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STELLINGEN

1. Zowel neuronale en gliale celiypen zijn betrokken bij de ontwikkelings-
neurotoxiciteit van PCBs,

-dit proefschrift

2. Dalingen in plasma schildkliethormoon niveaus zijn niet betrokken bij PCB-
geinduceerde veranderingen in de hersenen tijdens vroege blootstelling.

-dit proefschrift

3. De accumulatie van gehydroxyleerde PCB metabolieten in het foetale brein is
van groter belang dan de hiermee gepaard gaande schildklierhormoon-verlagingen
voor de mogelijkheid tot verstoringen van de hersepontwikkeling.

-dit proefschrift

4. Eenvoudigweg meten van thyroxine en retinol in plasma geeft geen relevante
informatie over de gevolgen van PCB blootstelling op weefsel concentraties van
de biologisch actieve vormen T3 en retinylzuur.

-dit proefschrift

5. Vroege blootstelling aan PCBs veroorzaakt veranderingen in hersenontwikkeling,
die toenemen met de leeftijd van de dieren. De effecten op het serotonerge
systeem verdienen aandacht vanwege de betrokkenheid wvan dit systeem in
stemmings veranderingen.

-dit proefschrift

6. Het testen van individuele verbindingen op ontwikkelings- of andere vormen van
toxiciteit is van beperkt nut voor het voorspellen van effecten van chronische
blootstelling aan complexe mengsels. Daarom moet onderzoek peiniticerd worden
waarbij gebruik wordt gemaakt van relevante extracten of synthetische mengsels.

7. De mogelijke rol van xenobiotica in dementie en de ziekte van Parkinson is ten
onrechte verwaarloosd bij experimenteel onderzoek.




8. Voor verrassend weinig teraiogenen zijn de mechanismen opgehelderd ondanks
de enorme hoeveelheid onderzoekstijd en geld dic hieraan besteed zijn,

9. Er is geen ruimte in Nederland voor motorcross fanaten.

10.  Kinderen van gereformeerde gezinnen hebben een grotere kans om hun creatieve
vermogens te ontwikkelen omdat ze niet urenlang voor de TV of achter een
spelcomputer zitten.

11.  Het feit dat 5 mei nog steeds veel geld oplevert is te danken aan valse
sentimenten.

12.  Promovendi die tijdens het schrijven van een proefschrift te veel spanning
ondervinden, moeten geen ondernemer worden.

Stellingen behorende bij het proefschrift "PCB-induced alterations of thyroid hormone
homeostasis and brain development in the rat”, Dennis C. Morse, Wageningen, 26 april,
1995,
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CHAPTER 1

GENERAL INTRODUCTION

Context of the current study

The research presented in this thesis was conducted within the framework of the
Dutch Mother’s Milk Study. The Dutch Mother’s Milk Study is a cooperative effort
between clinical and pre-clinical scientists to investigate the effects of placental and
lactational exposure to polychlorinated biphenyls (PCBs) and dioxins (PCDDs) on
thyroid hormone homeostasis and neurological development of human infants and rats.
There is public concern that the current level of human exposure to PCBs and PCDDs
may result in developmental alterations, in particular in endocrinological and neurologi-
cal systems. The work in this thesis pertains to the metabolism and distribution of PCBs
in pregnant rats, the effects of maternal PCB exposure on retinoid and brain thyroid
hormone homeostasis and neurochemical development in the rat,

Sources of polyhalogenated aromatic compounds

Polychlorinated biphenyls (PCBs), -dibenzo-para-dioxins (PCDDs) and -dibenzo-
furans (PCDFs) and their brominated analogs are halogenated aromatic compounds that
are widespread and persistent environmental pollutants. Their chemical structures are
shown in Figure 1.1. PCBs consist of a biphenyl ring which may be substituted with
chlorine in the ortho, mefa and para positions, yielding 209 different congeners.

PCBs were produced commercially in mixtures varying in the degree of chorina-
tion, yielding preducts with a wide range of applications. Their major use was as a
dielectric fluid in transformers and capacitors. Total production of PCBs is estimated at
1.5 million metric tons. Through either direct discharge or leakage from discarded
electrical equipment an unknown quantity of these compounds has entered the enmviron-
ment (reviewed by De Voogt and Brinkman, 1989).

In 1966 the Swedish chemist Spren Jensen detected PCBs in environmental
samples (Jensen, 1966) during routine pesticide analysis and by the early 1970s the
global extent of the contamination had become apparent (reviewed by Ballschmitier er
al. 1989). Evidence that PCBs were toxic to wildlife species such as cormorants
(Koeman et al. 1973) and mink (Auerlich er @l. 1971) was also found in the early
1970s.

The chemical and physical characteristics that made PCBs a useful chemical
product (e.g. chemical and thermal stability, and lipophilicity) also resulted in their
environmenta! persistence and accumulation in higher trophic levels in the food chain.
Although their production has now been phased out in western countrics, and environ-
mental Ievels have decreased, the contamination of the environment with PCBs is still
widespread. The recirculation of PCBs already present in the environment by volatilisati-
on followed by atmospheric deposition may prevent further dramatic decrcases in
environmental PCB levels (Harrad ef al. 1994). There is evidence that atmospheric
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—— General Introduction

deposition of PCBs in the Baltic Sca has resulted in steady state levels of these
compounds in cod liver from the Baltic area (Falandysz, 1994). In the North Sea PCB
levels in cod liver oif also remained constant between 1979 and 1987 (de Boer, 1988).

The relatively high persistence of PCBs in human tissue and the cross-generatio-
nal transfer of PCBs by breast feeding may slow the decline of PCE levels in humans.
Several recent studies indicate that currently the levels of PCBs in human blood and
milk are declining very slowly (Hovinga et al. 1992, Norén and Lundén, 1991, Duarte-
Davidson et al. 1994), and may even be increasing in Eastern European countries,
(Sikorski er al. 1994},

Chlorinated dibenzo-para-dioxins and dibenzofurans have never been intentional-
ly produced except in small quantities for analytical and experimental purposes. These
compounds are formed during combustion processes and some organochlorine synthesis
as an unwanted byproduct (Rappe and Buser, 1989, review). Like PCBs, variations in
the degree and site of chlorination result in 75 PCDD congeners and 135 PCDF
congeners. Because of their similar chemical properties to PCBs, they have also been
found as wide-spread environmental pollutants, and undergo similar long-range
atmospheric transport (Eitzer and Hites, 1989).

The main source of human exposure to PCBs, PCDDs and PCDFs is via the diet
(Theelen et al. 1993). Major dictary sources are meat, dairy products and fish (Theelen
et al. 1993, Beck et al. 1989). For several relatively volatile lower chlorinated PCBs the
major source for humans is likely to be via inhalation or via the consumption of leafy
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Figure 1.1 Structure and ring positions of PCDD (polychlorodibenzo-para-dioxin), PCDF
(polychlorodibenzofuran) and PCB (polychlorobiphenyl). o: ortho, m: meta, p: para.
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——— Chapter | ——

vegetables contaminated by almospheric deposition (Bush er al. 1985, Harrad et al.
1994). Human newborns already have a low level of these compounds in their tissues
{(Masuda et al. 1978, Jacobson et ai. 1984, Schecter e al. 1990), and subsequent breast-
feeding can significantly increase the levels of PCBs in infants (Yakushiji, 1988).

PCBs, PCDDs and PCDFs are potent developmental toxins in laboratory animals
and wildlife species, and following the consumption of rice oil accidentally contarnina-
ted with PCBs and PCDFs were also found to be developmental toxins in humans,
producing delays in physical, neurological and cognitive development. Because of the
biclogical persistence and relatively high lactational transfer of these compounds, there
is concern that the exposure to backgtound levels may also result in developmental
delays in humans. For risk evaluation of the developmental toxicity of PCBs, PCDDs
and PCDFs, an understanding of the metabolism, transplacental and lactational transfer,
toxic mechanisms and structure-activity-relationships of these compounds is necessary.

Kinetics and metabolism of FCBs during pregnancy and lactation.

It is important to note that the pattern of individual PCB congeners stored in the
adipose tissue of environmentally exposed mammals does not mateh that of commercial
PCB mixtures (Schultz et al. 1989, Safe er al. 1985, Muir er al. 1988). The differing
behavior of individual PCB congeners during a variety of physico-chemical processes
(partitioning, uptake, photolysis) and during metabolism by microbes and animals alters
the composition of PCB mixtures present in the environment.

The kinetics and metabolism of PCBs, PCDDs and PCDFs in adult animals have
been reviewed in detail (Matthews and Dedrick, 1984, Safe, 1989, Van den Berg er al.
1994). These compounds arc readily absorbed from the gastrointestinal tract, and
depending on the chlorine substitution pattern may be preferentially retained in the liver
and adipose tissue with a long half-life. Lateral substitution of the rings generally
increases tissuc retention. The presence of two adjacent carbon atoms without a chlorine
substitution, preferably in the lateral positions, greatly enhances the hydroxylation of
PCBs by mixed-function oxidases and thereby reduces the tissue half-life of the parent
compound. The hydroxylated metabolite is not necessarily excreted rapidly, for relative-
Iy high levels of para-hydroxylated PCB metabolites have been found in the plasma of
environmentally exposed humans and marine mammals (Bergman et al. 1994).

Following hydroxylation, the metabolite can be conjugated with either glutathione
or glucuronic acid and excreted via the bile into the intestine. In feces, PCB metabolites
are generally found as unconjugated hydroxylated PCBs, which suggests that the
glucuronic acid conjugate is deconjugated during intestinal passage. The further
metabolism of PCB-glutathione conjugates via the mercapturic acid pathway can result
in the formation of methylsulfonyl metabolites which are highly retained in some
tissues.

The bioaccumulation of some lower chlorinated PCBs may have been prevented
by their metabolism in animals, decreasing their relative contribution to PCB
concentrations in tissues. This is illustrated by the observation that mothers exposed
occupationally to the commercial PCB mixture Kanechlor 300 and their children have
relatively large amounts of tri- and tetrachlorinated PCBs in their blood relative to the
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General Introduction

general population, who are exposed mainly through the diet (Yakushiji, 1988), Also
some higher chlorinated PCB congeners lacking para and mefa chlorine substitutions in
one or both rings, like 2,2°,3,3°,6,6-hexachlorobiphenyl, can be rapidly eliminated as
hydroxylated metabolites (Matthews and Tuey, 1980). There also appear to be temporal
trends in the congener-specific composition of human milk following restictions on the
production and use of PCBs, which show an increase in the relative amounts of more
persistent PCB congeners, like 2,2°,4,4°,5,5 -hexachlorobiphenyl (Norén er al. 1990)

The alteration of the PCB congener pattern may have toxicological consequences.
A synthetic, reconstituted PCB mixture based on the major PCB contaminants in milk
was 7 times more effective in inducing rat hepatic microsomal aryl hydrocarbon
hydroxylase than the commercial PCB mixture Kanechlor 500 (Parkinson ef al. 1980).
There is some evidence that commercial PCB mixtures contain PCB congeners that have
an antagonistic effect on some biochemical and toxicological endpoints in rodents (Safe
ef al. 1994),

Placental transport

Placental transfer of PCBs has been documented in rodents, monkeys and humans
(Curley ef al. 1973, Takagi et al. 1976, Allen and Barsouti, 1976, Akiyama et al. 1975,
Masnda ef al. 1978b). Dietary exposure of pregnant mice to Kanechlor 500 resulted in
the transfer of 0.1 to 0.2 % of the dose to late gestational fetuses (Masuda er al. 1978).
The amount of the administered maternal dose of individual PCB congeners transferred
to the fetus in mice was less than 0.3% (Masuda et @/, 1979). However, when examined
in terms of the maternal body burden, two lower chlorinated PCBs, 2.4.4°-
trichlorobiphenyl and 2,3°,4°,5-tetrachlorobiphenyl were transferred relatively efficiently
to the fetus (4.6 and 13.3%, respectively). Evidence of sclective accumulation of PCB
congeners in the fetal rat has also been reported following dietary exposure of the dams
to Aroclor 1254 (Shain et al. 1986). There is insufficient data on the total PCB body
bureden of fetal non-human primates or human fetuses to draw conclusions on the
degree of transplacental transfer in higher mammals. An estimate by Duarte-Davidson
and Jones (1994) suggests that currently in the U.K. less than 1.7% of the body burden
of a 20 year old adult will be transferred to the fetus. Some data is available on the
levels of individual PCB congeners in fetal cord blood, showing positive correlations
between maternal serum PCB levels with those in cord sera or in the placenta (Jacobson
et al. 1984, Bush ef al. 1984, Ando ef al. 1985). There is also evidence that PCDDs and
PCDFs cross the placenta and are present in fetal human liver (Schecter et al. 1990).

The presence of hydroxylated PCB metabolites in fetal mice and rats following
maternal exposure to a limited number of PCB congeners has been reported (Lucier et
al. 1978, Damerud et @l. 1986). The presence of significant amounts of hydroxylated
PCBs in adult human plasma indicates that hydroxylated PCB metabolites may also
accumulate in the human fetus, but this has not been investigated at present. Methylsul-
phony! metabolites of 2,4°,5-trichlorobiphenyl have been found to accumulate in the
uterine luminal fluid of pregnant mice (Brandt ef al. 1982), indicating transplacental
transport of these apolar metabolites.

12
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Lactational transfer

The major route of exposure of the developing mammal to PCBs and related
compounds is via lactation (Curley et al, 1973, Takagi et al. 1976, Masuda et al. 1978,
Van den Berg et al. 1987, Nau et al. 1986). In humans, the level of PCBs in milk fat
exceeds that of other foodstuffs, and is regarded as the major source of PCBs to the
nursing infant (Yakashiji, 1988). PCBs, PCDDs and PCDFs have been shown to be
readily absorbed from the digestive tract in a nursing infant (McLachlan, 1993).
Concentrations of total PCBs or PCB congeners reported in human milk vary, and
comparisons are further complicated by differences in analytical methods and the
manner of reporting results {on whole milk or lipid basis). PCB concentrations in human
milk increase with maternal age (Sikorski et al. 1990), and decrease with time spent
breast-feeding and the number of children nursed (Rogan er al. 1986).

In Europe, similar levels of total PCBs have been found in milk fat. For example,
total PCB Tevels of 0.62, 0.6, 0.9 and 1.2 mg/kg milk fat have been found in Norway,
the Netherlands, Germany and Poland, respectively (Skaare and Polder, 1990, Koopman-
Esseboom et al. 1994, Fiirst ef al. 1994, Sikorski et @l. 1990). In Canada, Inuit women
from the Hudson Bay area had significantly higher PCB levels in their milk fat than
cancasian women living in Southern Quebec (3.60 vs 0.77 mg PCB/kg milk fat,
Dewailly er al. 1989). In the Lake Michgan study, childrer born to mothers with a PCB
concentration greater than 1.25 mg/kg milk fat exhibited decreased performance in the
McCarthy memory scales (Jacobson et al. 1990).

Polychlorinated aromatic compounds and central nervous system development

Accidental exposure

PCBs, PCDDs and PCDFs are teratogenic, induce late fetal death, cause
reproductive disorders in male and female offspring and alter the development of the
ceniral nervous system in experimental amimals (Peterson ef al. 1993, review). In
humans, one of the best documented effects of exposure to PCBs and related compounds
are delays in central nervous system development.

The first evidence that PCBs and related compounds may alter neurological
development was found in Japan after the consumption of rice otl in 1968 which had
been contamZinated with PCBs and their thermal degradation products, PCDFs and
polychlorinated quaterphenyls (PCQTs) (Harada er . 1976, Masuda e al. 1985,
Kuratsune, 1989). This incident was termed Yusho, which means "oil disease”. A similar
incident occured in Taiwan in 1979, and was termed Yucheng. Exposure to
contaminated rice oil resulted directly in various symptoms including chloracne,
pigmentation of the nails and skin thickening, which was attributed to the presence of
the highly toxic PCDFs (Hara, 1985). Similar mean blood PCB levels were found in
Yusho and Yucheng patients (45 ppb and 39 ppb) as in occupationally exposed workers
in Japan (99 ppm in female workers handling KC-300 and KC-500), however, health
effects were minor in the workers in comparison to the Yusho and Yucheng patients
(Hara, 1985, Kashimoto et al. 1985).

13




General Introduction

Children bormn to mothers exposed in the Yucheng incident have been carefuily
followed, revealing a consistent trend of the Yucheng children to score significantly
lower on intelligence tests than matched controls (Hsu ef al. 1989, Chen et al. 1992,
Chen and Hsu, 1994). Intra-uterine growth was decreased in Yucheng babies (Yen et ol
1994), and there is evidence of increased respiratory problems and delayed growth in
early childhood (Rogan et al. 1987). The majority of the Yucheng children were not
breasifed, so the observed effects are most likely to be due to prenatal exposure to PCBs
and/or their thermal degradation product, PCDFs (Yu ef al. 1991). It is not known what
the relative contributions of the PCBs and PCDFs were to the observed developmental
effects (Yu e al. 1990). Occupational exposure to PCBs has been reported to reduce
birth weight, an effect partially mediated by reduced length of gestation (Taylor et al.
1989).

Background exposure:

In addition to high-level accidental exposure to PCBs and their thermal
degradation products, the effects of background levels of PCBs on the neurclogical and
cognilive development have also been investigated. Research on the relationship between
the consumption of PCB-contaminated fish from Lake Michigan and neurological
development (the "Lake Michigan study") revealed a negative association between
greater fish consumption and neuromuscular maturity in infants (Fein et al. 1984). In the
same study significant lower birth weight, head circumference and gestational age were
associated with higher cord serurn PCB levels (Fein ef al. 1984). A follow-up of the
Lake Michigan study found that at 7 months the development of visual recognitton
memory (Fagan test) was impaired in infants that had elevated cord serum PCB levels
(Jacobson et al. 1984). Postnatal exposure from breastfeeding was unrelated to visval
recognition memory performance at 7 months (Jacobson er af, 1985).

At 4 years of age prenatal PCB exposure predicted poorer short-term memory
performance and decreased body weight in a dose-dependent fashion (Jacobson and
Jacobson, 1993). Maternal body burden estimated as mg PCB/kg milk fat, but not
cumulative lactational exposure, predicted poorer memory performance, but was a less
accurate predictor than cord blood PCB levels (Jacobson ef al. 1990). The 4-year body
burden (based on the children’s serum PCB levels) was negatively associated with the
composite activity rating (Jacobson et al. 1990, Jacobson and Jacobson, 1993).

A second U.S. smdy based in North Carolina with a different experimental
design also reported negative associations between "gestational” PCB exposure and
neurcmuscular development (Rogan ef al. 1986, Rogan ef al. 1988). Actually, the effects
of gestational exposure were not explicitly examined in the North Carolina study by
measuring cord blood PCB levels, rather PCB concentrations in milk fat were used to
estimate gestational exposure (Rogan er al. 1986). Posinatal exposure, estimated by PCE
levels in milk fat and the duration of breast feeding was not related to neuromuscular
development (Rogan et al, 1988). Effects on cognitive function were not found, and
psychomotor alterations were transient (Gladen and Rogan, 1991).

Recently in the Netherlands, studies have been conducted on the relationship
between prenatal and postnatal PCB exposure, postnatal PCDD and PCDF exposure and
neurclogical and cognitive development in human infants. The results of these studies

14



——— Chapter 1 ——
have not yet been published.
Laboratory studies

The developmental neurotoxicity of PCBs has been most intensively examined in
laboratory animals in relation to behavioral parameters. Only limited information is
available on the biochemical effects of PCBs in the developing brain and the mecha-
nisms involved are not clear.

The effect of pre- and postnatal PCB exposure on activity levels have been
reported in mice, rats and rhesus monkeys (Tilson er al. 1979, Lilienthal er al. 1990,
Erikson ef al. 1991, Bowman et al. 1978, Bowman and Heironimus, 1981). In general,
pre- and postnatal PCB exposure results in increased activity in the offspring, although
the effect is dependent on the length of the activity test. In monkeys, pre- and postnatal
exposure to Aroclor 1248 resulted in hyperactivity in juveniles and hypoactivity in
adolescents (Bowman and Heironimus, 1981).

Activity-related behaviors, such as active avoidance learning in mice and rats
(Storm et al. 1981, Tilson ef al. 1979, Lilienthal et al. 1990) and operant behavior in
rats and monkeys (Pantaleoni ef al. 1988, Lilienthal er al. 1990, Mele et al. 1986) are
also affected by pre- and postnatal PCB exposure. It has been suggested that the effects
observed on active avoidance learning and operant behavior may be secondary to PCB-
induced changes in activity levels (Lilienthal ef al. 1990).

Cognitive effects have also been observed in the offspring of PCB-exposed
monkeys. Maternal dietary exposure to Aroclor 1248 before gestation and lactation
produced deficits in delayed spatial alternation learning in the offspring at 3-4 years of
age (Levin ef al. 1988). Higher PCB body burdens {Aroclor 1248) in infant monkeys
had previously been shown to be correlated with increased errors in learning tasks up to
2 years of age (Bowman ef al. 1978).

Possible mechanisms involved in the developmental neurotoxicity of PCBs
Ah-receptor

The mechanisms involved in the developmental neurotexicity of PCBs and
related compounds are not clear at present. Almost all of the other known toxic effects
of PCBs, PCDDs and PCDFs in laboratory animals can be explained by the interaction
of these compounds with a cytosolic receptor protein, the aryl hydrocarbon (Ah)
receptor (Safe, 1994). These Ah-receptor dependent effects include teratogenicity,
hyperkeratinization of epithelia and immunotoxicity., It has been demonstrated that once
the ligand has bound the Ah-receptor, the ligand-receptor complex translocates to the
ceil nucleus and binds to dioxin responsive enhancers in the DNA (Okey et al. 1994,
Nebert ef al. 1993). It has been proposed that the binding of the ligand-receptor complex
to DRE sequences results in the transcription of genes that mediate the toxicity of these
compounds. To date, 26 genes have been identified as having a DRE upstream, although
the molecular mechanisms involved in toxicity following their transcription remain
clusive (Sutter and Greenlee, 1992).

One fundamental aspect of the Ah-receptor theory is that compounds which
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—— General Introduction

exhibit the highest binding affinity for the Ah-receptor are the most toxic (Safe 1994). A
structure-activity relationship has been developed for this interaction. PCBs, PCDDs and
PCDFs with 4 lateral chlorine substitutions are the most potent, and increasing chlorine
substitution decreases the affinity of the compound for the Ah-receptor and hence its
toxic potential. The planarity of the compound is also essential for determining its
binding to the Ah-receptor. The dioxins and dibenzofurans are by their chemical nature
planar compounds, while PCBs may rotate around the bond connecting the 2 biphenyl
rings. Increasing chorine substitution in the ortho postitions around the bond connecting
the biphenyl rings reduces the planarity of the PCB and hence its affinity for the Ah-
receptor.

Although the structure activity relationships for developmental neurotoxicity have
not been elucidated, there is evidence that the Ah-receptor may contribute to but is not
essential for developmental neurotoxicity. The most toxic polyhalogenated aromatic
compound with the highest affinity for the Ah-receptor, 2,3,7,8-tetrachlorodibenzo-para-
dioxin (TCDD), induces behavioral alterations in monkeys exposed pre- and postnatally
(Schantz and Bowman, 1989, Schantz er al. 1992). On the other hand, a commercial
PCB mixture (Aroclor 1016) which exhibits littte Ah-receptor mediated toxicity (Safe,
1994) may induce behavioral alterations in monkeys which have been exposed via
gestation and lactation (Levin ef al. 1988, Schantz er al. 1989) and transiently alters
striatal dopamine levels in rats following pre- and postnatal exposure (Seegal, 1994).

Inhibition of dopamine synthesis

Seegal and Shain (1992) have proposed that PCBs inhibit dopamine synthesis in
the basal ganglia of rodents and non-human primates, and suggested that the decreases
in dopamine levels may also play a role in the developmental neurotoxicity of these
compounds. In adult rodents and macaques, the dopaminergic system is the most
sensitive for sub-chronic exposure to PCBs of the neurotransmitter systems studied to
date (Seegal, review), although other neurotransmitter systems (serotonergic, noradrener-
gic) may be affected (Seegal er al. 1986a, 1936b, 1986c).

In PC12 cells, PCB congeners which have little or no affinity for the Ah-receptor
are remarkably more effective in reducing cellular dopamine levels than the PCB
congener with the highest affinity for the Ah-receptor, 3,3’,4,4°,5-pentachlorobiphenyl.
In adult macaques, the major PCB congeners accumulating in the brain after exposure to
Aroclor 1016 (2,4,4°, 2,2’4,4°, and 2,2°,5,5") produce no Ah-receptor mediated toxicity
(Safe, 1994), vet long-term decreases in dopamine levels were observed in the basal
panglia. In cell-free homogenates, di-ortho PCBs inhibit dopamine synthesis in a
concentration-dependent fashion, suggesting that they directly inhibit the activity of
tyrosine hydroxylase, the rate-limiting enzyme in dopamine synthesis, Together, in vitre
and in vivo data suggest that low chlorinated di-ortho substituted PCB congeners may be
the most neuroactive congeners in adult animals. However, the in vitro data should be
interpeted with caution, because the presence or absence of a functional Ah-receptor
pathway has not been examined in the PC-12 cell cultures used in those studies.

There is some evidence that PCBs alter dopamine function in laboratory animals
following pre- and postnatal exposure. Gestational exposure of mice to a relatively high
dose of 32 mg 3,3°,4,4’-tetrachlorobiphenyl per kg body weight resulted in decreased
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~~— Chapter | ——

striatal dopamine and dopamine receptor levels in adult offspring (Agrawal er al. 1981).
Recently, it has been reported that in ufero and lactational exposure to Aroclor 1016
resulted in transient increases in striatal dopamine levels in rats (Seegal, 1994).

Hormonal alterations

Several other hypotheses have been proposed to explain the developmental
neurotoxity of PCBs. The possible involvement of thyroid hormones or estrogens has
been discussed (Rogan et al. 1986, Lillienthal and Wieneke, 1991). Both hormones play
a role in neurochemical and behavioral development (McEwen, 1992) and PCBs may
alter plasma levels of these hormones or influence their action during brain development
{Collins and Capen, 1980a, Lundkvist and Kindahi, 1989). However, there has been no
direct assessment of the effects of PCB exposure on the levels and metabolism of these
hormones in the developing brain.

Steroid hormones

The effects of PCBs or PCDDs on estradiol homeostasis has not been intensively
studied. There is some evidence that coplanar PCBs and TCDD are anti-estrogenic,
while ortho-substituted PCBs and some hydroxylated PCBs are estrogenic (Jansen ef
al 1992, Korach et al. 1988, Spink ef @l. 1990). Environmental exposure occurs to a
mixture of PCDDs, PCDFs, coplanar and ortho-substituted PCBs, followed by metabo-
lism of some of these compounds to hydroxylated metabolites which accumulate in the
plasma. Due to a lack of information on the relative esirogenic or anti-estrogenic
potencies of these compounds ir vive and their possible interactive effects, it is currently
impossible to predict what the net effect of perinatal exposure to a complex mixture of
these compounds will be on estrogenic systems and subsequently on brain development.

Thyroid hormones

There is evidence that reductions in neonatal brain thyroid hormone levels or
maternal plasma thyroid hormones before the onset of fetal thyroid hormone secretion
result in permanent alterations in behavior and brain maturation (Porterfield and
Hendrich, 1993, review). The developmental regulation of thyroid hormone status in the
rat has been investigated in detail by the group of Morreale de Escobar and Escobar del
Rey (1993, review). The early fetal period is the most sensitive for alterations in thyroid
hormone homeostasis. Up to day 18 of gestation the fetus is mainly dependent on the
transplacental transport of maternal T, The fetal thyroid begins secreting T, and T,
between day 17 and 18 of gestation, and by gestational day 21 is dependent on maternal
thyroid hormones only to a limited extent. The major source of the biologically most
active hormone, triiodothyronine T,, in the brain is the local deiodination of T, to T, by
type If 5’-thyroxine deiodinase, an enzyme which catalyses outer ring deiodination of
iodothyronines, The induction of 5°D-II activity is a compensatory mechanism to
maintain brain T, levels when the transport of T, into the brain is decreased in fetal,
neonatal and adult rats. After fetal thyroid secretion begins and the hypothalamic-
pituitary axis and the enzyme 5°D-II are able to respond to decreases in brain T, levels,
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the fetus becomes less sensitive for decreases in plasma T, levels (Ruiz de Ofia er al,
1988, 1991, Morreale de Escobar et af. 1988, 1989, 1990).

The pre- and postnatal administration of compounds (methimazole, propylthioura-
cil) which inhibit the synthesis of T, and T, by the thyroid gland can also severely
reduce brain T, levels in fetuses and neonates, thereby adversely affect somatic and
brain development in the rat (Morreale de Escobar et al. 1993, review). Therefore the
transplacental and lactational exposure of mammals to PCBs which reduce plasma
thyroid hormone levels during development (Collins and Capen, 1980a) may also
adversely affect brain thyroid hormone homeostasis and subsequently normal brain
development.

MATERNAL PLASMA b ACENTA DEICDINATION
THYROID w3 T4/T3 o TRANSPORT > —
e PROTEING T4-»T3 5'D-Il
T3 -T2 5011
MATERNAL LIVER FETAL ¥
THYROID =— T4/T3
GLAND
DEIODINATION BLASMA
T4-2»T3/rT3 8D TRANSPORT PROTEINSG
GLUCURCNIDATION FeTAL e T3 T4 ~a
T4 =»T4G LivER BRAIN
T3 —=>T3G DEIODINATION
DEICDINATION T4-3»T3 5D~
GLUCURONIDATION T3=>T2 5D-lI

Figure 1.2 Schematic representation of thyroid hormone production, transport and metabolism in
the late gestational maternal and fetal rat. T,: thyroxine, 3,3°,5,5'-tetraiodothyronine, T;:, 3,3°,5-
triiodothyronine, rT;: reverse T,, 3,3°,5 -triiodothyronine, T2: 3,3’-diiodothyronine, T,G: T,-
glucuronide, T,G: T, glucuronide, 5D-I: type 1 5-deiodinase, 5°D-II: type II 5’-deiodinase, 5D-
IIL: type III 5-deiodinase.

Mechanisms of altered thyroid hormone homeostasis by PCBs

The mechanisms of the decrease of plasma thyroid hormones has been extensive-
ly investigated in adult animals. Initial work by Bastomsky (1974, 1977) indicated that
the PCB or TCDD-mediated induction of hepatic glucuronidation of thyroxine (T,} and
subsequent elimination of the glucuronide via the bile may play a role in the decrease of
plasma T, levels. The role of induced T, glucuronidation in reducing plasma T, levels is
also supported a study in which thyroideclomized rats were implanted with an osmotic
pump to supply T, (Barter and Klaassen, 1992).
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Figure 1.3 Potential mechanisms of PCB-induced reductions in plasma T4 concentrations with
3,3°,4,4’-tetrachlorobiphenyl as model compound. CYP: cytochrome P450.

However, research by Collins and Capen (1980b) demonstrated that hepatic
glucuronidation of T, may be a contributing factor but is not essential for decreases in
plasma T, levels. Similar decreases in plasma T, levels were observed in heterozygous
Gunn rats (sufficient in T, glucuronidation} and homozygous Gunn rats (deficient in T,
glucuronidation) following dietary exposure to the commercial PCB mixture Aroclor
1254 (1980b).

Ultrastructural examination of the thyroid following exposure of adult rats to
Aroclor 1254 revealed that the observed alterations did not resemble the effects of TSH
stimulation, iodine deficiency or thyroidectomy, indicating a direct effect of PCBs on the
thyroid gland (Collins and Capen 1980c). The authors suggested that the secretion of
thyroid hormones by the thyroid gland is inhibited by PCB exposure (Collins and
Capen, 1980c).

The role of para-hydroxylated PCB metabolites in the decrease of plasma thyroid
hormones was demonstrated im vivo and in vitro by several research groups
(Richenbacher ef al. 1986, Brouwer and van den Berg, 1986, Brouwer et al. 1990).
These metabolites bear a strong structural resemblance to T, and exhibit competitive
binding for transthyretin, the major thyroid hormone transport protein in the plasma of
adult rodents (Lans ef al. 1993). Some hydroxylated PCB metabolites have a stronger
affinity for transthyretin than T, itself, and therefore displace T, from the binding
protein, decreasing total plasma T, levels (Brouwer ef al. 1990, Lans ef al. 1993).

Only limited information is available on the effects of PCBs on thyroid hormone
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homeostasis in the developing rat. Gestational and lactational PCB exposure results in
decreases in plasma T, levels in the newborn and weanling rat (Collins and Capen
1980a, Ness et al. 1993). Alterations in the ultrastructure of the fetal rat thyroid have
been observed following prenatal PCB exposure, indicating that the fetal rat is also
sensitive for PCB-induced alterations in thyroid hormone homeostasis (Collins and
Capen, 1980a).

Retinoids

PCB-induced alterations in retinoid homeostasis may also be involved in the
developmental neurotoxicity of PCBs. PCBs and related compounds have been shown to
alter retinoid homeostasis in laboratory animals and diverse wildlife species (reviewed
by Zile, 1992, review). Retinoids induce malformations in the central nervous system
when administered during embryogenesis. Functional (behavioral) neuroteratogenicity
has been observed following the administration of retinoids during organogenesis
(Adams, 1993, review). However, the administration of PCBs to laboratory animals
generally results in decreases in retinoid stores in the liver (the major storage organ for
retinoids) and some other extrahepatic organs. It has been shown that PCB
administration increases the mobilization of hepatic retinoid stores, which can result in
an increase of retinoid levels in the kidney. Little is known about the effects of PCBs on
retinoid homeostasis in the developing mammal. Neonatal exposure of rats to TCDD
results in the decrease of hepatic retinoid stores. (I13kansson ef al. 1987)

Scope of the present investigation

The aim of the present study was to investigate the relationship between the
metabolism and transport of PCBs in pregnant rats, alterations of thyroid hormone status
during development and biochemical alterations in brain development. It was
hypothesized that the metabolism of PCBs to hydroxylated metabolites would result in
an accumulation of these metabolites in fetal and neonatal rat plasma, resulting in
reductions in plasma thyroid hormone levels. The reductions in plasma thyroid hormone
levels could result in a decrease in brain T; levels, thereby inducing permanent
alterations in brain development.

The effect of pre- and postnatal exposure to PCBs (3,3°,4,4 -tetrachlorobiphenyl
and 3,3°.4.4° 5 5 -hexachlorobiphenyl and the commercial PCB mixture Aroclor 1254)
on plasma T, and T levels, brain Type 1l thyroxine 5’-deiodinase activity and hepatic
T,-UDPGT activity was investigated in rats (Chapter 2, 4 and 5). Brain levels of T, and
T, were investigated in the fetuses and weanling rats from dams exposed to Aroclor
1254 (Chapter 5). As the effects on retinoids by PCBs can be related to the effects of
PCBs on plasma thyroid hormones, retinoid homeostasis was investigated in the
offspring of dams exposed to Aroclor 1254 during gestation (Chapter 6).

PCB metabolism was first investigated in pregnant rats using 3,3°.4.4’-
tetrachlorobiphenyl as a model compound for a rapidly metabelizable PCB (Chapter 2
and 3), which has been shown to be teratogenic and a developmental neurotoxicant. The
accumulation of PCBs and hydroxylated PCB metabolites in the plasma of dams and the
plasma and brains of their offspring was investigated with Aroclor 1254 (Chapter 5).
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To evaluate the developmental neurotoxicily of Aroclor 1254, the levels of a
gliotypic protein (glial fibrillary acidic protein) and a neurotypic protein (synaptophysin)
were measured in discrete brain regions following maternal exposure to Aroclor 1254.
Glial fibrillary acidic protein and synaptophysin have been previously used to
invesitigate the developemntal neurotoxicity of alkyltins (O’Callagan and Miller, 1988,
O’Callaghan and Miller, 1989, O’Callaghan and Jensen, 1992). In addition the effect of
maternal exposure to Aroclor 1254 on regional brain levels of biogenic amines in the
offspring was investigated.
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CHAPTER 2

METABOLISM AND BIOCHEMICAL EFFECTS OF 3,3°,4,4’-TETRACHLORO-
BIPHENYL IN PREGNANT AND FETAL RATS

Abstract

The metabolism and distribution of a single oral dose of 25 pmol [C]-3,3’,4,4'-
tetrachlorobiphenyl (TCB) were investigated in pregnant female Wistar rats and their
fetuses. TCB was administered on day 13 of gestation and the elimination was followed
for 7 days. Non-pregnant rats were treated similarly for comparison. Fecal elimination of
[C]-TCB derived radioactivity was significantly lower in pregnant rats than in non-
pregnant rats. The major metabolite found in adult liver and plasma, placental tissue,
whole fetuses and fetal plasma was 3,3°,4°,5-tetrachloro-4-biphenylol (4-OH-tetraCB).
Tissue levels (liver, abdominal fat, skin, skeletal muscle, kidney and plasma) of [“C]-
TCB-derived radioactivity declined by 65 to 85% over a 7 day period following
administration in the adult animals. However, [“C]-TCB-derived radioactivity
accumulated more than 100-fold in the fetuses over the same time period, and GC/MS
analysis revealed that the fetal accumulation in radioactivity was due primarily to 4-OH-
tetraCB, and not the parent compound. On day 20 of gestation, concentrations of 4-OH-
tetraCB were 14 times greater in fetal plasma than maternal plasma.

Treatment with [*C]-TCB significantly reduced plasma thyroxine levels by at
least 28% up to 7 days after administration in non-pregnant animals and up to 4 days
after administration in pregnant rats (31% decrease). By 7 days after administration
plasma thyroxine levels had returned to control levels in the TCB-treated pregnant rats.
However, fetal plasma thyroxine levels were significantly decreased by 35% in fetuses
from [“C]-TCB-treated dams 7 days after TCB administration. Hepatic microsomal
ethoxyresorufin-O-deethylase (EROD) activity was significantly induced in TCB-treated
dams relative to conirols at 4 and 7 days after administration, while no EROD activity
was detected in hepatic microsomes from control or TCB treated fetal rats at day 20 of
gestation. These data suggest that hydroxylated metabolites of polychlorinated biphenyls
may play a role in the development toxicity of these compounds.

Dennis C. Morse, Eva Klasson Wehler, Maribel van de Pas, Albert Th.H.J. de Bie,
Peter J. van Bladeren, Abraham Brouwer

Chemico-Biological Interactions, in press
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Introduction

Polychlorinated biphenyls are widespread environmental contaminants which are
also found in human breast milk and can cross the placenta to a minor extent
(McFarland and Clarke, 1989, Bush ef @l. 1984). These compounds have been shown to
be developmental toxins in both laboratory animals and man, and the effects include
congenital malformations, increases in fetal mortality and neurobehavioral alterations
(Peterson et al., 1993, review). 3,3°,4,4°-Tetrachlorobiphenyl (TCB) is one of the most
toxic PCB congeners (Safe, 1990, review) and has been shown to be a developmental
neurotoxin (Tilson et al.,, 1979, Agrawal ef al., 1981, Eriksson, 1988, Eriksson et al.
1991).

The excretion and metabolism of TCB has been extensively examined in adult
rats (Abdel-Hamid et al., 1981, Yoshimura et al, 1987, Koga et al., 1989) and mice
(Klasson Wehler er al., 1989), but there is only one report on the identification of TCB
metaboliles in pregnant mice and their fetuses, which shows that phenolic and methyl
sulfonyl metabolites accumulated in the fetal compartment (Damerud et al., 1986). TCB
is rapidly metabolized in rodents, and it is not clear whether the parent compound or a
metabolite is responsible for developmental neurotoxicity. A metabolite of TCB,
3,3°,4°,5-tetrachloro-4-biphenylol, (4-OH-tetraCB) has a high affinity to transthyretin,
the major thyroid hormone binding protein in the rat (Lans ef al., 1993, Brouwer ef al.,
1690). This 4-OH-tetraCB has been found in the plasma of both adult mice and rats
treated with TCB (Brouwer ef al., 1990, Klasson Wehler, 1989). Because of the siruc-
tural resemblance of 4-OH-tetraCB to thyroxine (T,), this metabolite can displace T,
from TTR, resulting in decreased plasma T, concentrations (Brouwer et al., 1986). There
is some evidence that prenatal administration of TCB to rats can reduce fetal plasma
thyroid hormone levels and alter fetal brain thyroid hormone metabolism (Morse et al.,
1993). Since thyroid hormones are essential for normal brain development, decreases in
circulating thyroid hormone levels during development can have long-lasting adverse
neurological effects (Smith, 1981, Hendrich ef al., 1984),

The aim of this study was to examine the metabolism of TCB in pregnant and
non-pregnant rats along with effects on plasma thyroid hormone concentrations in the
dams and fetuses. Ethoxyresorufin-O-deethylase activity (EROD) activity was
determined in fetal and maternal hepatic microsomes as an indication of hepatic
metabolic activity for TCB.

Materials and Methods

Chemicals

The [*C]-3,3’,4,4"-tetrachlorobiphenyl (TCB, 37.1 uCi/pmol, radiochemical
purity > 95%) was purchased from Sigma Chemical Company, St Louis, MO.
Unlabelled TCB (> 99% pure, dibenzofuran and dibenzo-p-dioxin free) was obtained
from Promochem, Germany. The TCB metabolite standards, 3,3°.4,4’-tetrachloro-2--
biphenylol, 3,3°,4’,5-tetrachloro-4-biphenylol,  3,3°,4,4’-tetrachloro-5-biphenylel  and
3,3’,4,4’ tetrachloro-6-biphenylol were synthezised as described by Klasson Wehler er
al. (Klasson Wehler er al., 1989, Klasson Wehler ef al., 1990).
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Animals

Non-pregnant and timed pregnant Wistar WU rats, 12 weeks old, were obtained
from Charles River Wiga GmbH, Sulzfeld, Germany. The animals were maintained at
21°C, 50% humidity with a 12 h light cycle, food (INO stock diet) and tap water were
supplied ad libitum. After an acclimatization period of 1 week the rats were housed in
metabolism cages 3 days prior to administration of TCB or the vehicle. On day 13 of
gestation 15 pregnant rats were given a single oral dose of 25 pCi [“C]-TCB per kg
body wt diluted with unlabelled TCB for a total dose of 25 pmol TCB/kg body weight.
The [*C]-TCB was dissolved in corn oil, 25 pmol/2ml. After a similar acclimatization
period 12 non-pregnant rats recieved an identical dose of [*C]-TCB in cornoil. Control
rats {n=9) for biochemical assays were housed identically and received the vehicle only.

Three rats per group were sacrificed by bleeding via the aorta under ether
anesthesia 1, 2, 4 and 7 days after [*C]-TCB administration, (with the exception that 5
pregnant rats treated with [“C]-TCB were sacrificed 7 days after treatment). The
following tissues or organs were removed from the adult rats: liver, kidneys, spleen,
lungs, heart, thymus, brain, skeletal muscle and a strip of abdominal skin (including
subcutaneous fat). In addition, abdominal fat was quantitatively collected by trimming
fat from organs from the abdominal cavity and from the abdominal wall. Organs, fetuses
and placentas were rinsed with 0.9% NaCl, blotted dry with tissue paper, weighed and
stored at -20° C. The carcass of the adult rats was stored at -20° C. Feces and urine
were collected daily and cages were rinsed with 200 ml of 0.1% Triton X-100 at the end
of the experiment to determine losses of ["*C]-TCB derived radioactivity.

In a parallel experiment to determine the effect of TCB on maternal and fetal
hepatic microsomal EROD induction, pregnant rats were treated with 25 pmol
unlabelled TCB/kg body weight on day 13 of gestation. The rats were sacrificed 4 and 7
days after TCB administration. Livers were rapidly removed, stored at -80°C until
microsomes were prepared as previously described and stored at -80 °C until analysis
(Morse ef al., 1993).

Analysis of total ['C] radioactivity

The concentration of [*C] radioactivity in fecal samples and individual organs
was determined using a Packard 307 sample oxidizer and liquid scintillation counting
(LSC) with a LKB Wallac 1410 scintillation counter. Samples were weighed and then
dried overnight in a stove at 35° C prior to sample oxidation. Feces was homogenized
with 4 parts water (w/w) prior to sample drying. Radioactivity in cage washes, urine and
plasma samples was determined directly with LSC by mixing 500 pl cage wash or urine
and 100 pl plasma with 4.5 ml scintillation fluid (Safe-Fluor, Packard). Particulate
matter in the urine was atlowed to settle before taking a sample for LSC. The carcass
was dissolved overnight in 1.5 M NaOH containing 45% ethanol (v/v). After homogeni-
zation a 500 pl aliquot was added to 10 ml scintillation fluid compatible with high ionic
solutions (Hionic-Fluor, Packard) and counted with LSC. Three fetuses and placentas
were pooled for cach pregnant rat for determination of total [“C] radioactivity. Total
[*C] radicactivity per organ was analysed separately for cach non-pregnant and pregnant
rat. In order to estimate total plasma, skin and skeletal muscle radioactivity the
following assumptions were made for both the pregnant and non-pregnant rats: skeletal
muscle is 40%, skin is 10% and plasma is 4% of the total body weight.
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Analysis of TCB and metabolites

The amount of TCB and its major metabolites were determined in the plasma and
liver from the pregnant and non-pregnant rats, as well as in the fetuses and placentas.
One volume of methanol was added to plasma which was then extracted three times
with two volumes of diisopropylether. The ether was evaporated under nitrogen and the
residuc was methylated with diazomethane. The plasma extract was then resuspended in
hexane and partitioned with concentrated sulfuric acid. The hexane phase was washed
with water, passed over sodium sulfate and evaporated to dryness with nitrogen,

Fetal or maternal tissues from 3 animals were pooled for each sacrifice point and
freeze-dried. TCB and its metabolites were extracted from the adult and fetal rat tissues
as described by Klasson Wehler ef al. (Klasson Wehler ef al., 1990). Bricfly, freeze
dried tissues were ground with a mortar and pestle and then extracted by Sohxlet
extraction for 5 h with chloroform-cthanol (1:1). The extraction efficiency was
determined from the ["C] contents of the extracts and the dried tissue residue. The
compounds of interest were separated from lipids by gel permeation chromatography
(GPC) with Bio-Beads SX-3 (BioRad) using cyclohexane-dichloromethane (1:1, v/v) as
a mobile phase. The level of ["C]-TCB derived radioactivity was monitored in the GPC
fractions with LSC and the lipid-free fractions containing [“C] were pooled and
methylated with diazomethane and then analyzed with GC/ECD and GC/MS.

Gas chromatography/mass spectrometry (GC/MS) was performed on an ITS40
instrument (Finnigan). The GC (Varian 3400) was equiped with a fused silica capillary
column (DBS, 30 m x 0.25 mm id., J&W, Scientific Inc., CA, USA). The temperature
program was 80°C for 2 min, then 10°C/min to 240°C and maintained at 240°C for 20
min. The injector temperature was 260°C and the injections were made in the splitless
mode, using an autosampler (CTC A2008, Finnigan MAT). The mass spectrometer was
operated in the electron impact mode and the manifold temperature was 220°C,

Gas chromatography/electron capture detection (GC/ECD) analyses were
performed with a Varian 3770 gas chromatograph equipped with an on column injector
{Okla and Wesén, 1984}, a DB5* fused silica capillaty column (30 m x 0.32 mm id,,
J&W Scientific Inc.) and a *Ni electron capture detector opertated at 300°C. The
column temperature was programmed as follows: initial temperature 60°C, then
20°C/min to 160°C, then 160°C for 5 min, followed by 5°C/min to 280°C and
maintained at 280°C for 10 min. The chromatograms were recorded and stored by a
Shimadzu R-C3A integrator.

Thyroid Hormone Analysis

Plasma total T, (TT,), total T, (TT,) and free T, (FT,) were determined with the
Amerlite chemiluminesence assay {(Amersham, UK) according to the protocol of the
supplier with the following modification: the TT, assay buffer was diluted five times
with demineralized water; the standard curve for TT, ranged from 0 to 120 nmol
TT,iter.

Ethoxyresorufin-O-deethylase (EROD} activity

EROD activity was measured in maternal and fetal hepatic microsomes according
to the method of Burke er al. (1977), with slight modifications. The reaction was carried
out at 37° C with a final concentration of ethoxyresorufin and NADPH of 2 and 0.1
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uM, respectively. The final microsomal protein concentration was 100 pg/ml for
pregnant and non-pregnant rats, and 1 mg/mt for fetal rats. To detect the deethylation
preduct, resorufin (RR), the excitation wavelength of the fluorimeter was set at 530 nm,
while the emission wavelength was 580 nm. Protein concentrations were determined
using the Bio-Rad coomassie blue assay (Bio-Rad, Richmond, CA).

Results

Fecal and urinary ["CJ-TCB excretion

The average total recovery of radioactivity per rat (feces, urine, cage washings,
organs and carcass) was 90.3 + 5.5 %. Cumulative fecal excretion of ["'C]-TCB derived
radioactivity over 1 week, shown in Figure 2.1A, was significantly lower in pregnant
rats than in non-pregnant animals. The difference in cumulative fecal excretion was due
primazily to the excretion during the first 24 h after TCB administration: non-pregnant
rats excreted 43 + 3% of the dose, while pregnant rats excreted 30 + 2% of the dose.
Seven days after ["C]-TCB administration, the fecal elimination of [*C]-TCB in non-
pregnant and pregnant rats was 85 + 1.3% and 78 + 1.5% of the total dose, respectively,

Cumulative urinary excretion of radioactivity was also lower in pregnant rats than
in non-pregnant rats, however the differences were not significant for all time points
(Figure 2.1B). The elimination of [*C]-TCB derived radioactivity in the urine was only
a small fraction (<5%) of the total radioactivity eliminated from the rats.
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Figure 2.1 A and B.

Cumulative fecal (A) and urinary (B) excretion of [*C]-TCB derived radioactivity from
pregnant and non-pregnant rats after an oral dose of 25 umol [""C]-TCB/kg, * indicates
a significant difference between values from pregnant and non-pregnant rats, P<0.05,
student’s t-test, see Materials and Methods for number of animals per time point.
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[*C]-TCB tissue levels:

The significantly higher retention of radioactivity in the residual carcass of
pregnant rats than non-pregnant rats 1 and 2 days after [C]-TCB administration (Table
2.1) is in accordance with the slower fecal excretion of radioactivity by pregnant rats
compared to with non-pregnant rats. Levels of radicactivity (dpm/g) from tissues with
the highest concentration of radioactivity (abdominal fat and skin, including
subcutaneous fat) were not significantly different between pregnant and non-pregnant
rats at any time point (Table 2.2). However, when corrected for total tissue wt the
amount of [“C]-TCB derived radioactivity (% dose per tissue or organ) was
significantly higher in the abdominal fat of the pregnant rats than non-pregnant rats
either 1 and 2 days after [*C]-TCB-administration (Table 2.1).

Table 2.1
Tissue distribution of ["*C]-TCB derived radivactivity in pregnant and non-pregnant rats
(expressed as percentage of dose)

Day after ['*C)-TCB administration

1 2 4 7
Plasma
Non-pregnant 1.06+0.03 0.63+0.07 0.43+0.09 0.37+0.12
Pregnant 0.87+0.23 0.50+0.03 0.34+0.03 0.15+0.03
Liver
Non-pregnant 1.47+0.02 0.69+0.23 0.48+0.02 0.314+0.03
Pregnant 1.33+0.05 0.741+0.09 0.43+0.03 0.22+0.04*
Kidney
Non-pregnant 0.10+0.03 0.06+0.02 0.04+0.00 0.04+0.01
Pregnant 0.10:0.01 0.061+0.01 0.03+0.00 0.02+0.00*
Abdeminal Fat
Non-pregnant 2.47+0.56 1.47+0.21 2.00+0.18 0.91+0.08
Pregnant 3.51+0.27* 3.15+0.39* 1,9340.44 1.34140.51
Skin
Non-pregnant 5.55+2.22 2.74+1.64 1.35+0.20 0.85+0.15
Pregnant 7.64+3.42 4.6812.24 1.49+0.13 0.74+0.34
Skeletal Muscle
Non-pregnant 1.88+0.60 0.83+0.15 0.70+0.21 0.6540.55
Pregnant 1.15+0.73 0.55+0.20 0.30+0.15*  0.17+0.08*
Carcass
Non-pregnant 40.945.0 13.3+2.8 8.4+0.8 4.140.7
Pregnant 50.1+2.0% 27.7+2.6* 11.4+1.0 5.1+0.5

Pregnant and non-pregnant rats received an oral administration of 25 umot [“C]-TCB/kg. Data
are the mean+S.E.M., * indicates a significant difference between values from pregnant and non-
pregnant rats, n=3, P<0.05, 2 sided student’s t-test.
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Table 2.2
Tissue distribution of [“C]-TCB derived radicactivity in pregnant and non-pregnant rats
(expressed as dpm x 10° per g tissue)

Day after [“C]-TCB administration

Tissue/Organ 1 2 4 7
Plasma

Non-pregnant 18.3+0.2 11.0+0.9 6.2+1.6 6.5+1.3
Pregnant 11.8+1.9* 7.1+0.2* 4.7+00.2 2.1+0.2*
Liver

Non-pregnant 21.0+0.9 10.2+2.1 6.810.5 471402
Pregnant 15.5+0.4* 9.5+0.5 4,8+0.2% 2,6+0.2*
Kidney

Non-pregnant 9.5+1.8 5.5+1.0 39+0.1 2.940.4
Pregnant 8.0+0.3 5.1+0.4 2.610.1* 1.540.1*
Spleen

Non-pregnant 4.0+1.5 2.2+0.6 1.2+0.1 1.1+0.0
Pregnant 1.8+0.1 1.240.1 0.7+0.0* 0.5+0.0*
Lung

Non-pregnant 6.9+1.1 3.110.6 2.140.2 1.840.3
Pregnant 3.9+0.1 2.7+0.0 1.6+0.1 0.840.1*%
Heart

Non-pregnant 3.5+03 24404 1.24+0.0 1.240.1
Pregnant 4.0+0.4 1.8+0.1 0.9+0.0* 0.5+0.0*
Brain

Non-pregnant 1.1+0.1 0.4+0.1 0.4+0.1 0.3+0.0
Pregnant 0.610.0* 0.4+0.0 0.240.0 0.1+0.0*
Abdominal Fat

Non-pregnant 109+13.9 73.1+11.5 68.24+3.4 2.743.5
Pregnant . 105+5.3 §2.4+13.0 58.3+1.8* 354423
Skin

Non-pregnant 38.6+9.2 253454 9.1+.7 6.0+0.6
Ptegnant 41.5+10.1 26.637.1 8.3+0.5 4,14+0.8
Skeletal Muscle

Non-pregnant 3.3+0.7 1.510.2 1.240.2 0.620.0
Pregnant 1.9+0.7 0.8+0.2% ¢.440.1* 0.240.0*

Pregnant and non-pregnant rats received an oral administration of 25 pmol [“C]-TCB/kg with a
specific activity of 1 pCi/umol TCB. The data are the mean + SEM, * indicates a significantly
lower concentration of radioactivity in tissue from pregnant compared with non-pregnant rats,
n=3, P<0.05, student’s t-test.
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Despite an initial lower fecal elimination of radioactivity, some tissue levels of
radicactivity were generally lower in the pregnant than non- pregnant animals. In
pregnant rats significantly lower concentrations of ['*C]-TCB derived radioactivity (dpm
per g tissue) were found in the plasma, skeletal muscle, liver and kidneys than in non-
pregnant rats 7 days after ['“C]-TCB administration (Table 2.2). Tissue concentrations of
radioactivity were also significantly lower in the spleen, brain, heart and thymus of
pregnant rats than in non-pregnant rats 7 days after [“C]-TCB administration (Table
2.2).

The only compartments showing accumulation of radioactivity from 1 to 7 days
after TCB administration, as expressed as % of dose were the placenta and fetus (Figure
2.2A). The percentage of the dose in the fetus increased more than 100 fold and in the
placenta 5 fold by the end of the experiment. Also the concentration of [*C]-TCB
derived radioactivity in the fetus increased from 880 + 290 to 2390 + 540 dpm/g fresh
wt between 1 and 7 days after [C])-TCB administration (Figure 2.2b). No increase was
observed in the concentration of placental ['C]-TCB derived radioactivity during the
experiment (Figure 2.2b). Sever days after ['"C]-TCB administration, the percent of the
[“C] dose present in the pooled fetuses (0.410% + 0.153) had increased to above the
amount retained in the maternal liver (0.218% + 0.036), even though the liver is the
maternal organ (aside from adipose tissue) exhibiting the highest concentration (dpm/g)
and total amount (% of dose) of radioactivity.

Identification of [*C]-TCB metabolites:

The relative amount of chloroform/ethancl unextractable compounds in livers
increased with Gme afler [“C]-TCB administration (Table 2.3). In pregnant rats
unextractable [“C]-TCB derived radioactivity in the liver increased from 13 % of the
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Figure 2.2 A and B.
A: Percentage of dose of [“C}-TCB derived radioactivity in pooled fetuses, placentas and
maternal liver from pregnant rats administered an oral dose of 25 pmol [*C]-TCB on day 13 of
gestation, B: Concentration of [“C]-TCB derived radioactivity (dpm/g) fresh wt in fetuses and
placentas from pregnant rats, n=3.
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Figure 2.3. Levels of 4-OH- °E’ 18
[“CI-TCB in the plasma of non- o 7
pregnant and pregnant rals as Lg. 12 | Hl non-pregnant
well as fetuses (day 20 of
gestation only) after oral g_ 4 pregnant
administration of 25 pmol [C]- © ol fetus
TCB. Pregnant rats were dosed E
on day 13 of pestation, * -
indicates a significant difference 8
between values from pregnant (=
and non-pregnant rats, P<0.05, —— /
student’s t-test. ?
I N
Q %
q- A 4
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Table 2.3

Percentage of ['*C]-TCB derived radioactivity extracted from tissue
Day after Fetus Placenta Liver Liver
treatment Pregnant Non-pregnant
1 87 76
2 60 51 68 65
4 87 55 72 55
7 70 54 53 59

The data are the results of chloroform/ethanol extractable [“C]-TCB  derived
radioactivity in pooled tissue samples.

total radioactivity in the sample 24 h after exposure to 47 % at 7 days after exposure. In
non-pregnant rats the increase in unextractable compounds in the liver was from 24% to
41% of total radioactivity between day 1 and 7 after exposure, respectively.

GC-MS analysis of the extracts of pooled fetal samples revealed that the major
compound (> 95%) accumulating in the fetuses and placenta was 3,3°,4°,5-tetrachloro-4-
biphenylol (4-OH-tetraCB) at 4 and 7 days after ["*C]-TCB administration (Table 2.4).
Traces of the parent compound and 3,3°,4,4’-tetrachloro-5-biphenylol (5-OH-TCB) were
present in the placenta according to GC/ECD analysis although the presence of 5-OH-
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Table 2.4
Levels of [“C]-TCB and metabolites (nmol/g lipid) in livers from non-pregnant
and pregnant rats and their fetuses and placentas.

Day after TCB administration

1 2 4 7
Compound Tissue Concentration (nmol/g lipid)
TCB liver, NP 43 32 9.9 7.5
fiver, P 39 31 12 6.7
placenta ND 1.5
fetus ND 25
4-OH-tetraCB liver, NP 17 10 3.8 7.5
tiver, P 18 9.1 6.5 47
placenta 23 16
fetus 58 65
5-OH-TCB liver, NP 34 1.1 0.2 04
{iver, P 34 1.2 0.2 ND
placenta ND ND
fetus ND ND
Ratio 4-OH- liver, NP 0.32 0.31 0.38 1.0
tetraCB/TCB liver, P 0.20 0.29 0.54 0.7
placerta 3.1
fetus 26.0

The data are from analysis of pooled samples (n=3} for each time peint. The calculations are
based on the relative amount of the compounds determined by GC/ECD analysis in the
extractable radioactivity from the tissue sample. NP:non-pregnant rats, P:pregnant rats, ND: not
detected, 4-OH-tetraCB:3,3’,4°,5-tetrachloro-4-biphenylol, S-OH-TCB: 3,3°,4,4’-tetrachloro-5-
biphenylol.

TCB could not be confirmed by GC/MS analysis due to a low concentration. In the
plasma of non-pregnant and pregnant rats only 4-OH-tetraCB was detected by GC/ECD
at all time points. GC/ECD analysis of fetal plasma from day 20 of gestation revealed
that only 4-OH-tetraCB was present, and that the amount of 4-OH-tetraCB in fetal
plasma was more than 14 times pgreater than that in maternal plasma (14 nmol/ml versus
0.95 nmol/ml, Figure 2.3). The level of 4-OH-tetraCB was significantly lower in the
plasma of pregnant rats compared to non-pregnant rats at all lime points (Figure 2.3).
Livers from both non-pregnant and pregnant rats contained an increasing amount
of 4-OH-tetraCB relative to TCB after treatment when results are expressed as nmol 4-
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OH-tetraCB/g extracted lipid (Table 2.4). Seven days after [C]-TCB administration a
large fraction of the extractable compounds present in the liver were in the form of 4-
OH-tetraCB in both pregnant and non-pregnant rats (50 and 41%, respectively). Only
minor amounts of 5-OH-TCB and 3,3°.4,4’-tetrachloro-2-biphenylo]l (2-OH-TCB) were
detected in liver samples (data not shown), The amount of 4-OH-tetraCB nmol/g lipid is
greater in the placenta (3 fold) and fetus (13 fold) than in the maternal liver on day 20
of gestation, Also the amount of 4-OH-tetraCB relative to TCB on day 20 of gestation
increases greatly from the materal liver (0.7) through the placenta (3.1) to the fetus
(26.0).

Hepatic ethoxyresorufin-O-deethylase (EROD) activity:

Maternal hepatic EROD activity was significantly elevated relative to cornoil-
treated controls on day 17 and 20 of gestation following TCB exposure (12 fold and 10
fold, respectively, Table 2.5). The level of EROD activity was significantly lower (48%)
in TCB-treated pregnant rats on day 20 of gestation than on day 17 of gestation, EROD
activity was undetectable in microsomes from control and TCB-ireated fetuses on both
day 17 and day 20 of gestation.

Table 2.5
Hepatic EROD activity in pregnant rats

Gestation EROD {(nmol RR/min*mg protein)
Day Treatment
Maternal Fetal
17 Control 0.027+0.005a ND
TCB 0.330+0.042b ND
20 Control 0.01740.004a ND
TCB 0.170+0.043¢ ND

RR: resorufin, values with different superscripts are significantly different from each
other, Tukey’s honest difference test, P< 0.05. Three to 5 anitmals per group recieved 25

umol 3,3°,4,4°-tetrachlorobiphenyl per kg or cornoil alone on day 13 of gestation.
ND: not detected.

Plasma thyroid hormone levels:

Plasma TT, levels were significantly depressed 4 days after TCB administration
in pregnant rats and 7 days after TCB administration in non-pregnant rats (Table 2.6).
Control plasma TT, levels decreased during gestation from 44.2 + 6.9 nmol/liter to 22.1
+ 2.6 nmol/liter, while levels of TT, in non-pregnant rat plasma remained constant after
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vehicle administration. Plasma TT,; concentrations were significantly decreased in non-
pregnant rats relative to controls 1 and 2 days after TCB administration and were
significantly increased in pregnant rats at the same time points. Plasma FT, levels were
significantly decreased relative to controls in pregnant rats treated with TCB from 1 to 4
days after TCB exposure. Fetal FT, and TT, levels were significantly reduced relative to
controls on day 20 of gestation by maternal TCB administration, Fetal plasma TT, was
undetectable in the assay as performed.

Table 2.6
Effect of [*C}-TCB administration on thyroid hormone levels in non-pregnant, pregnant
rats and fetuses

Animal  Treatment Day after ['*C]-TCB administration
1 2 4 7
TT,, nM
NP Control 49.8+6.5 50.3+6.5 51.6+3.6 42.545.0
NP TCB 14.541.6* 18743.9%  245447%  30.8+2.8%
P Control 44.246.9 31.9+5.0 28.4+1.1 250124
P TCB 18.742.7* 15.242.5* 19.5¢2.8% 254178
F Control NA NA NA 5.9+0.6
F TCB NA NA NA 3.840.9*
TT,, nM
NP Cantrol 1.40+H0.07 1.34+0.28 1.0840.14 1.36+0.02
NP  TCB 0.67+0.12*  0.66+0.11 1.29+0.08 1.39+0.20
P Control 0.75:0.08  0.54+0.02  0.83+0.01 0.7910.16
P TCB 1.13+0.27* 0.98+0.14* 0.631+0.10 0.91+0.24
FT, pM
P Control 252417 16.4+7.3 16.5+1.6 14.3+0.6
P TCB 15.342.0* 9.8+1.0* ©9.240.8* 149+4.8
F Control NA NA NA 4.5+0.1
F TCB NA NA NA 2.0+0.5*

Pregnant and non-pregnant rats teceived an oral administration of 25 pmol [“C]-TCB/ke.
Pregnant rats were dosed on day 13 of gestation, Data are the means+S.E.M., NP: non-pregnant,
P: pregnant, F: fetus, TT,: total thyroxine, TT,, total triiodothyronine, FT,: free thyroxine, *
significantly different from controls, n=3, P<0.05, 2 sided student’s t-test, NA: data not
available.
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