods

Egg injection

All fieldwork and experimental procedures were conducted under an approved
Institutional Animal Care and Use Committee protocol and with appropriate péromt

the Fish and Wildlife Service. Tree swalloWagthycineta bicolgreggs were collected

from two reference field sites; PRR and Cobleskill, and one contamineledite;

UHR. The UHR eggs were identified as “environmentally exposed” embryosered

not dosed with PCB 77 treatments. Viable eggs were collected from the Upper Hudson
River at ED13 and transported to the University of Maryland for in incubation and hatch.
PCB 77 was solubilized in a filter sterilized fatty acid mixture (10% pairadid, 30%

oleic acid, 60% linoleic acid) at two concentrations: 100 and 1,000 ng/g egg wt (1 and 10
png/ul, respectively). Nests were checked daily and egg laying watoneohi Eggs

were candled and at approximately 18% embryonic development or ED 2.5, individual
eggs were randomly assigned the following treatments: untreated, 0, 100, and 1,000 ng/g
egg wt. Treatments were administered in the field. A small hole wasidiilemel,

WI) into the blunt side of the egg and a total injection volume of 0.2 ul per egg (based on
egg weight) was deposited into the air cell using a reverse displacemetariRainin
Instrument LLC, Oakland, CA). Eggs were returned to nests for incubation and

at ED13, eggs from all treatment groups were collected, transported taitleedity of

Maryland, and placed in hatching trays until hatch at 37°C and 60% humidity.

49



Heart collection

Hatchlings were euthanized by cervical dislocation within 12 hrs of hatch; the
heart was dissected while beating and placed in ice-cold 25 mM KCI until beatingd
(about 30 sec). The heart was then rinsed thoroughly in 1x PBS solution, blotted dry,
weighed, and immersed in ice-cold 10% neutral-buffered formalin for stataj€ for
48 hr. Following fixation, hearts were removed from fixative and immersed in 1x PBS
solution for 30 minutes (2x) at 4°C and transferred to a 5% sucrose solution overnight
at 4°C. The heart was dehydrated by a stepwise immersion into ethanol at thiadollow
increments: 50% EtOH, 70% EtOH, 80% EtOH, 95% EtOH, 100% EtOH (twice) for 60
minutes each. The heart was immersed in 1:1 Hemo-De:EtOH mixture fonGtemat
room temperature, transferred to 100% Hemo-De for 15 minutes at 58°C, followed by
1:1 Hemo-De:paraffin for 60 minutes at 58°C and then immersed in 100% paraffin for 30
minutes at 58°C (repeated 3 times). Following the last immersion, the heart was
transferred to 100% paraffin filled mold, oriented uniformly, and allowed to sofwlify

24 hours.

Heart sectioning and staining

Hearts were sectioned transversely, from apex to cranial region at X@um, a
wet mounted onto glass slides. Once dried, sections were taken through a standard
hematoxylin and eosin staining procedure. Briefly, slides were dewaxeshinBe for
3 min (3X) and rehydrated using reverse stepwise increments of EtOH: 100% EtO
95% EtOH, 70% EtOH, and 1x PBS for 3 min each; nuclear staining using Gill's

hematoxylin (< 5 sec) and cytoplasmic staining using 0.5% eosin solution (6 min).
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Tissue was dehydrated again for 30 sec at 70% EtOH and 100% EtOH, immersed in

Hemo-De for 3 min, coverslipped, and dried for 24 hr before storage.

Analysis of heart indices and morphological measurements

Heart weight and indices including heart weight/ body weight percent were
recorded and calculated for each individuaktailed morphological analysis was
conducted on a subset of samples to examine more specific morphology of the heart. A
total of 25 tree swallow hearts were analyzed, representing controls, 100, and 1g000 ng
treatment groups. This subset of hearts analyzed was selected randomly and al
subsequent imaging and measurements were conducted blind to experimestwieesart
checked for septal defects and any additional gross anatomical defects.

Images of sections were captured using the 4x Achroplan Zeiss objecta, Zei
microscope (Model 451888,Carl Zeiss, Inc., New York), and Photometrics Cobtsnap
camera (Photometrics, Tuscan, AZ). Four layers were evaluated resddeyi
morphometric structures as follows. Layer 1- most caudal section, idetyfitne left
ventricular (LV) wall and cavity (~95% of the section), and the very beginnirigeof t
right ventricular opening; Layer 2- contains both left and right ventricles, (\&ith both
clearly prevalent, with no evidence of papillary muscles or valves; Laydetified by
the upper portion of both ventricles with emerging aorta present in the center of the
section, left ventricle papillary muscles emerging, and evidence afjtiteventricle
papillary muscle; Layer 4- identified by the emergence of the pulmonary avithout
the emergence of the aortic valve, and was the most cranial section dndiyages
were captured using IP Lab 3.6 software (Biovision Technologies, Inc.) arydechal

using ImageJ software (NIH resources, Bethesda, MD). Treated greupsempared
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to controls with all measures taken in millimeters (mm). Measurementsftakieayer 1
included width, depth, LV compact layer, LV ventral compact layer, total ardd,\a
cavity area. Layer 2 measurements were width, depth, LV dorsal compact ey
ventral compact layer, and total area. Layer 3 measurements were width Laéept
dorsal compact layer, RV ventral compact layer, RV ventral compact layta) s

thickness, and total area. Layer 4 measurements included width, depth, andaotal are

Compact layer analysis

Because the measurements taken indicated that PCB 77 exposure impacted the
development of the compact layer (CL) in hatchlings, additional hearts ectirengd

and analyzed at Layers 1 and 2. These hearts, as well as hearts used for mcapholog
measurements were scored to determine whether the CL was present omabsgsisi

1 and 2, along the dorsal and ventral walls of the sectioned samples. Differentiation
between the CL and the trabeculated heart layer were clearly identiledsaialized

using the 4x objective. Sample sizes varied due to hatch success rates as follow
untreated (n=15), vehicle (n=11), 100 (n=14), 1,000 ng/g (n=15), and environmentally
exposed (n=8). Histology and imaging were completed as described previously and

performed blind.

Statistical analysis

Individual measurements were used to test for treatment effects by oEaN@AYA at
significance criteria op<0.05 for each heart layer. CL analysis was conducted on the
differences across treatments for either the presence or absenc€bf tiseng the chi

square statistic. All statistics were analyzed using JMP 8 soft®a®, Cary, NC).
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Results
Heart Weights & Indices

Tree swallow hatchling hearts from the three collection sites showed no
difference in wet weight (Table 1) or heart index (heart weight/bodyhivétg based on
wet weight; Table 1). Two samples from the vehicle group at PRR were eéuohithad
to improper collection, which made it impossible to section and conduct histological
analaysis. PCB 77 treatment did not affect embryo hatch success rateatsliiyvio
hatch (data not shown). PCB 77 did not affect morphological measurement analysis of
any layer (Table 2). CL deformities significantly increased WiitBH'7 exposure (Table
3).
Table 1: Heart weights and heart indices for PCB 77 treated eggs from
uncontaminated sites: Patuxent Research Refuge (PRR), MD and Colitéds
Reservoir, NY and a contaminated site, Upper Hudson River (UPR), NY erged to
environmental PCBs.

Treatment | PRR | Cobleskill | UHR
Heart weight (mg)

100 ng/g egg

12.65+ 0.57 (15)

11.25+ 0.77 (12)

1000 ng/g egg

10.66+ 0.47 (17)

11.08+ 0.64 (17)

Untreated 12.19+ 0.74 (12) 12.45+ 0.67 (17)
Vehicle 13.88+ 1.66 (12) 12.15+ 1.12 (12)

Environmentally 11.95+0.42 (33)
exposed

Heart index (heart weight/body weight %)

100 ng/g egg

1.05+ 0.04 (15)

0.98+ 0.03 (12)

1000 ng/g eqgg 0.91+0.04 (17) 0.93+0.05
Untreated 0.99+ 0.05 (12) 1.02+ 0.05
Vehicle 1.24+0.14 (12) 1.04+0.10 (12)
Environmentally 0.96+ 0.03 (33)
exposed

Meanz# SE (n) of heart weights (mg) and indices (heart weight/body weight %) for
100ng/g egg, 1000ng/g egg, untreated, and vehicle PCB 77 treated tree swallow
hatchlings from PRR and Cobleskill. Eggs from UHR are environmentally exposed to
PCB levels and were not dosed with PCB 77. Heart indices were compared between
uncontaminated, injected eggs, and UHR (environmentally exposed) eggs.
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Heart morphological measurements

Exposure to 100 and 1,000 ng/g egg wt concentrations of PCB 77 did not affect
heart width, depth, length of dorsal and ventral compact layers (when presengyeatal
septal thickness, or ventricular cavity area when compared to controls ameneitally
exposed hearts (Table 2). Heart morphological structures, with the exception of
ventricular compact layer (Figure 1; Layers 1, 2, 3) did not differ between/?CB
treated and control animals. There was a signifigas@.05) absence of the CL in
Layers 1, 2, and 3 in the high dose treatment (1,000 ng/g) compared to the control group
(Table 3). Similarly, there was a significant absence (p=0.03) in Layeh# th000
ng/g PCB 77 treated hatchlings of the dorsal and ventral CL. Layers 2 and 3 ngintral
ventricular CL were significantly absef=0.01 ando=0.04, respectively, Figure 1) in
the 1,000 ng/g PCB 77 treated hatchlings. There was no difference in the thickness of the
CL from other PCB-treated groups when the compact layer was intact (Talvld 2je
trabeculated ventricular layers was present in all of the animals samplesigriNizant
difference was observed between control samples and environmentally expoted he
from the UHR. Atrial formation was not affected by PCB 77 treatmelats (ot
shown).

Additional hearts analyzed from PRR and Cobleskill at Layers 1 and 2 for CL
analysis showed an increase in compact layer deformities with PCB @3uesp
Analysis determined that PCB 77-treated embryos at both 100 and 1,000 ng/g dose
concentrations had CL deformities in layers 1 and 2 (Cpk8c001; Table 3). There
was no difference in these layers for control hearts and environmentally expoged hea

from UHR.
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Table 2: Average spatial measurements of morphological heart structures atlers 1, 2, 3, and 4 in tree swallow hatchlings
dosed with PCB 77 during early embryonic development, control groups, and emgnmentally exposed (UHR embryos).

Layer 1
Treatment Width (mm) Depth (mm) D LV CL (mm) VLV CL (mm) Total Area (mm?) LV area (mm?)
Average Range = Average Range = Average Range = Average Range = Average Range = Average Range
PRR untreated 1.68 1.56-1.76 120 1.03-1.72 0.14 0.11-0.18 0.15 0.11-0.23 2.2 1.55-2.76 0.31 0.25-0.42
PRR 100 ng/g 159 1.57-1.61 1.15 1.01-1.30 0.11 0.11-0.12 0.13 0.12-0.13 227 21324 0.30 0.20-0.39
PRR 1,000 ng/g 1.67 1.57-1.79 1.32 1.07-1.49 0.16  0.0*-0.2 0.16 0.0*-0.19 202 1.5-2.54 0.31 0.16-0.45
UHR e.e. 1.68 1.48-1.90 1.25 0.92-1.54 0.13 0.09-0.20 0.17 0.09-0.25 1.7 1.24-2.33 0.34 0.13-0.48
Layer 2
Treatment Width (mm) Depth (mm) D LV CL (mm) V RV CL (mm) Total Area (mm?) LV area (mm?) Septum (mm)
Average Range = Average Range = Average Range = Average Range = Average Range = Average Range = Average Range
PRR untreated 1.68 1.20-2.17 1.65 1.20-1.88 0.14  0.0-0.19 0.11  0.0-0.17 1.73 1.60-1.88 0.17 0.14-0.25 0.16 0.13-0.18
PRR 100 ng/g 1.83 1.81-1.85 131 11215 0.10 0.09-0.11 0.12 0.10-0.13 215 1.79-2.52 0.27 0.25-0.30 0.13 0.10-0.21
PRR 1,000 ng/g 1.61 1.22-2.14 157 1.17-1.81 0.14 0.0-0.2 0.09 0.0*-0.12 229 1.85-2.71 0.26 0.13-0.41 0.14 0.10-0.18
UHR e.e. 1.91 1.72-2.11 143 1.27-1.61 0.15 0.11-0.17 0.14 0.11-0.17 1.73  1.64-2.50 0.17 0.13-0.35 0.16 0.10-0.21
Layer 3
Treatment Width (mm) Depth (mm) D LV CL (mm) V RV CL (mm) Total Area (mm?) Septum (mm)
Average Range = Average Range = Average Range = Average Range = Average Range = Average Range
PRR untreated 2.25 1.86-2.70 1.73 1.20-1.91 0.16 0.13-0.18 045 0.12-1.84 2.33 1.67-2.70 0.17 0.11-0.21
PRR 100 ng/g 222 1.9-2.60 1.73  1.59-1.82 0.14 0.13-0.16 0.13 0.10-0.14 242 217-2.57 0.13 0.11-0.15
PRR 1,000 ng/g 2.37 1.92-2.66 1.78 0.99-2.45 0.16 0.0-0.18 0.14 0.0*-0.17 222 1.83-2.63 0.19 0.13-0.25
UHR e.e. 22 1.82-2.80 1.58 1.46-1.71 0.18 0.15-0.24 0.14 0.09-0.19 2.28 1.80-2.64 0.22 0.15-0.28
Layer 4
Treatment Width (mm) Depth (mm) Total Area (mm?)
Average Range = Average Range = Average Range
PRR untreated 0/93 0.15-1.90 1.03 0.15-1.90 247 1.92-2.88
PRR 100 ng/g 2.01 1.84-2.18 1.67 1.65-1.68 2.88 2.79-2.98
PRR 1,000 ng/g 142 11319 1.72 1.32-1.91 2.38 1.85-2.87
UHR e.e. 2.02 1.80-2.21 1.66 1.61-1.73 245 1.92-2.75

Untreated, 100 ng/g, and 1,000 ng/g PCB 77 treated hearts were randomly selected from PRR uncahttainatidR
environmentally exposed (e.e.) hearts were randomly selected for a contamiteatefigence. Layer identification was determined
using morphological landmarks, described in the methods section. There was no differesséraatments in morphology
measurements, including CL depth when CL was present (D=dorsal; LV=left \&rRit= right ventricle; CL=compact layer;

PRR= Patuxent Research Refuge; UHR=upper Hudson River; e.e.= environmexpakyed). Averages and ranges are expressed in
millimeters or mrh
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Table 3: Percent of tree swallow hatchling hearts with Compact Layer alesices
following exposurein ovo to PCB 77.

# hearts w/ % hearts with

Treatment (n) intact CL CL deformities
Untreated 15 13 13.33
Vehicle 11 10 9.09
100 ng/g* 14 8 42.86
1000 ng/g* 15 4 73.33
UHR e. e. 8 8 0.00

Compact layer (CL) analysis (presence or absence of this morphological structure) was
determined on the dorsal and ventral ventricular wall regions in Layers 1 and 2. Hearts
with compact layer absence in any location were identified as “CL deformed hearts.”
Chi square analysis determined significant differences between PCB 77 treated hearts
and control samples (p<0.001), indicated by an asterisk (*). Environmentally exposed
group, collected from Upper Hudson River (UHR e.e.), was not significantly different
from control groups. Untreated, vehicle, 100 ng/g and 1,000ng/g hatchling hearts were
randomly sampled from Patuxent Research Refuge (PRR), MD and Cobleskill, NY
treatment groups.
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Figure 1: A comparison of tree swallow hatchling karts treatedin ovo with PCB 77
[1,000 ng/g] with untreated hearts, analyzed at Lagr 1, 2, 3, and 4 fol
morphological heart defects

Tree swallow hatchling heart samples shown areesentative of untreated and 1,C
ng/g PCB 77 treatedmbryos collected from Patuxent Research RefugR)PRhere
was no significant difference for all morphologicaéasurements taken acre
treatments. PCB 77 dosed hatchlings (100 ng/g1a@d0 ng/g concentrations) show
a significant increase in comct layer absence when compared to the control.=(&WV
ventricle; RV=right ventricle; D CL=dorsal compalayer; V CL=ventral compac
layer; TL=trabeculated layer; S=septum; ;aorta; PM=pulmonary muscles; M=itrial
valve; PA=pulmonary artery; (*)= CL alence). Layer 1: (A) control, (B) PCB
treated; Layer 2(C) control, (D) PCB 77 treat¢, Layer 3: (E) control, (F) PCB 7
treated; Layer 4: (G) control, (H) PCB 77 treateayer identification described |
Materials and Methods.
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Discussion

Exposure to PCB 77 did not affect survivability

It has been well established that environmental contaminants are matdepaigjted

into eggs where they can cause adverse effects on embryonic heart dewel@ithand
Hoffman, 1984; Rufeet al, 2009). PCBs have been detected in mammalian cardiac
tissue at elevated concentrations (Wahgl, 2010). PCB congener toxicity associated
with activation of the aryl hydrocarbon receptor (AhR) revealed tree swatiaves

greater resistance to PCB exposure compared to other avian species (Karatedy
1996; Carnet al, 2006; Heackt al, 2008; Hervéet al, 2010). Dioxin-like PCBs with
similar chemical structures to dioxins such as TCDD are categorizedragoxric based

on their toxic equivalency factors (TEF) (Van den Bet@l, 1998; 2005). PCB 77, a
dioxin-like PCB congener, TEF of 0.0004 in kestrels, 0.005 in turkeys, and 0.05 in
chickens (Brunstrom, 1988; Elliet al.,1996; Lavoie and Grasman, 2007). Previous
dosing studies with PCB 77 have shown no effects on herring gulls and mallards at
concentrations of 1,000 to 5,000 ng/g. Moreover, there was no effect on animal
survivability (Brunstom, 1988), which is consistent with the data we collecteglen tr
swallows. Based on the TEF of PCB 77, however, the concentrations we used in this
study had an elevated toxic equivalency (TEQ), which should have resulted in embryo
mortality (Van den bergt al, 1998). Therefore, these data suggest a limitation of TEQsS
for estimating risk to wild bird populations, especially if the mechanism afradbes

not involve AhR mediated effects (Deanal.,unpublished).
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PCB 77 affects heart development in tree swallow hatchlings

Hearts from nestlings exposed to environmental mixtures of PCBs had heart
defects including abnormal heart indices (heart weight/body weight %6ynuges,
microsurface roughness, apical and ventricular deformities, and thinning of t
ventricular wall (DeWittet al., 2006). In laboratory studies, domestic chick embryos
exposed to dioxin-like PCB congeners and dioxins in chick embryos had ventricular
dilation, thinning of the ventricular wall, and reduced chronotropic responsiveness
(Cangeet al, 1993; Henshedt al, 1993; Walkeet al, 1997; Walker and Catron, 2000;
Heid et al, 2001; Kopf and Walker, 2009). We also observed a cardiomyopathy of the
ventricular wall, specifically an absence of the CL. The CL is a portidreahtyocardial
wall formed by proliferation of the cardiomyocytes. The myocardial walbinsprised of
a highly proliferative region, the CL, and a highly trabeculated inner zone &beter
Cameron, 1971; Tomanei al, 1999). The CL is absolutely necessary for myocardial
growth and proper overall heart growth, resulting from cardiomyocyte petidar and
proliferates at high rates through hatch in avian species, with the magasaadn
ventricular wall thickness occurring between ED 8-14 (Rychterova, 1978). The high
volume of cardiomyocytes in the CL is essential for normal muscle contractionliand ce
turnover in the organ (Kirby, 2007). Absence of such a vital portion of the ventricular
wall in PCB 77-treated tree swallow hearts would lead to decreased fitrieese
animals, especially during periods of increased stress. Further, absdme€bfis
associated with compromised heart contraction and reduced myocardial grofifera
throughout the life of the organism, another contributing factor to decreased overall

fitness (Sedmera and McQuinn, 2008). In some species, even minor localized absences
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of compact muscle layer can result in cardiomyopathies, heart failureyamdardiac
death (Walleet al, 1980; Jennet al, 2001). In tree swallows, there are extensive
cardiac requirements as they feed and protect their nests; any comprbthesdeart
morphology presents a great disadvantage to the individual (@ustier1980; 2002;
2003, 2010a,b,c,d). In humans, exposure to environmental contammateso
increases the possibility of an underdeveloped LV (Ferenak, 1997), a similar
phenotype to the thinning ventricular walls seen in PCB exposed birds. It has been
estimated that 30% of congenital cardiovascular malformations in infantslm®lihked
to environmental risk factors (Wilsaat al, 1998). The link between environmental
contaminants and congenital cardiovascular malformations in humans is cemir@s
some observations in wild birds. Our data confirms that PCB 77 adversely #féects
proper formation of the CL, which suggests that although PCB 77 is not lethal, it
critically affects tree swallow cardiac fitness.

While our study demonstrated increased CL defects with PCB 77 exposure, we
did not observe some of the adverse heart effects seen in previous avian studies. One
possible explanation is that treatments were administered at apprdyifr&e of
incubation. As such, we were able to minimize embryonic mortality by ingeafter
development had begun (Heietzal, 2006). While this approach minimized mortality
and verified the presence of a developing embryo, the timing of injection occfiared a
the initiation of heart development. In chickens, embryonic heart developmamg beg
approximately Hamburger Hamilton stage (HH) 7, with the emergence ofrthegenic
mesoderm at approximately 25 hrs of incubation (Hamburger and Hamilton, 1951). In

tree swallows, which have an 18-day incubation period, heart formation based on a

60



relative HH staging would occur at 21 hrs of incubation, approximately 40 hierearli
than the time of PCB exposure in this experiment. Therefore, the embryos indkis st
were treatedh ovoto PCB 77 well after the initiation of heart development (Bellairs and
Osmond, 2005). Studies that have linked PCB exposure to altered heart weight and
dilated cavities have exposed embryos prior to incubation, which might account for the
differences relative to heart size and weight (Wadkeal, 1997; Walker and Catron,

2000; DeWittet al,, 2006; Kopf and Walker, 2009). This suggests that we would have
observed an even greater effect, including impact on weight, additional morphblogica

abnormalities, and size,iif ovodose treatments had been administered earlier.

Future work

Our lab will test an environmentally relevant, 58 congener PCB mixture, derived
from contaminant analysis of eggs collected along the upper Hudson River, on heart
development in an avian lab model with high sensitivity to PCBs, the chicken embryo.
Due to the availability of samples, this study will dose eggs prior to thetimitiaf heart
development, using a larger dose-curve, in an effort to identify a dose-dependdiy letha
curve, as well as a complete spectrum of cardiomyopathies seen in otheuBies. st
Additionally, future work will endeavor to link environmentally relevant PCB mixtioe
adverse cardiovascular effects and determine embryonic stagesengisvs to these

exposures.
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CHAPTER 3

EFFECTS OF AN ENVIRONMENTALLY RELEVANT POLYCHLORINATED
BIPHENYL (PCB) MIXTURE ON CARDIAC DEVELOPMENT
IN THE DOMESTIC CHICK HATCHLING
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Abstract

A 58-congener polychlorinated biphenyl (PCB) mixture based on a contaminant
analysis of eggs collected along the Upper Hudson River, New York was usedytmstud
ovo PCB effects on cardiac development in the domestic chicken. Fertile eggs were
injected prior to incubation with a dose range of the PCB mixture, including: untreated,
sham, 0.0, 0.03, 0.08, 0.30, 0.50, 0.70, and 2.06 pug/g egg wt. Embryonic development
was monitored throughout incubation; chicks were necropsied at hatch. Survivability
data at hatch followed a dose-dependent curve with signifipg@t@5) mortality above
the 0.50 pug/g egg wt treatment concentrations compared to controls. Jef lthids
PCB mixture in chicks was estimated as 0.40 pug/g egg wt at hatch based on tite lethal
curve. Cardiac arrhythmia was observed at embryonic day (ED) 14 of development at
treatment concentrations 0.50 pug/g egg wt and above. Histological anagaigivzed
to characterize any cardiac abnormalities. Cardiomyopathies increasssl aeatments
in a dose-dependent manner when compared to the control groups. Identified
abnormalities included absence of the trabeculated layer of the ventrialilar w
ventricular dilation, thinning of the ventricular walls, malformation of the $eh and
most commonly, absence of the compact layer of the ventricular wall. Chick hert wi
depth, total area, compact layer depth, septal width, chamber area, and ventatula
dimensions did not differ across treatments. With the exception of heartsgefect
additional analyses of organ indices and neurological behavior did not differ with
treatment. This study supports prior reports of adverse developmentad effe€Bs on
cardiovascular systems in birds. Although the birds hatched, the measured

cardiomyopathies suggest potential deleterious impacts on individual health assl fithe
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Introduction

Polychlorinated biphenyls are a class of synthetic compounds used extemsively i
manufacturing in the United States until 1979, at which time PCBs were banned from
manufacture, processing, and distribution. These compounds are made up of one
biphenyl molecule with one to ten chlorine substitutions along the rings, for a total of
over two hundred known PCB congeners. PCBs are lipophilic, resistant to degradation,
and bioaccumulative, making them a continuous source of exposure for animals living
near contaminated sites long after their ban in the late 1970’s (Jadtreigr2000). Two
contaminated sites identified along the upper Hudson River (UHR) in New Yorkre Fo
Edwards and Hudson Falls. PCBs were used in manufacturing plants at these two
locations from the late 1940s until the 1970s. Many PCBs occur as mixtures and were
marketed by percent chlorination under various names. For example, three mottures
Aroclors, have been identified as the most common mixtures released from FardEdw
and Hudson Falls; Aroclor 1254, Aroclor 1242, and Aroclor 1016, with 54%, 42%, and
42% chlorine by weight, respectively (TAMS al, 1991). While Aroclors are identified
by % chlorine by weight, individual lots of the same Aroclors can contain varying
congener distributions, thereby altering their toxicity to vertebratesngéet al, 1996;
Frame, 1997; Rushneei al, 2004). Avian species are exposed to PCB congeners
primarily through dietary consumption, metabolize PCBs to varying degrees, and depos
these lipophilic compounds into their eggs (Barebal, 1995; Custeet al, 2002; 2003;
2010a; 2010b; 2010c; 2010d). The wide variability between Aroclor site exposure,
ingested PCB congeners, and ultimately maternal deposition of congeners gto egg

makes identification of specific effects difficult to interpret betwetgssiMoreover,
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movements of birds between sites through migration make it even more difficult to
determine effects and assess risk (Seebal, 1999). In recent years, analysis of the
PCB profile in spotted sandpiper eggs collected from the UHR, New York has aided in
estimating potential uptake and exposures in developing birds. A 58-congener mixture
(PCB mix) was developed based on relative concentrations of congeners found in the
sandpiper eggs (Echads al, 1996; Custeet al, 2010d). This PCB mix has been
formulated for use in laboratory and field studies to assess effects in pe@ess
Environmental exposure to PCBs has been linked to carcinogenicity (Safe, 1994;
Silberhornet al, 1990), immune system dysfunction (Thomas and Hindsdill, 1978;
McNabb, 2005; Lavoie and Grasman, 2007), reproductive defects (Batsaitil976;
Aulerich and Ringer, 1977; Golw al, 1991), neurological effects (Tilsah al, 1990;
Jacobsoret al, 1990) and endocrine disruption in mammalian, avian, and fish studies
(van de Berg, 1990; Goukt al, 1999). Although some exposures are potentially lethal,
many infer a decreased fithess in surviving animals (Meeker and Hauser, 201h308a
et al, 1990; Nebekeet al, 1974). The effects of individual PCBs on embryonic heart
development have been documented; however, a complex PCB mixture such as that
found at the UHR has not been studied.
Proper heart development is essential for animal survivability, long-terth,hea
and overall fitness. In fact, congenital cardiovascular malformationsradoowpwards
of 20% of all human infant death related to non-genetic birth defects (Jetlahs
2007). Previous studies have shown a link between PCB exposure and adverse health
effects at different contaminant sites for several bird species. NesilisgPCB

contaminated site in Indiana exhibited cardiac malformations including dedreeart
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indices (heart weight as a percent of body mass), thinning of the ventricularawvall
abnormal heart apexes (DeWattal, 2006). Domestic chick embryos exposed to dioxin-
like PCBs had increased ventricular-septal defects, ventricular dilatiohjginet overall
heart weight by ED10 (Walket al, 1997; Walker and Catron, 2000). Tree swallow
hatchlings that were exposed to a dioxin-like PCB congener 77 (PCB 77) showed an
absence of the compact layer of the ventricular wall of the heart at hightadgbd not
induce embryonic death based on toxic equivalencies (TEQ) (€&ato unpublished;

van den Bergt al, 1998). Interestingly, PCB 77 was introduced at approximately 18%
of embryonic development, which is well after the initiation of heart developmerg. Thi
suggests that the PCBs exerted effects after documented developmentairmestadisg
looping of the heart tube, differentiation of the atrial and ventricular cavihds, a

initiation of proliferating cardiomyocytes, but before compact layer foomas

completed (Kirby, 2007; Bellairs and Osmond, 2005). The absence of the compact layer
in this tree swallow study potentially links wild bird nestling studies (De&Yial, 2006)

to embryonic studies (Walket al, 1997; Walker and Catron, 2000; Kopf and Walker,
2009) through a common cardiomyopathy of ventricular wall thinning with the suggested
origin of that cardiomyopathy being compact layer malformation for lexgesed to

PCBs.

The purpose of this study was to further investigate the link betiweso PCB
exposure and congenital cardiac malformations in an avian lab model. An envirdnmenta
mixture, the PCB mix, was formulated based on PCBs found in wild egg samples (Tillit
et al, 2011). Previous work has shown the domestic chicken is a highly responsive avian

model. This is due to the mechanism of action, which acts through the aryl hydrocarbon
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receptor (AhR) (Kennedst al, 1996; Heactt al, 2008). As such, the chick embryo

may respond to the PCB mix below concentrations found in the environment (Kestnedy
al., 1996; Jones and Kennedy, 1999; Custal, 2010a; b; d). Interestingly, non-dioxin
like congeners that do not act through the AhR pathway are at greater cormentrati

our PCB mix than dioxin-like congeners (Tillgt al, 2011). In another lab study

utilizing Japanese quail, our lab determined that this PCB mix was twiorias$

another environmental mixture containing 66 congeners, based on TEQs, which was
unexpected (TEQs predicted the 66 congener mixture to be more toxic)daan
unpublished; van den Begg al, 1998). These data suggest that the previously accepted
mechanism of action for PCBs, specifically action primarily through the, Afdy not be

the sole mechanism of action in avian species (Ahlbbej, 1992; Kennedgt al,

1996; Heackt al, 2008). The aims of this study were to determine the 50% lethal dose
(LDso) of the PCB mix in the domestic chicken model and determine if cardiac

malformations result frorm ovoexposure.

Materials and Methods
Egg injections and solution preparation

Fertile broiler chickenGallus domesticyseggs were purchased from Allen’s
hatchery (Seaford, DE). The PCB mix, made of primary PCB congenetatinae
concentrations found in sandpiper eggs collected at the UHR, was prepared Byiie U
Biochemistry and Physiology Branch (Tillgt al, 2011). The PCB mix was solubilized
in activated charcoal-stripped corn oil (Desral, unpublished) at the following

concentrations: 0.03, 0.08, 0.30, 0.50, 0.70, and 2.06 pg/g egg wt. A vehicle treatment of
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0.0 png/g egg wt, sham eggs (shell punctured but no vehicle administered), anddintreate
eggs were used as control treatments.

Eggs were weighed at EDO and grouped randomly to have egg weights evenly
distributed across treatments (n=20 eggs/treatment). Treatmentadrnerastered as
follows: the egg was swabbed with alcohol and a small hole was drilled into the side of
the egg using a sterile Drerebit (Dremel Co., Racine, WI). Injection volume was
calculated for each egg and a total of 0.9-1.11 ul (based on egg wt) was adrdimstere
the hole using a reverse displacement pipettor (Rainin Instrument LLGrdakcA).

Eggs were sealed with melted paraffin wax and incubated (air cell up) at 37°C and 65%
humidity and randomly distributed through the incubator. At ED20, eggs were

transferred to individual, compartmentalized hatching trays and allowed to hatc

Incubation period and hatchling collections

Eggs were candled on EDO, ED2, ED4, ED6, ED10, ED14, ED18, and ED20.
Infertile eggs were removed from treatments and not incorporated ingbicsati
analyses. Early embryonic death was recorded as mortality prior@peaibryos that
died later were necropsied. At ED10, ED14, and ED18, heart rate was determined using
a digital egg monitor (Avian Buddy International, Tallahassee, FL) €.37€. All
heart rate monitoring was randomized and performed blind.

Hatchlings were tested for neurological deficits using behaviesasgents,
sacrificed, and necropsied. Body weight, organ weights and gender were recorded; live
thyroid, feces, blood, yolk, lung, brain, and gastrointestinal tracts were edli@atl
frozen at -80°C for future analysis. The protocol followed for collecting tagsheere

as follows: beating hearts were dissected immediately following ma#ten and placed
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in ice-cold 25 mM KCI until beating ceased. Hearts were rinsed thoroughly in 1xPBS
solution, blotted dry, weighed, immersed in ice-cold 10% neutral buffered formadin, a
stored at 4°C for 48 hrs. Next, hearts were washed in 1xPBS solution for 30 min (2x) at
4°C, stepwise dehydrated to 100% ethanol (Pharmco-Aaper, Shelbyville, KY) in 60 min
increments: 50%, 70%, 80%, 95%, 100% (2x) ethanol (EtOH) and transitioned in 1:1
mixture of the clearing agent Hemo-De® and EtOH at room temperature for 30 min.
Hearts were transferred to 100% Hemo-De for 30 min at 58°C, moved to 1:1 Hemo-
De:paraffin for 60 min at 58°C and then immersed in 100% paraffin (Triangle
Biomedical Sciences, Inc., Durham, NC) for 120 min at 58°C (replacing ipaeaéry

30 min). The heart was then blocked in paraffin filled mold, oriented uniformly, and

allowed to solidify for 24 hrs prior to sectioning.

Heart sectioning and histology

Hearts were sectioned transversely at 10 um from the apex to the crgioia| re
wet mounted on glass slides, dried, and stained with standard hemotoxylin and eosin
procedure. Briefly, slides were dewaxed in Hemo-De for 3 min (3x) and rebgdrat
using reverse stepwise increments of EtOH: 100%, 95%, 70% EtOH, and 1xPBS for 3
min each. Samples were nuclear stained using Gill's hematoxylin (Rstesttific, Fair
Lawn, NJ), followed by a 2 min water rinse, and cytoplasmic stained using 0.5%¥eosin
(Fisher Scientific, Fair Lawn, NJ) solution, followed by a 6 min water rifi3ssue was
dehydrated again in 70% and 100% EtOH for 30 sec each, immersed in HemoDe for 3
min, coverslipped with Cytosédl, and dried overnight before storage. Ten control

hearts were analyzed for baseline morphology; five hearts wereaddipm each
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treatment, with the exception of 0.70 and 2.06 pg/g egg wt treatments (only 2 and O
embryos survived to hatch, respectively).

Four layers were evaluated in each heart as defined by the following
morphometric features: Layer 1- most caudal section analyzed, identifted ®ft
ventricular wall and cavity (~95% of the section) and the early right ventricpéning;
Layer 2- both left and right ventricles visible, with no evidence of papillary naiecle
valves; Layer 3- the upper portion of both ventricles visible with emerging aesgaryr
in the central region, left ventricle papillary muscles emerging, amigese of the right
ventricle papillary muscle; Layer 4- emergence of the pulmonary avigrgut the
emergence of the aortic valve.

Images were captured using a 1.25 and 2.5x Zeiss Acroplan objective under a
Zeiss Axioplan microscope with a Coolsnag fphotometric camera attachment (Carl
Zeiss, Inc., New York, NY). Images were captured using IP Lab36 sef(Bavision
Technologies, Inc., Exton, PA) and analyzed using ImageJ software (bbtirces,
Bethesda, MD). A number of comparisons were made between treatmeicts latyeg,
as described below. Measurements for width, depth, left ventricle (LV) dorsal and
ventral compact layers, total area, and LV cavity area was addlyzeayer 1. Width,
depth, LV dorsal and ventral compact layers, RV wall, and total area weaseirad in
Layer 2. Width, depth, LV dorsal and ventral compact layer, RV wall, septal thickness
and total area was measured in Layer 3. Finally, width, depth, and total area were
measured in Layer 4. Each measurement was taken three times and the sceae

was used for analysis. Hearts were also scored for the presence of thetdaygpan

76



Layers 1-3 and additional cardiomyopathies were identified in all heatizada All

analysis was performed blind to prevent bias.

Statistical analyses

Herein survivability was taken to be viability at hatch with treatraedtwas
analyzed by one-way ANOVA and Tukey’s post-hoc tests (JMP9, SAS Indtitute
Cary, NC). Infertile eggs were removed from the analysis, as detztvia egg
necropsies of non-viable eggs. Samples sizes ranged from 16 to 20 eggs per treatment
associated with infertility. Embryonic heart rates were analyyexhb-way ANOVA
and Tukey’s post-hoc test at ED 10, 14, and 18. Cardiomyopathies were analyzed in
hearts as described above and subjected to the Chi Square Test to determigertie pre
or absence of a cardiomyopathy. Finally, compact layer testing was pedfatr
regions in the heart (across 3 layers) in the subgroup of heart samplesmatimaum
score of 6 and a minimum score of 0 and analyzed by one-way ANOVA followed by a

Tukey’s post-hoc test.

Results
PCB mix exposure and embryo survival

Exposuran ovoto this PCB mix resulted in a dose-dependent increase in
mortality across PCB treatments (Figure 1). Mortality during incubatiétmwotioses
and controls occurred early (before ED6) and late (after ED18), with tkptext of the
three highest PCB treatments (0.50, 0.70, 2.06 pg/g egg wt) in which mortalitysettrea

across all incubation time points. The calculatedjd3tablished in hatchlings was
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0.40ug/g egg wt, based on this lethality curve. Hatabtcess rates significan

(p<0.05 decreased comparedcontrols inPCB treated embryos (Figure

Figure 1: Percent mortality of chick embryos exposdin ovo to a 58congener PCB
mixture and dosed at EDC
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Figure 2: Percent of chick embryos per treatment that successfully hatchet
following exposurein ovo to a 58-congener PCB mixture.
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One way ANOVA showed significant effects acrosdrrents (p<0.0001). Tuk's post-
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PCBmix affects on hearate during embryonic development

Heart rate (HR) in beatser minute, measured at ED10, ED14, and E showed
no significant differences across treatments at@ or ED18 (lata not show). A
significant £<0.09 difference ws detected at ED 14 at 0.50 pg/g egg wt and 2.0%

egg compared to control groups (Figure

Figure 3: Embryonic heart rate (beats per minute)at ED14 of chick developmen
following exposurein ovo to a 58-congener PCB mixture.
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One way ANOVA show significant effects across treatments (p<0.05)kel's post-
hoc test determined a heart rate difference at gtuic day (ED) 14 of developmet

Treatment 0.5 pg/g egg wt was significantly highan controls (1) and treatment 2.
Ma/g egg wt was sitficantly lower than controls (3
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Cardiomyopathies in hatchlings exposed in ovo to the PCB mix

The percent cardiomyopathies showed a dose-dependent increase across PCB
treatments when compared to the control groups (Figyre®05). Hearts with multiple
deformities were not scored for severity of cardiomyopathy; rather teeyidentified as
abnormal heartsThe most prevalent heart abnormality identified in this analysis was an
absence of the compact layer of the ventricular heart wall (Figureds)itignal heart
abnormalities noted were an absence of the trabeculated layer of the hieart wal
enlargement of the ventricular chambers, thinning of the ventricular walls, and

malformation of the septal wall (Figure 5).

Effects of the PCB mix on the compact layer of the ventricular heart wall

Chick hearts were analyzed at the four distinct layers for heart widtln, depé,
compact layer depth, septal width, chamber area, and ventricular wall dimensions
revealed no differences across treatments (data not shown). Analysscofripact
layer in hatchling hearts from treatments 0.30, 0.50, and 0.70 pg/g egg wt, however,

showed an absence of compact layer in the ventricular wall (Figpr®®5).
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Figure 4: Percent of hatchling hearts withcardiomyopathies in surviving chicks
following exposurein ovo to a 58-congener PCB mixture.
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Chi square test showed a significant effect actassments at hatch (p<0.05). T
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Figure 5: Histological representation of hatchlinghearts compared to controls a
four morphological transversely sectioned layers isurviving chicks following
exposurein ovo to a 58congener PCB mixture.

Description of layer identification can be foundnraterial and methods. Layel
compares normal control heart (A) to enlarged trallated layer (TB) of the ventriculi
wall (*) and absence of compact layer (CL) in PC&ated heart (B). Layer 2 comjed
normal control (C) to enlarged right ventricular amber (E) of PCB treated heart (D
Layer 3 compares normal control heart (E) to a Pi@#ated heart (F) with no TL. Lay
4 compares a normal control heart (G) to a PCB teebheart (H) with an enrged
aorta. (CLcompact layer; T-trabeculated layer; LV-left ventricle; RNght ventricle;
RWjright ventricular wall; $septum; A-aorta; PA-pulmonary artery; élarged
chamber/cavity; *abnormal heart wall morphology
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Figure 6: Average ventricular wall compact layer scores by treatment in chicke
hatchling hearts following exposurein ovo to a 58congener PCB mixture
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Discussion
Exposure to a PCB mix decreased embryo survival

Exposurdan ovoto the PCB mix resulted in a dose-dependent decrease in
survivability at hatch with a calculated k§of 0.40 pg/g egg wt (Figure 2). There was a
gradual increase in mortality throughout development at PCB mix doses of 0.5@@gg/g e
wt and higher. Treatment groups at lower doses showed a trend of increasetymortali
before EDO6 and after ED18, with limited mortality between ED7 and ED17 (Figure
Our data suggest chickens are more sensitive to concentrations of PCEsnilv&ir
would occur in the environment when compared to other avian lab models such as
Japanese quaiCEturnix japonicd, which had increased mortality above baseline 7.5
H1o/g egg wt (threshold 3.11pg/g egg wt) using the same congener mixdairee([al.,
unpublished). The differences in sensitivity to this PCB mixture among our chick and
Japanese quail models is further supported by previous work showing differences in

sensitivity to PCB congeners between bird species (eald 2008).

Increased cardiomyopathies in hatchlings dosed with PCB mix

The PCB mix utilized in this study significantly increased hatchling
cardiomyopathies in a dose-dependent manner. Our results concur with observations in a
wild bird nestling study, which identified cardiomyopathies in passerinéngsst
including the house wred (oglodytes aeddntree swallow Tachycineta bicolgr and
the Carolina chickade®arus carolinesis at a PCB contaminated Superfund site. In
this study, hearts from nestlings showed thinning of the ventricular wall, mitaos
roughness, abnormal heart indices, and changes in overall heart defoDatWést et

al., 2006). Separate studies in embryonic chicks exposed to dioxin-like PCBs showed
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abnormal dilation of the chambers, ventricular wall thinning, and reduced heart rat
responsiveness to stimuli at ED10 (Kopf and Walker, 2009; Walker and Catron, 2000;
Heid et al, 2001). Primary cardiomyopathies identified in our study were abnormal
ventricular walls, most commonly an absence of the compact layer. Moreover, we
observed an absence of the trabeculated layer, in addition to ventricular chdatioer, di
thinning of the ventricular walls, and septal malformation. This is a notable finding
because it begins to isolate specific effects of the PCB mix on the devehagairig

While previous studies have conclusively shown heart effects in nestlings D1 @ioE
development, the lethality effect of exposur@voin hatchlings was not assessed
(DeWitt et al, 2006; Kopf and Walker, 2009; Walker and Catron, 2000; etead,

2001). Additionally, our study confirms the effects of an environmentally relevant PCB
mixture, containing both dioxin-like and non-dioxin PCB congeners, identified in egg
contaminant analysis along the Hudson River (Ecéioid, 2004; Custeet al, 2010a;

Tillitt et al, 2011). Our study also suggests PCB effects on heart rate, especially
relatively late in incubation at ED14. In previous chick embryo studies, dioxin-like PCB
congeners were linked to a reduced heart rate response to stimuli at ED10 (Kopf and
Walker, 2009). While we did not find this effect at ED10, we did confirm cardiac
arrhythmia later in development. Dioxin exposed embryos showed decreased
chronotropic responses to stimuli followimgovoexposure (Sommet al, 2005;

Walker and Catron, 2000), suggesting similar effects with PCBs.

Compact layer absence with PCB mix treatment
Exposure to dioxin-like PCBs has been linked to heart abnormalities in previous

studies. The most common heart abnormality identified in both nestling populations and
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ED10 embryos was a thinning of the ventricular wall (De\&fitil, 2006; Walker and
Catron, 2000; Kopf and Walker, 2009). We found an absence of the compact layer to be
the most common ventricular wall cardiomyopathy. The importance of cardiotayocy
proliferation as it pertains to compact layer formation has been well docohisstiveen
EDO7-15 (Jeter and Cameron, 1971; Kirby, 2006). Studies categorizing the effects of
contaminants that act similar to PCBs, such as dioxins, also suggest a decline i
proliferation rates by ED15 (Walker and Catron, 2000; Kopf and Walker, 2009). The
consequence of this developmental defect due to a lack of proliferation during critical
stages of embryonic heart development could cause inhibited myocardial geaathg|

to myocardial developmental disorders, such as thinning of the ventricular wall and
absence of the compact layer, or hypertrabeculation. This occurs in humansyeviiere
compaction of the ventricular wall and hypertrabeculation is indicative of walatric
dysfunction (Chiret al, 1990). When chick embryos are exposed to dioxins, reduced
proliferation rates are observed, further supporting a potential link between PCB
exposures, reduced cardiomyocyte proliferation, and ventricular wall thinnimgtiele

et al, 1993; Kopf and Walker, 2009).

PCB mix concentrations and environmentally relevant concentrations

Our study utilized a 58 congener PCB mix developed from contaminant analysis
of sandpiper eggs collected along the Hudson River (Eethalls 1996; 2004; Tillittet
al., 2011). Contaminant analysis from eggs collected from the UHR showed wild bird
populations to have concentrations ranging from 5.9 to 29.5 pg/g egg wt, with variability
occurring from year to year (McCarty and Secord, 1999; Sextald 1999; and Custer

et al, 2010c). The PCB mix observed in these populations was obtained from tree
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swallow eggs that contained 66 primary PCB congeners (Eehals 2004; Tillittet al.,

2011; Dearet al, unpublished). While the concentrations utilized in our study are 10-
100 fold lower than wild bird populations, it has been well established that chickens are
more sensitive to PCB exposure through AhR mediated responsiveness and CYPIA
induction (Heackt al, 2008; van den Bergt al, 1998; Kennedt al, 1996; Elliotet

al., 1997). By using a highly sensitive model for our experiment, we were able to use
dose concentrations well below environmental ranges found in wild eggs. Moreover, this
dose was sufficient to result in heart effects related to both lethal and hahdlese
concentrations. This becomes very important in identifying how relevant PQBres

affect heart development in surviving and non-surviving bird populations.

Future direction

Through this study, our lab conclusively determined that exposure to an
environmentally relevant PCB mixture causes dose-dependent lethaldgdition,
embryos taken to hatch showed severe cardiomyopathies, including thinning of the
ventricular wall, hypertrabeculation, ventricular dilation, arrhythmias naost
commonly, absences of the compact layer of the ventricular wall. Future wrk wi
identify (1) early embryonic stages of cardiac development affected ByeRgbsure,
and determine if these effects are related to (2) proliferation and apofftosis o
cardiomyocytes, or (3) proteins critical in ventricular wall morphology. HGB mix
affects heart development in chickens, implicating a decreased overall iiitileese
animals followingin ovoexposure. Future studies should be aimed at determining the

impact of PCBs, heart effects, and overall avian fitness.
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CHAPTER 4

THE EFFECTS OF AN ENVIRONMENTALLY RELEVANT 58 CONGENER
POLYCHLORINATED BIPHENYL (PCB) MIXTURE ON CARDIAC
DEVELOPMENT AT THREE CRITICAL STAGES OF EMBRYONIC

DEVELOPMENT IN THE DOMESTIC CHICK
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Abstract

Embryonic exposura ovoto a 58 congener PCB mixture containing relative
proportions of primary congeners measured in sandpiper eggs collected along the upper
Hudson River, NY, resulted in observed teratogenic heart defects in chick embryos at
critical heart developmental stages (Hamburger Hamilton (HH) 10, HH16, aB@.HH
Embryos were treated with 0.08 and 0.50 pug/g egg wt at embryonic day 0, prior to
incubation. Mortality of exposed embryos was increased at all developmegés, sta
with a marked rise in cardiomyopathies at HH16 and H{Z0.05). Heart
abnormalities occurred across all treatments, including abnormal etongat
expansion of the heart tube at HH10, improper looping and orientation, indentations in
the emerging ventricular wall (HH16, HH20), and irregularities in ovaedit shape
(HH10, HH16, HH20). Histology was conducted on two cardiac proteins critical to
embryonic heart development, ventricular myosin heavy chain (VMHC) andditin, t
investigate potential mechanistic effects of PCBs on heart development, btferende
was observed in spatio-temporal expression. Similarly, cellular apoptakes
developing heart was not affected by exposure to this PCB mixture. Conversely,
cardiomyocyte proliferation rates dramatically declinedd(01) at HH16 and HH20,
correlating with increased PCB exposure concentrations. Early embryonic
cardiomyocyte proliferation contributes to proper formation of the morphology and
overall thickness of the ventricular wall. Therefareovoexposure to a PCB mixture at

critical stages adversely impacts embryonic heart development.
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Introduction

Polychlorinated biphenyls (PCBs) are synthetic compounds made up of a
biphenyl molecule with one to ten chlorine substitutions. PCBs were used extemsively
manufacturing until their ban in 1979. Because PCBs are lipophilic, bioaccumulative,
and resistant to degradation, they have become ubiquitous in the environment,
representing a continuous source of exposure for animals residing in contdraneai®
(Johnsoret al, 2000). PCB mixtures found in the environment have been identified as
probable carcinogens in animals (Silberhetial, 1990; Safe, 1994), linked to serious
effects of the immune system in non-human primates (Thomas and Hinsdill, 1978),
reproductive defects in non-human primates and other animals (Batsaitil976;
Golubet al, 1991), and endocrine disruption in mammalian, avian, and fish studies (van
de Berg 1990; Gouldt al, 1999). Furthermore, studies of human populations exposed
to PCB mixtures indicate neurological effects, including learning defagtsreases in
visual recognition, and lower aptitudes on standardized cognitive tests (Jaebbkon
1990).

While some exposure effects are potentially lethal, sub-lethal exposiinesgt
confer decreased fithess of surviving animals. For example, effecBsf ¢h
embryonic heart development and implications of overall health and fithess havwéyrece
received attention. Adult passerine birds exposed to multiple environmental
contaminants, including PCBs, had offspring with cardiac malformations including
decreased heart index and abnormalities in heart morphology such as ventratlular
thinning and abnormal apical shape (DeWital, 2006). Additional studies in domestic

chick embryos have shown dioxins and dioxin-like PCB congeners increase vantricul
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septal defects, overall heart weight, and dilate ventricular cavities whenreed on
embryonic day (ED) 15 of development (Walkeal, 1997; Walker and Catron, 2000).
Similarly, wild bird (tree swallow) embryos exposed to a single dioxinddegener
(PCB77) did not properly form the compact layer of the ventricular heart wedkett
(Carroet al, unpublished). To elucidate the etiology of the heart defects observed in
wild birds, we tested an environmentally relevant PCB mixture in the chick ertdory
determine a lethality curve and investigate potential cardiomyopathieshlihgs
(Carroet al, unpublished). This mixture contained 58 congeners in relative proportions
of primary congeners measured in sandpiper eggs collected along the upper Hudson
River (UHR), NY (Tillitt et al, 2011). Based on the results of our chick study, two doses
of the 58-congener PCB mixture (PCB mix) were selected for low dose (§/§&gg
wt) and high dose (0.50 pg/g egg wt) treatments.

An important limitation of previous studies on PCB heart effects is confounding
factors operating in tandem in wild bird exposures. While many wildlife sthdes
been comprehensive and elegant, they have usually occurred at Superfundrsites wit
different Aroclor mixture exposures, varying concentrations of maternalitiepasto
eggs, and fluctuating annual PCB exposure rates (Armklal, 1993, DeWittet al,
2006, Custeet al, 1998; 2000; 2002; 2003). The variation of environmental conditions
makes the determination of specific effects of local PCB mixturesudtffrc wild bird
populations. Extensive measurement of PCB congener concentrations in dggssem
that did not survive, and nestlings have been sampled from the UHR; however, cardiac
morphology has not been examined (Seabral., 1999; Custeet al, 2010 a,b,c, and d).

We propose that non-surviving embryos impacted by PCB exposure effects, Wjtimate
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leading to mortality, may be the result of developmental impairment of th@casdular
system. The chicken embryo provides an ideal model for studying effects of
environmental contaminants on embryonic heart development. The chicken egg is a
closed system model, the developing heart is very similar to mammaliaassg&CB
mechanism of action in birds has been identified (Kene¢dy, 1996) and chicken
embryonic development has been well categorized in recent years @BatidiOsmond,
2005). Therefore, the purpose of this study was to investigate developmental periods in
which heart development is most sensitive to PCB exposure while limiting eneintaim
variation in a lab model, the chick embryo.

Our previous study documented cardiomyopathies in chick hatchlings following
exposure to the PCB mix (Cared al, unpublished). The most prevalent abnormality
was an absence of the compact layer of the ventricular heart wall. PGBdéfetted
heart wall morphology overall, particularly in the ventricles. Ventricoigosin heavy
chain (VMHC) protein was identified as a potential target protein for P@Bsexe
because it is essential for developing the structural integrity of thievi&during
differentiation (Bourkeet al, 1991; Bisaha and Bader 1991; Bandman and Rosser, 2000;
Somiet al, 2006). A second protein, titin (connexin in mammals), was identified as a
potential PCB target because of its role in the development of proper myofibril
orientation and its expression during early embryonic heart formation (Takayds
Maher, 1987). Additionally, phospho-histone-H3 (pHH3) was the protein identified to
study cardiomyocyte proliferation, which is essential to proper compactftay@ation,

the most prevalent heart defect in the chick hatchling study (Jeter and Cameron, 1971;
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Tapiaet al, 2006). Finally, apoptosis was examined using a TUNEL assay to detect cell
death in the heart at critical stages of embryonic development (Scataafef004).

Although previous work has shown a correlation between PCB exposure and
heart defects in hatchlings, the stages of embryonic development in which ef$¢cts f
manifested have not been identified. Taking into account a low and high concentration
PCB dose and potential target proteins, we now show that PCBs affect embryanic hear
development at very early stages, Hamburger Hamilton stage (HH) 10, HH16, a6d HH
(Hamburger and Hamilton, 1951). Additionally, we now report decrease in proliferation

of the heart field following PCB exposure in chicken embryos.

Materials and Methods

Egg injections

Fertile broiler chickenGallus domesticyseggs were purchased from Allen’s hatchery
(Seaford, DE). The PCB mix was made up of primary PCB congeners prepared in the
relative concentrations found in sandpiper eggs collected at the UHR. The miature
prepared by the USCG Biochemistry and Physiology Branch (Eildat, 2011). The

PCB mix was solubilized in activated charcoal-stripped corn oil (Beah,

unpublished) at two concentrations: 0.08 and 0.50 pug/g egg wt. Both a charcoal-stripped

corn oil vehicle treatment and untreated eggs served as controls.

Eggs were weighed at EDO and grouped randomly to have egg weights evenly
distributed across treatments (n=20 eggs/treatment). Treatmentadnerastered as
follows: the egg was swabbed with alcohol and a small hole was drilled into the side of
the egg using a sterile Dremel bit (Dremel Co, Racine, WI). Injection \eoWwas

calculated for each egg and a total of 0.9-1.11 ul (based on egg wt) was adrdimstere
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the hole using a reverse displacement pipettor (Rainin Instrument LLGrdakcA).
Eggs were sealed with melted paraffin wax and incubated (air cell up) at 37°C and 65%

humidity.

Embryo collections

Embryos were staged based on HH staging criteria; number of paired sordites a
visible morphological differences between stages (Hamburger and Hamilton, 1951)
Embryos were collected at HH10, HH16, and HH20. Unfertile eggs were not included
and fertile eggs with dead embryos at the time of embryonic harvest werda@ only
for mortality data. Embryos were stained using India ink and visualized unideyea s
microscope (Wild M3Z Type S, Heerbrugg, Switzerland). Embryos were thersteatve
off of the yolk, transferred to Ringer’s solution and trimmed. For HH16 and HH20
embryos, the thoracic region and extraneous membranes were removed tcefacilitat

penetration of antibodies.

Embryo fixation and immunohistochemistry

Fresh embryos were rinsed in 1x phosphate-buffered saline (PBS) and teahsfer
to 4% buffered paraformaldehyde (PFA) solution overnight. Embryos were then washed
in 1xPBS and prepared for immunohistochemistry immediately to detect VMHCtand ti
in whole mount. Additional detection of VHMC, titin, and pHH3 was completed on
serial transverse sections of the heart region to determine spatio-tempteia pr
expression and cardiomyocyte proliferation in the heart field. Transversensesgre
obtained serially at a thickness of 14 um (&al, 2011). The spatial distribution of
VMHC and titin were assessed using anti-VMHC and anti-titin primanpaaty

supernatant (Developmental Studies Hybridoma Bank, lowa University).
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VMHC Immunohistochemistry Following fixation in 4% PFA, embryos were washed
with 1XxPBS. Embryos were blocked in 10% heat-treated sheep serum (HT ss) in PBS
containing 0.1% Tween-20 (PTW). Anti-VMHC antibody (1:100 in 5% HT ss in PTW)
was added and the embryos were incubated at 4°C overnight. Primary antibody was
washed off with PTW and Alexa-Fluor-488 secondary antibody (goat anti-mouse 1gG
488; Molecular probes, 1:200) was diluted in 5% HT ss in PTW and incubated at 4°C
overnight. The embryo was washed in PTW and imaged on an inverted microscope
(Zeiss AxioObserver.Z1, Carl Zeiss, Inc., Thornwood, NY), with images captisiag

the AxioCam HRc and Axiovision software (Carl Zeiss, Inc., Thornwood, NY).

Titin immunohistochemistry Following fixation and wash in 4% PFA and 1xPBS

respectively, embryos were blocked in 0.1% Triton X-100 in 1x PBS-A (0.02% sodium
azide, 0.01M glycine, and 0.002% Triton X-100 solubilized in 1XPBS) overnight at 4°C.
An enzymatic procedure ensued for 30 min at room temperature (2,000 U/ml
Hyaluronidase in PBS-A). Anti-titin antibody (1:50 in 5% HT ss in PBS-A) waeddd

and embryos were incubated overnight at 4°C. Primary antibody was washed off in PBS
A and AlexaFluor 594 secondary antibody (goat anti mouse-IgM-594, Molecular Probes;
1:200) was diluted in PBS-A and incubated overnight at 4°C. The embryo was washed in
PBS-A and imaged on an inverted microscope (protocol adapted from Tokuyasu and

Maher, 1987) as described above.

pHH3 immunohistochemistryPhospho-histone H3 immunochemistry was performed on

sections according to the protocol of \Wual (2011). Briefly, mounted sections were
incubated in a primary antibody concentration of 1:500 in PTW (Millipore Ser10,

Billerica, MA), sections were washed, then incubated with a second@rg@ntised
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was AlexaFluor 594 (goat anti rabbit IgG-594) at a concentration of 1:200 in 5% HT ss in
PTW. Sections were rinsed, cover-slipped with Fluoromount G (Fisher Scientific,

Pittsburg, PA), and imaged on an inverted microscope as described above.

TUNEL assay

The TUNEL procedure was used to detect apoptotic éelist(i cell death
detection kitfluorescein Roche Applied Sci, IN). Sections were degelatinized and post-
fixed in 4% PFA. Following a wash in 1xPBS, sections were permeabilized,deacte
incubated according to instructions (Roche Diagnostics, Mannheim, Germdhy). A
sections were DAPI (4’,6-diamidine-2-phenylidole-dichloride) stained tatifgecell
nuclei, rinsed in PTW, and mounted using Fluoromount G (Fisher Scientific, Pittsburg,

PA). Four embryos per stage for each treatment were analyzed (n=4).

Identification of cardiomyopathies, cell counts, and heart field area

Cardiomyopathies were identified and recorded during whole mount imaging and
confirmed by analysis of cross sectior®erial images were captured from at least 7
embryos per treatment and the average numbers of pHH3 positive cells (nucleus
identified by DAPI staining) in the heart field was recorded (head fontified by
VMHC staining). The mean number of proliferating cells per treatmentagee across
serial sections) and standard error was calculated, and significarémtifs between
treatments were analyzed using a one-way ANOVA and Tukey’s post-hodtesarea
of the heart field was measured across serial sections and captured from darkesiol

treatment. The average area across sections was used to calculatecapan a
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treatment and standard error. Measurements were taken using ImageJ 1&ké sof

(NIH, Bethesda, MD).

Statistical analysis

Significant differences in mortality and cardiomyopathies acroasients were
analyzed by a one-way ANOVA and a Tukey’s post-hoc test. Proliferative odipppt
and heart area differences were determined using a one-way ANOVATarke s

post-hoc test.

Results
Embryo survival and cardiomyopathies

Significant embryonic mortality was observed in PCB mixture-exposed embryos
(Figure 1, HH16 and HH20). Cardiomyopathies were observed in whole mount and
confirmed in sections across all treatments, with significantly more ablitbesat the
high dose of HH16 and the low dose of HH20 (Figure 2). Heart abnormalities included
elongation (Figure 3B) and shortening of the heart tube (Figure 8B,C) (HH10, 16, 20),
improper looping (Figure 3H: Figure 8) and orientation (Figure 3E) of the haditgH
20), and irregularities in heart wall morphology (Figure 3C, I: Figure 8EHH10, 16,

20), with abnormalities identified across all treatments.

VMHC protein immunohistochemistry

Whole mount immunohistochemistry, followed by transverse sectioning, showed
VMHC expression throughout the developing chick heart at HH10 (Figures 3, 4). At
HH16 and 20, VMHC distribution was prevalent in the differentiating ventricular

chamber and expressed to a lesser degree in the differentiating atribecligmgures 3,
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5, 6). This expression pattern was expected, as described previously (Boalrke
1991). There was no difference in spatio-temporal expression of VMHC following PCB

treatment.

Titin protein and immunohistochemistry

Whole mount immunohistochemistry, followed by transverse sectioning (Figure
8, transverse sections not shown) showed titin expression at HH10 throughout the
developing chicken heart. At HH16 and 20, titin was expressed throughout the
developing heart, in both differentiating chambers, and was distributed &ersdria the
developing somites (micrographs not shown). This expression was expected asdlescribe

previously (Greaseet al, 1985).

Measurements of cellular proliferation and apoptosis

Average proliferation rates of cells (Figure 7) within the heart field by3®H
immunostaining in transverse sections revealed no difference in proliferates in the
heart at HH10 (Figure 4yhite arrowheads indicate proliferating cells in the heart field
but a significant decrease at HH16 and HH20 (Figureswhibe arrowheads indicate
proliferating cells in the heart fieJdn PCB treatment groups. Apoptosis rates within the

heart field at HH10, HH16, and HH20 were not affected (data not shown).
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Figure 1: Percent survival of domestic chicken emtyos at HH10, HH16, and HH20
following PCB exposure.
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Oneway ANOVA showed no differences across treatmemisia0. There was
significant effect of PCB mixture exposure in cleokbryos ommortality at HH16 (1) a
the high dose and at HH20 (%) in both PCB treatméhtkey’s p<0.05, p<0.0:
respectively).
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Figure 2: Percentage of hearts with normal morphalgy in surviving chicken
embryos at HH10, HH16, and HH20 following PCEexposure.
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Oneway ANOVA did not reveal a difference across treatism at HH10 following
exposure to the PCB mixture. There was a sigmifigacrease in cardiomyopathi
when compared to the control group in the high daddH16 and in the low dose
HH20 (Tukey’s; p<0.05). Note: untreated and vehigioups were combined in this di
set as a control group.
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Figure 3: Whole mount immunohistochemistry olventricular myosin heavy chain
in the developing heart in surviving chickerembryos at HH10, HH16, ind HH20
following PCB exposure

(G) \ (H)

VMHC protein distribution across treatments at each stagowed no difference
spatiotemporal expression (images captured using 5x tiggc HH10 embryos (A
(B), and (C) are control, low dose, and high dasatments, respectively. HH.
embryos (D)(E), (F) are control, low dose, and high dose treants, respectively
HH20 embryos (G), (H), (1) are control, low dosedahigh dose, respectively. Sin
arrowheads in (B), (C), (F), and (1) indicate caodnyopathies. Looped arrowhead
(E) and (B indicate improper looping pattern and orientatioAbnormalities an
incorrect looping pattern were not exclusive toiundual treatment:
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Figure 4: Ventricular myosin heavy chain and phosph-histone-H3 protein
distributions at HH10 in the heart ofthe developing chicken embryc

Transverse sections taken through the chick eméiry4iH10 following whol-mount
immunohistochemistry for VMHC protein; (A), (E), (PHH3 staining of (A,E,I) to mar
proliferating cells (B), (F), (J). DAPI (40,-diamidine-2-phenylidolelihydrochloride)
staining (blue) of (A,E,I) to mark cell nuclei; (&%), (K). Merge images; (D), (H), (L
White arrows indicate cardiomyopathies (heart abmalities) while white arrowheac
point to proliferating cells in the hee. Images were captured using a 20x objec
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Figure 6: Ventricular myosin heavy chain and phospho-histone-Hgrotein
distributions at HH20 in the heart of the developing chicken emiymo.

(&) (D)

Transverse sections taken through the chick eméry4iH10 following whol-mount
immunohistochemistfpr VMHC protein; (A), (E), (I). PHH3 stainingf (A,E,I) to mark
proliferating cells (B), (F), (J). DAPI (40,-diamidine-2-phenylidolelihydrochloride
staining (blue) of (A,E,I) to mark cell nuclei; (&%), (K). Merged images; (D), (H), (L
Prime letters (‘) are identical sections taken lo¢ teft chamber of the developing hee
White arrows indicate cardiomyopathies (heart abmalities) whilewhite arrowhead:
are examples of proliferating cells in the hedrnages were captured using a 1
objective.
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Figure 7: Average number of proliferating cells within the heart field in surviving
chicken embryos at HH10, HH16, and HH20 following xposure to PCB mixture.
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Oneway ANOVA showed no significant effects acrosdrireats at HH10. There was
significant effect in the average number of proéfeng cells in the heart field at HH1
and HH20. Tukey’s pos$toc test showed a significant decsegt) at the high dos
when compared to control (p<0.05) at HH16 and at2@between control:low dose a
control:high dose (f) (p>0.001
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Figure 8 Whole mount immunohistochemistry of Titin in the developing heart in
surviving chicken embryos atHH10, HH16, and HH20 following PCB exposure

\ 4

A
(8)
(E)
(H)

(A)
Titin protein distribution across treatments at bastage showed no difference in sp-
temporal expression (images captured using 5x tilkgc HH10 embryos (A), (B), ai
(C) are control, low dose, arhigh dose treatments, respectively. HH16 embripds
(E), (F) are control, low dose, and high dose treants, respectively. HH20 embn
(G), (H), (1) are control, low dose, and high dosespectively. Single arrowheads in (
(©), (E), (F), and (lndicate cardiomyopathies. Looped arrowhead (H)icates

improper looping pattern and orientation. Abnormtiak and incorrect looping patter
was not exclusive to individual treatme

(1)
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Discussion

PCB mixture affects survivability

Decreased survival occurred with PCB mixture exposure in chick embryos at
HH16 (0.50 pug/g egg wt) and HH20 (0.08 and 0.50 pg/g egg wt) (Tukey post hoc,
p<0.05). Our previous hatchling study showed a similar percent survival at the lew dos
(Carroet al, unpublished). Although hatchling survival was not significantly lower in
the previous study, there were fewer individuals than in this current studytatigito
this statistical difference. The range of survivability of controls wa#ssito those
observed in other chick embryos studies (Brunstom and Danerud, 1983; Brunstrom and
Orberg, 1982, Henshel 1993). Furthermore, the decrease in survival following PCB
mixture exposure in this study is consistent with other avian studies usirrgmliffe
mixtures (Gilbertsort al, 1991; Peakakt al, 1973; Anneet al, 1980; Barroret al,

1995).

PCB mixture impacts on heart development

Exposure to a PCB congener mixture affected normal heart development as early
as HH10, with significant cardiomyopathies by HH16 and HH20. These data support
previous studies using dioxin-like PCBs in which the chicken embryo was shown to have
thinner ventricular walls and cardiac dilation at later stages of devettgkepf and
Walker, 2009). The authors also compared piscine and murine embryos, which displayed
teratogenic effects of the developing heart following exposure (Kopf atke¥ya009).
Additionally, studies conducted on wild bird nestlings at a PCB-contaminated site in

Indiana further support our observations. In that study, environmentally exposed
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passerine nestlings had evidence of thinning ventricular wall, microsudiagleness,
abnormal heart indices, and changes in overall heart shape. Additionally, up to 30% of
the surviving nestling populations had visible heart deformities (Deatvatt, 2006).
Exposure to PCBs in songbirds also affected heart development (Henshel and Sparks,
2006). Our data suggests that PCBs can affect heart development as early as HH10.
Interestingly, it has been shown that TCDD, a dioxin with a similar chéstic&ture to
PCBs, affected heart development as early as HH16 (Ah#ialg 1993; Henshedt al.,
1993; 1994; Van den Berg al, 1998; Elliotet al, 1996; Heactt al.,2008).

Importantly, our data reveals that PCBs show a consistent, dose-retqedse
at HH10 and HH16 associated with heart abnormalities. Higher concentratiomsef t
lead to more detrimental effects on heart development (Satle¢| 1997). Conversely,
by HH20 our data reveals a higher percent of cardiomyopathies in our low dose
(0.08g/g egg wt) over our high dose (0.50 pg/g egg wt). This could be due to the fact
that there was lower survival in high dose embryos at HH20. It is importantt® rela
mortality or lethal dose with sub-lethal effects. The survivability dbmns at HH20
was 56% in the high dose and 65% in the low dose (a difference of 11%), while the
percent cardiomyopathies in the high and low doses were 38% and 50%, respectively (a
difference of 12%). Therefore, there are a greater number of low do8qufdegg
wt)-surviving embryos may account for the higher detection of cardiomyopathies
compared to the high dose treatment (0.50 pg/g egg wt) at HH20. This has been
observed in other studies in which a lower percentage of abnormalities in a high dose
may be attributed to the increase in mortality of the high dose following &aatm

(Calabrese and Baldwin, 2002). In risk assessments, the lethal effect afrexposs
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not account for sub-lethal teratogenic effects, as suggested by this appaanitydis

the cardiomyopathy data (Davis and Svendsgaard, 1990). Therefore, the higher percent
cardiomyopathies identified in the low dose of the HH20 embryos, although not
consistent with dose concentration effects, can be interpreted as a sutetatbgenic

effect.

Spatio-temporal expression of proteins of interest

Exposure to the PCB mixture did not affect expression of VMHC or titin proteins.
VMHC protein was expressed in the heart tube at HH10 and in the looped heart tube at
HH16, with a diminished expression pattern in the atria at HH16. By HH20, when atrial-
ventricular chamber differentiation was complete (Hamburger Hamilton, 1951)
expression was still prevalent in the differentiated ventricle, but gréiatinished in the
atrial chamber. This expression pattern is similar to observations in previdiesst
(Gonzalez-Sanchez and Bader, 1984, 1985; Saertlats1986; Evanegt al., 1988,
Bourkeet al, 1991). Titin protein was expressed throughout the heart at all stages
examined; HH10, 16, and 20. In addition, titin was visible in striations within the
somites at these stages (data not shown). The distribution pattern in the heart tesd somi
was similar to previous observations (Wang and Greaser, 1985; &/ahgl988;
Trombitaset al,, 1997). VMHC and titin did not show abnormal patterns of expression at
HH10, HH16, and HH20; however, the identification of heart abnormalities and
decreased cardiomyocyte proliferation were present at these stagesudggasts
VMHC and titin were not potential target proteins for PCB exposure at theses sfage

embryonic heart development (Soatial, 2006; Kirby, 2006).
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PCBs mixtures impacts rates of cardiomyocyte proliferation, but not cardiac apoptosis
Our study showed reduced proliferation of cardiomyocytes at HH16 and 20, but

no change in rates of apoptosis at any stage studied. Cellular proliferassemntial to

proper heart formation. During middle stages of embryonic development (HH31-HH41),

the cardiomyocytes orient themselves into a compact layer that is highfgnative and

a trabeculated layer that has a much lower rate of proliferating @etes and Cameron,

1971; Kirby 2006). Myocardial cells, predominantly in the compact layer, praéfera

until hatch in chicks (Kirby, 2006), with ventricular wall rates of proliferatiorkipep

during these middle stages of development (Rychterova, 1971, 1976). When

proliferation does not occur, myocardial growth is inhibited, usually leading to

myocardial developmental disorders. In humans, noncompaction of the ventricular wall

was identified as a disorder that could be linked to further ventricular dysfmr{€thin

et al, 1990). The morphological thinning of the ventricular wall in nestlings and avian

embryos could be explained by the reduced rates of proliferation seen in tiis stud

(DeWitt et al, 2006;Kopf and Walker, 2009). This idea is further supported by

observations of reduce proliferation rates in chicken embryos exposed to dioxins

(Henshekt al, 1993).

Future direction

Through this study, we have identified three critical stages of embryonic heart
development that are affected by PCB exposure. The cardiomyopathies idextifie
these early stages are possible precursors for abnormalities in hgarblogy seen in
previous studies at later stages of development, in nestlings and in adult birds. The

identification of myocardial proliferation as a target for PCB exposukesia possible
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to focus on the understanding of the molecular mechanisms affected by PCB exposure
such as (i) those underlying myocardial growth and proliferation, (ii) fattdeed to
ventricular wall abnormalities such as non-compaction and hypertrabeculationi)and (
the gene and protein expression of these factors in the heart field at danjp@in

stages of heart development.
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PCB mixtures are ubiquitous in the environment, with some congeners having
high biological toxicity in certain avian species. These compounds are linked tety var
of adverse health effects and have been thought to impact cardiovascular development
Because of their persistence in the environment and bioaccumulative progezties, t
compounds still pose a great exposure risk for developing embryos. The purpose of this
research was to determine the effectmafvoexposure to a PCB mix and PCB 77, both
present (ubiquitous) at a Superfund site along the upper Hudson River, on avian

cardiovascular development.

Summary of results

The data collected in this dissertation demonstrated that exposaweto
polychlorinated biphenyls (PCBs) adversely affect cardiovascular devetbpmia/o
avian species, tree swallowgachycineta bicolgrand chickensGallus domesticys As
such, there is a clear correlation between PCB exposure and cardiomyopathies
demonstrated for both species.

The tree swallow experiment (Chapter 2) dosed wild bird embryos from two
reference sites at 18% of embryonic development (ED2.5) with a single diaxin-
congener, PCB 77, at two doses; 100 and 1,000 ng/g egg wt. The treated groups were
compared to controls, and also to environmentally exposed embryos collected from a
contaminated site along the upper Hudson River. PCB 77 did not affect hatchling
viability and survival at any dose compared to controls. Hatchling heartsénowe
difference in heart wet weight, heart index, or morphological measures. Hotineve

study revealed that in chicks exposed to PCB 77, there was a significanteabsenc
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(p<0.001) of the dorsal and ventral compact layers in the 100 and 1,000 ng/g egg wt PCB
77 dose along the heart ventricular wall compared to the controls.

In the chick hatchling experiment (Chapter 3), fertile eggs were dosed at
embryonic day O (prior to incubation) with a 58 congener PCB mix at the following
doses: 0.0, 0.03, 0.08, 0.30, 0.50, 0.70, and 2.06 pg/g egg wt. Hatching success
decreased with PCB treatment dose-dependgmtly.Q5) and the calculated k§for
hatchlings was 0.40 pg/g egg wt. Chick embryo heart rates were signifiddfeignt at
0.50 and 2.06 ug/g egg compared to control gropgd.05) and percent
cardiomyopathies in hatchlings showed a dose-dependent increase across tAeRtsea
when compared to controlg<(0.05). The most common heart abnormality observed was
an absence of the compact layer of the ventricular wall.

The objective of the early embryonic chick experiment (Chapter 4) was to
examine very early developmental effects of the PCB mix, particukddtive to impacts
on heart development at Hamburger Hamilton (HH) stages HH10, HH16, and HH20. We
observed decreased survival of treated embryos and detected cardiomyopalhies at a
stages across all treatments, with significant differences aétdHd HH20 compared to
controls. There was no difference in spatio-temporal expression of veatnecybsin
heavy chain and titin proteins across treatments. Average rates of pliolifenghe
heart decreased significantly at HH16 and HH20 in PCB treatments but rapeptufsis

were not affected at any HH stage.

Implications of heart defects
The PCB mix and the single congener, PCB 77, both significantly increased

cardiomyopathies in chicks and tree swallows, respectively. While the PCBiowed
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a broad spectrum of morphological abnormalities in chicks, both species experienced
deleterious effects on the ventricular wall compact layer. Compact lagemnabin the
ventricular wall corroborates previous reports from avian exposure studies teldexin
compounds, which identified abnormal thinning of the ventricular wall as a common
heart abnormality (DeWitt al, 2006; Walker and Catron, 2000; Kopf and Walker,
2009). As the heart develops, cardiomyocytes orient themselves as trabeaykatad |
what will give rise to the ventricles and during the middle stages of embryo
development the compact layer forms and becomes highly proliferative, addkige#sc

to the ventricular wall of the heart (Jeter and Cameron, 1971; Rychterova, 1971, Kirby
2006). Our study showed a reduction in early embryonic heart proliferation, suggestin
exposure to PCBs could impact normal ventricular wall formation as early 6. HH
Interestingly, there may be a parallel absence of the compact latyecthias in humans,
which results from noncompaction and hypertrabeculation of the ventricular wall in one
or both ventricles (Chiet al, 1990). This cardiomyopathy, a myocardial developmental
disorder, carries a risk of progressive cardiac dysfunction includingtlamias, systemic
embolism, and myocardial infarctions, all of which can be lethal (Kirby, 2006). ldn wi
birds, noncompaction or compact layer absence can reduce individual overall fithess, as
cardiovascular requirements in avian species intensify during periods ndedtéight

such as foraging, behavioral reproductive displays, and migration (Budér1977;

2001). In shortin ovoexposure to PCBs resulted in abnormal compact layer formation
in tree swallows and chicken hatchlings, which is likely to lead to a m®igesreduction

in the overall fitness of individuals.
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Interestingly, reduced proliferation during early embryonic heartlderent
appears to be the first abnormality in heart development associated with the
morphological differences in compaction of the ventricular wall identified in ouy stud
hatchlings with the ventricular wall thinning seen in adult wild birds (De¥Yi,

2006). Our findings support previous studies that showed reduced proliferation in
developing embryos exposed to dioxins, which have similar chemical structures to
coplanar PCBs (Kopf and Walker, 2009). PCBs have been shown to reduce proliferation
in other tissues besides the heart, including human breast tumor cells, thrdaegh 17-
estradiol stimulated inhibition of cellular proliferation (Oergal, 2004). Further, the
reduced proliferative effects through estrogen-like inhibition can be flelaeerbated

by perturbation of insulin-like growth factors (Dhetral, 2007). Furthermore, there is a
link between inhibition of insulin-like growth factors and reduced cardiomyocyte
proliferation (McDevittet al, 2005). This suggests that PCB effects on cardiomyocyte
proliferation may be linked to inhibition of essential factors, such as inskdéirgtowth
factors. Future work in this area may identify the cause of reducedrogatipte
proliferation following PCB exposure.

Beyond noncompaction of the ventricular heart wall, additional cardiomyopathies
were identified in PCB exposed chick hatchlings including thinning of the ventricular
wall, obliteration of the trabeculated layer, hypertrabeculation, left and rigtrictdar
hypertrophy, septal malformation, and cardiac arrhythmias. These abniesragpear
similar to PCB effects observed in passerine nestlings and chick embryols,indhiided
thinning of the ventricular wall, chamber dilation, reduced chronotropic responses,

microsurface roughness, abnormal heart indices, and overall gross heanitcefor
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(Walker and Catron, 2000; Heed al, 2001; DeWittet al, 2006; Kopf and Walker,

2009). Congenital cardiovascular malformations (CCVMSs), including the cardia
abnormalities affected by PCB exposure, occur in 1% of live human births. kéas b
estimated that 15% of infants with identified CCVMs will die in the first yddife

(Jenkinset al.,2007). Environmental contaminant estimations suggest that 13-30% of all
CCVMs might have been avoided by elimination of known environmental risk factors,
such as embryonic exposure to organochlorides (PCBs) (Watsain 1998).

Development of the avian heart is similar to that in humans (Kirby, 2006). As such,
exposures to environmental contaminants such as PCBs have been shown to contribute to
cardiomyopathies at hatch. The effects of PCB exposure on the cardiovasdalar sys
determined cardiomyopathies that carry a risk for progressive cardiamdysh,

ultimately suggesting decreased overall fithess and increased rigkyaheaality in

avian neonates (Chet al, 1990).

Limitations in avian risk assessments

Environmental risk assessments are performed to determine the probability of a
harmful effect on individuals or populations, through evaluations of quantitative and
gualitative hazards on biology and ecology, following exposures to particular
environmental contaminants. Risk assessments are determined through hazard
identification, dose-response analysis, and exposure assessments. In thetbbeised S
the Environmental Protection Agency (EPA) requires dose-response analigses t
performed by determining the relationship between dose and the probably incidance of
effect in specified animal species. These data are then extrapolateskfsermental

animals to humans and wildlife at risk for exposures. In developing these extoasola
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the EPA integrates estimations for variability between individuals, populaspesies,

and susceptible populations. While this approach is currently the best way to perform
risk assessments, the variability among avian species following PCB expaskees risk
assessment predictions very challenging.

PCBs are found in the environment as mixtures of congeners, with mixtures
varying in concentrations of congener compounds between species and exposure sites
To predict biological impact, the World Health Organization established toxic
equivalency factors (TEFs) for twelve dioxin-like PCB congeners that @legimally
toxic (van den Bergt al, 1998). These TEFs are then used to calculate toxic
equivalency (TEQ), which is a standard measurement that enables comparisees bet
mixtures based on dioxin activation of the aryl hydrocarbon receptor (AhR). In
mammalian species, TEQs are used effectively to predict PCB toxicmgvieo these
measurements may not be as useful in avian species (van degt Berg005).

Contaminant analysis of tree swallow eggs and nestlings from the upper Hudson
River (UHR) in the 1990’s had mean PCB concentrations ranging from 721-62,200 ng/qg,
with a TEQ range of 0.41-25.4 ng/g (Secetal, 1999). In 2008, analysis of tree
swallow eggs from the UHR had concentrations ranging from 2,400-12,000 ng/g egg wt,
with a TEQ range of 0.76-3.8 ng/g egg wt. Notably, the variability of mean PCB
concentrations and TEQs in a single species speaks to the difficulty of eskrassits
for wild bird populations. Measurements of PCB congeners in wild bird eggs suggested
that the highly toxic congener, PCB 77 could be responsible for decreased survival in
wild birds (Echolset al, 1996; Custeet al, 2010d). In our tree swallow study, we tested

two PCB 77 doses: 100 and 1,000 ng/g egg wt with TEQs of 5 and 50 ng/g respectively,
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to determine if PCB77 decreased survival to hatch. Based on the established TEQs, we
hypothesized significant increases in mortality at the 1,000 ng/g egg wt PC&aifvidant

(van den Berget al, 1998). However, we did not observe an effect of PCB 77 on

survival at any dose. These data suggest a limitation in risk assessmeiopedased

on TEQs alone (Table 1).

Table 1: PCB concentrations and TEQ values in tree swallow eggs and
nestling studies

PCB Exposure [PCB] (ng/g) TEQ (ng/qg)
UHR mix® 721-62,200 0.41-25.4
UHR mix’ 2,400-12,000 0.76-3.8

PCB 77 100 5
PCB 77 1,000 50*

TEQs were determined using World Health Organization calculations and
TEFs for avian species (van den Berg et al., 1998). PCB contaminant
analysis in tree swallow eggs and nestlings along the upper Hudson River
determined PCB exposures from (a): Secord et al. 1999 and (b): 2008
contaminant egg analysis, unpublished. (c): PCB 77 concentrations
selected for tree swallow injection study. (*): PCB high dose (1,000 ng/qg)

was outside the range of environmentally relevant TEQs, dose hypothesized

to affect survival.

Further support for the limitations of TEQs in assessing risk for endocrine
disrupting chemicals was obtained in a study in which we dosed exposed chicks to a 58
congener PCB mix at concentrations ranging from 30-2,060 ng/g egg wt, with TEQs
ranging from 0.004-0.266 ng/g (van den Bet@l, 1998). The LI, for this PCB
mixture in chick hatchlings was calculated to be 400 ng/g egg wt with a TEQ of 0.052
ng/g (see appendix). Previous studies using cell cultures following exposuresimo di
and PCB 126 determined the §JEQ in chicks was 0.18 and 1.1 ng/g, respectively
(Kennedyet al, 1996; Head and Kennedy, 2008). Based on these data, sheflibe

58 congener PCB mix should be between treatments 700 and 2,060 ng/g egg wt, using
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TEQ calculations of 0.90 and 0.266 ng/g, respectively (Table 2). However, this is not
what we observed in our study, suggesting that the TEQ does not fully considal criti
deleterious biological activities of non-AhR active compounds. The lack of pretiigtabi
of the TEQ calculation for this PCB mix in chicks is further support of the liomsiof
TEQs and TEFs in avian populations.

Table 2: TEQs at 50% population lethal dose in chickens calculatedrfo
various contaminants and mixtures.

LDso TEQ
Avian Species Contaminant dose (ng/g)
Chicker? PCB 126 1.1
Chickerf Dioxin (TCDD) 0.18
Chicker? 58 congener mix 0.052

TEQs were determined using World Health Organization calculations and
TEFs for avian species (van den Berg et al., 1998). Lethal dose for 50% of
test populations (LD50) was calculated on a TEQ basis for comparison.

Data presented are from (a): Kennedy et al., 1996 and (b): 58-congener

PCB mix presented in this dissertation (see appendix for composition).

TEQs established for all three contaminants are not consistent using World
Health calculations.

To further complicate risk assessments in birds, there are sevical sources
of uncertainty in determining avian effects that make extrapolatingrebseata difficult.
The main source of uncertainty regarding PCB effects in birds is inteispaaifibility
of sensitivity or variability in effects between species. There isadspectrum of
biological toxicity following PCB exposure in birds, leading classiftoet of species
based on sensitivity testing through the activation of the AhR pathway (Keahably
1996; Head and Kennedy, 2008; Jones and Kennedy, 2009). These differences in species
sensitivity to PCB exposure make effect extrapolations very difficult, palign

contributing to difficulties in avian risk assessments.

Our domestic chick heart assay provides a novel approach for addressing the
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limitations of the TEQ approach during PCB assessments in avian speciast, thefre

are several advantages for utilizing the domestic chick assay. First, thetaochicken

is sensitive to PCB exposure compared to other bird species based on AhR activation
(Kennedyet al, 1996). By utilizing a sensitve avian model during critical life stages
(embryonic development), this assay provides the most conservative assessment
available. Second, a major limitation of previous PCB assessments is thaticoplana
“dioxin-like” PCB congeners were tested separately (Walker and Catron, R6pDand
Walker, 2009). However, it has been established that environmental PCB exposure
occurs through mixtures of these PCB congeners. Furthermore, mixtures frgiteasfe
contamination can differ dramatically from another site of contamination.n@ue

assay allows for testing of multiple environmental mixtures in a single,stidgh can

aid damage assessors in accurately categorizing PCB damage enbintsike
comparisons between exposed environmental sites. Finally, the cardiovascatarisys
one of the first systems to develop in the chick embryo and normal morphology and
function is essential for survival in avian species (Kirby, 2007). Through our novel heart
assay, we have developed a way to identify abnormalities in cardiac develaumegt
very early embryonic stages (Hamburger and Hamilton, 1951). Our assay provides a
cost-effective, fast technique for determining PCB effects on créyséms in the
developing embryo. In summary, the development of this chick heart assay addresses
key limitations of previous PCB assessments by utilizing a conservativd, mlboleing

for mixture assessments and site-to-site comparisons, and incorporatingorevéics
approaches that focus on cardiac abnormalities that could lead to decreaséd anima

fitness.
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Additional sources of uncertainty in avian risk assessments of PCBs incluele rout
of exposure and variability between individuals. In birds, most PCB exposures are
dietary (Custeet al, 2010 a, b, ¢, and d). Due to the bioaccumulative properties of
PCBs, concentrations of PCBs in the diet vary considerably, with birds at higieictr
levels exposed to elevated concentrations of PCBs and higher proportions of biglogicall
toxic congeners (Hoffmaet al, 1995). Moreover, variability between exposed
individuals within a population also contributes to uncertainty. Developing embryos
exposed through maternal deposition of PCBs are exposed to unpredictable
concentrations of PCBs and as discussed previously, concentration analysemeedter
mean concentrations to range from 721-62,200 ng/g in a single species of wild birds
along the UHR (Secoret al, 1999). Finally, PCB mixtures vary across exposure sites,
making extrapolation between one environmentally contaminated location to another
difficult (Frameet al, 1996; Rushnecét al, 2004). The combination of the poor
predictability of TEQs, uncertainty factors including variability of spesensitivity,
differences in dietary concentrations, and inconsistencies of PCB mixtimeseheall
contaminated sites make PCB risk assessments in avian species exitgptiona
challenging. Our studies suggest a re-evaluation of current risk assessgtieods
regarding PCB exposures in avian species, as the limitations of curréodsetake
risk assessment predictions that may be inaccurate or certainly insdfquathorough

assessment.

Adverse health effects and the Hudson River
The purpose of this dissertation was to assess potential effects of PCBs on

cardiovascular development. For each study, treatments with environmeniahcel¢o
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exposure concentrations and TEQs in wild birds along the upper Hudson River were
selected. The adverse cardiovascular effects and lethality shown througidoes s
suggests additional remediation may be necessary to protect wild bird oveesh fi

The UHR is already a Superfund site, as a result of PCB contaminatiod $bfrto

1977 (TAMSet al, 1991). The contamination spans the entire river, 200 miles of
waterway, with the major concentration of PCBs located along 40 miles of the UHR
from Hudson Falls, to Federal Dam Troy in New York. In 2002, the EPA issued a
Record of Decision (ROD) requiring riverbed dredging of 40 miles along the Hudson
River. This remediation plan targets 2.65 million cubic yards of riverbed sedionee
removed. The ROD created a phase approach to this remediation plan. In 2009, Phase 1
began with General Electric (GE) removing 283,000 cubic yards of sedimentithroug
dredging along six miles of the upper Hudson River near the Ford Edward plaawin N
York. In 2011, Phase 2 began with a remediation plan to remove 2.4 million cubic yards
of sediment from the remaining 40 miles of the UHR. Phase 2 of this remediation plan
was determined by a compilation of research data from avian, mammalian, ,aapétic
amphibian studies. These data, including the experiments conducted for thistoiaserta

were used to assist in the planning of the Hudson River Phase 2 remediation plan.

Future directions

These studies conclusively demonstrated that exposure to an environmentally
relevant PCB mixture resulted in a dose-dependent lethality in the domeskic chi
Additionally, our data demonstrate that the estimated impact calculated hesing®
does not accurately predict observed effects in avian species and thisrafeuéficient

to completely assess potential damage for compounds having endocrine disruption on
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non-AhR effects. PCBs convincingly affected the developing cardiovascstansin
tree swallows and the domestic chick and reduced cardiomyocyte praifeaatearly as
embryonic stage HH16 (Hamburger and Hamilton, 1951).
Based on these data, our lab suggests that an alternative method for predicting
adverse effects in avian species may be needed. While TEQs have sugdessiul
used for mammalian species, perhaps a reassessment of their usefulreessaye
based on the data collected in our lab. PCBs are known carcinogens, and also inhibit
normal function of the immune, endocrine, nervous, reproductive, and cardiovascular
systems. These data support the development of a new method for risk assessment
predictions that incorporate previous knowledge of TEQs with assessment assays of
affected systems, while accounting for known uncertainty factors in aviessassnts.
Another avenue worthy of investigation is examining how PCB exposureealfect
the early domestic chick embryo. Cardiomyocyte proliferation was $gvedeiced by
PCB exposure. Future studies may investigate if the reduced proliferatioecteafby
1) PCB action on essential proteins necessary for cellular proliferatiomi@ct
reduction of proliferation following PCB action on related systems during thitisalc
stages of development or 3) upstream gene expression critical to cardytenyoc
proliferation is altered. Future studies identifying likely targetsdiractly or indirectly
inhibit proliferation of the heart wall would potentially show an additional mecmaois
action for these compounds. Additional target pathways may lend themselvesitg creat

a more robust risk assessment for avian species.
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Fixation, Dehydration and Embedding of Large Heart Specimens
(procedure modified from M.K. Walker, University of New Mexico)

1.

8.

9.

Dissect the heart and place in ice-cold 25 mM KCI until it stops beating. Rinse
thoroughly with 1x PBS.

Immerse the specimen in a large (10x more than amount of tissue) volume of ice-
cold 10% neutral-buffered formalin.

Allow tissue to fix overnight @ 4°C. The specimen should not remain in fixative
for longer than 24 hrs.

Pour off fixative. Add a similar volume of 1x PBS for 30 min @ 4°C, 2x. Thisis
a wash step.

Immerse the specimen in 5% sucrose overnight @ 4°C. Ideally, this is an
overnight procedure. Do not exceed three days. Enhancement step: aids in
penetration of embedding wax.

Remove specimen and place in a labeled cassette immersed in 50% ETOH to be
transferred to the dehydrator. Dehydration step: 50%, 70%, 80% 95%, 100%,
100% for 1 hr each.

Immerse tissue in 1:1 HemoDe: EtOH mixture for 1x 30min at room temperature
(HemoDe replaces xylene).

Immerse tissue in 100% HemoDe for 1x15min at 58°C (in oven).

Immerse tissue in 1:1 HemoDe: paraplast for 1hr at 58 °C (in oven).

10. Immerse tissue in paraplast for 3x 30min at 58°C (in oven).

11.Orient tissue in mold using a probe that has been heated w/ the Bunsen burner

after filling mold with paraffin wax. Mold can be placed in water bath on hotplate
to prevent paraffin from solidifying. Upon properly orienting specimens in

molds, water bath can be lifted and dried at room temperature to prevent bubbles,
joints, and cracks. Let paraffin solidify for 12 hrs prior to sectioning.

Note: Steps 7-9 should not be lengthened as prolonged exposure of tissues to
HemoDe or xylene will make them brittle.
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Recipes for Fixation, Dehydration, Embedding Solutions

10x PBS

1. Mix the following in about 800 ml ddi:
80 g NaCl
2 g KCl anhydrous
2.4 g KHPO,
26.8 g NaHPO,@7H,O

2. pHto 7.4

3. gs.tollL

4. autoclave and dilute to 1x as needed

10% Neutral-buffered Formalin
1. For 1L, mix the following:
800 ml of ddHO
100 ml of 37% formaldehyde
100 ml of 10X PBS
2. Chill before use to 4°C

Paraplast:Xylene mixture
1. Melt solid wax in 250 ml beaker
2. Place 125 ml xylene in a second beaker and place in 58°C oven
3. When the wax is melted, add the appropriate amount of hot xylene to make the
1:1 mixture.
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Hematoxylin and Eosin Staining for Morphology
(procedure modified from M.K. Walker, University of New Mexico)

1.

Dewax slides in Hemo-De 3x3min, pour used solution back into bottle for reuse
(~10x reuse).

Rehydrate slides in 100%, 95%, 70% EtOH for 3min each, pour solution back
into bottle for reuse (~10x reuse).

Rehydrate in 1xPBS solution for 3min.

Stain in Gill's Hematoxylin (Fisher CS400-1D) for 2-5 seconds, pour used stai
back into bottle for reuse.

Rinse for 3 min in running tap water.

Stain in 0.5% Eosin for 6min (Fisher E-511 Eosin Y; 2.5g in 500 ml 1xPBS.
Autoclave. Store in refrigerator 4°C).

Rinse for 30 seconds in running tap water.

Dehydrate in 70%, 100% EtOH for 30 seconds each, pour solution back into
bottle for reuse.

Place in Hemo-De solution for 3min; slides should be removed for coverslipping
one at a time, as to prevent drying out.

10.Coverslip w/ Cytoseal, removing slides one at a time. No air bubbles should be

present under slide.

Notes: After using Hemo-De and EtOH ~10x, dispose of it and use fresh.
Hematoxylin stains nuclei, Eosin stains cytoplasm.
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WHOLE MOUNT Ventricular Myosin Heavy Chain Immuno Protocol
(adapted from L.A. Taneyhill general procedure, University of Maryland)

1. Embryo collection: Place eggs on side, reinforce shell will packing tape.
Withdraw 5-10 ml albumen using a needle and syringe. Inject embryos with India
ink to stage them under a microscope. Embryos at the correct stage of
development can be cut off of the yolk, scooped out of the egg and collected in
Ringer’s solution on ice. Using needles, trim embryos. For HH16 and HH20
hearts, dissect thoracic region under the microscope. HH10 embryos can be fixed
without dissection. Rinse in 1x PBS prior to fixation on ice.

2. Fixation: Place embryos (no more than 5 per blacktop glass vial) in 2ml 4%
FRESH PFA overnight at€ on shaker.

3. Wash Step: Wash with PTW (1xPBS + 0.1% Tween) for 10 min @ room
temperature on shaker (Repeat 3x).

4. Blocking Step: 10% heat treated sheep serum in PTW. (1ml per vial total: 100
ul HT sheep serum into 900 PTW) overnight at 2C on shaker.

5. Primary antibody Step: Use 1:100 dilution 6ak into 5% heat-treated sheep
serum in PTW solution. (4@0per vial total: 2@l sheep serum into 364
PTW. Add 4 1°ab). Place embryos overnight @4on shaker.

6. Wash Step: Rinse 4x 30 min in PTW at room temperature on shaker.

7. Secondary antibody Step: Use 1:200 dilution@ft2 qul goat-anti-mouse 1gG
488 into 1ml 5% heat-treated sheep serum in PTW. Place overnight ah4
shaker.

8. Wash Step: Rinse 4x 30 min in PTW at RT on shaker.

9. Mount using premade whole mount slides with hearts oriented in the same
direction for imaging. Coverslip, image on inverted microscope.

10. Heart abnormalities identified in whole mount should be noted prior to
embedding and confirmed during sectioning.
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WHOLE MOUNT Titin Immuno Protocol
(procedure modified from Tokuyasu & Maher, 1987)

1.

Embryo collection: Place eggs on side, reinforce shell will packing tape.
Withdraw 5-10 ml albumen using a needle and syringe. Inject embryos with India
ink to stage them under a microscope. Embryos at the correct stage of
development can be cut off of the yolk, scooped out of the egg and collected in
Ringer’s solution on ice. Using needles, trim embryos. For HH16 and HH20
hearts, dissect thoracic region under the microscope. HH10 embryos can be fixed
without dissection. Rinse in 1x PBS prior to fixation on ice.

Fixation: Place embryos (no more than 5 per blacktop glass vial) in 2ml 4%
FRESH PFA overnight at€ on shaker.

Wash Step: Wash with 1x PBS for 15 min @ room temperature on shaker
(Repeat 2x).

Blocking Step: Place embryos in 2 ml of 0.1% Triton in PBS-A (see recipe at the
end of the protocol) overnight at@ on shaker.

Enzyme Step: make 2,000 U/ml Hyaluronidase in PBS-A. (6.67 mg
hyaluronidase per ml of PBS-A. Hyaluronidase used was 3,000 U/mg). Place in
solution for 30 min @ room temperature on shaker (time is CRITICAL).

Wash Step: Wash 3x in PBS-A for 10 min each.

Primary antibody Step: Use 1:50 dilution 6&t. 2Ql titin in 980 ul PBS-A.
Place embryos in it overnight @@ on shaker.

Wash Step: Rinse 4x 30 min in PBS-A at RT on shaker.

Secondary antibody Step: Use 1:200 dilutionafi2 5ul goat-anti-mouse IgM-
594 into 1ml PBS-A. Place overnight &4on shaker.

10.Wash Step: Rinse 4x 30 min in PBS-A at RT on shaker.

RECIPE: PBS-A (1xPBS, 0.02% azide, 0.01M glycine, 0.002% TritonX-100)
To make 100 ml volume
75mg glycine, 2.0 mg NaiN200ul Triton X-100, 10 ml 10xPBS, 90 ml dya
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58 Congener PCB Mixture: Proportion of Individual Congeners for Chicken
Studies as concentrations and percentages. (Page 1 of 2).

PCB congener| 58 Congener Mix| 58 Congener Mix| 58 Congener Mix
[Hg/ml] [Lg/g egg] (%)

28 817.600 0.0818 10.463
31 236.000 0.0236 3.020
41 39.960 0.0040 0.511
42 15.900 0.0016 0.203
43 36.320 0.0036 0.465
47 288.400 0.0288 3.691
48 188.100 0.0188 2.407
49 316.400 0.0316 4.049
52 402.000 0.0402 5.144
56 115.600 0.0116 1.479
59 3.950 0.0004 0.051
60 115.200 0.0115 1.474
64 135.600 0.0136 1.735
66 733.200 0.0733 9.383
70 290.300 0.0290 3.715
71 32.280 0.0032 0.413
74 536.800 0.0537 6.869
75 16.040 0.0016 0.205
77 8.000 0.0008 0.102
81 4.008 0.0004 0.051
85 138.800 0.0139 1.776
87 96.360 0.0096 1.233
89 12.000 0.0012 0.154
92 68.270 0.0068 0.874
95 47.960 0.0048 0.614
97 51.680 0.0052 0.661
99 318.700 0.0319 4.078
101 399.600 0.0400 5.114
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58 Congener PCB Mixture: Proportion of Individual Congeners for Chicken
Studies as concentrations and percentages. (Page 2 of 2).

PCB congener| 58 Congener Mix| 58 Congener Mix| 58 Congener Mix
[ug/mi] [Lg/g egg] (%)

105 245.600 0.0246 3.143
109 24.120 0.0024 0.309
110 144.400 0.0144 1.848
114 20.160 0.0020 0.258
115 7.968 0.0008 0.102
117 39.840 0.0040 0.510
118 510.600 0.0511 6.534
123 11.980 0.0012 0.153
126 1.687 0.0002 0.022
128 80.520 0.0081 1.030
130 27.800 0.0028 0.356
137 23.970 0.0024 0.307
138 340.000 0.0340 4.351
139 1.360 0.0001 0.017
141 35.760 0.0036 0.458
146 51.670 0.0052 0.661
149 67.600 0.0068 0.865
153 324.300 0.0324 4.150
156 48.240 0.0048 0.617
157 11.880 0.0012 0.152
158 56.440 0.0056 0.722
163 79.600 0.0080 1.019
164 32.140 0.0032 0.411
167 15.920 0.0016 0.204
169 0.014 0.0000 0.000
170 36.280 0.0036 0.464
180 56.040 0.0056 0.717
187 43.930 0.0044 0.562
189 1.404 0.0001 0.018
190 8.016 0.0008 0.103
Total 7814.267 0.7814 100.000
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58 Congener PCB Mixture: Calculated Toxic Equivalency (TEQ) based on World ehlth Organization (WHO) Avian Toxic
Equivalency Factors (TEFS).

Calculated LD,
0.03| 0.08 | 0.30| 050 | 0.70| 206 040

PCB congener| WHO TEF}| Congener Mix| 58 Congener Mix [ng/g]
(avian) [ng/g egg]| Proportion of TEQ| TEQ [ng/g]| TEQ [ng/g]| TEQ[ng/g]| TEQ [ng/g]| TEQ [ng/g]| TEQ [ng/g] TEQ [ng/g]
71 0.05000 0.000800 0.000051 0.002 0.004 0.015 0.026 0.036 0.105 0.020
81 0.10000 0.000401 0.000051 0.002 0.004 0.015 0.026 0.036 0.106 0.021
105 0.00010 0.024560 0.000003 0.000 0.000 0.001 0.002 0.002 0.006 0.001
114 0.00010 0.002016 0.000000 0.000 0.000 0.000 0.000 0.000 0.001 0.000
118 0.00001 0.051060 0.000001 0.000 0.000 0.000 0.000 0.000 0.001 0.000
123 0.00001 0.001198 0.000000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
126 0.10000 0.000169 0.000022 0.001 0.002 0.006 0.011 0.015 0.044 0.009
156 0.00010 0.004824 0.000001 0.000 0.000 0.000 0.000 0.000 0.001 0.000
157 0.00010 0.001188 0.000000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
167 0.00001 0.001592 0.000000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
169 0.00100 0.000001 0.000000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
189 0.00001 0.000140 0.000000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Total: 0.781427 PCB Mix TEQ [ng/g]: 0.004 0.010 0.039 0.064 0.090 0.266 0.052
PCB Mix [ng/g|: 30 80 300 500 700 2060 400
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