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ABSTRACT

DEVELOPMENTAL TOXICITIES OF POLYCHLORINATED BIPHENYLS ON
SEXUAL BEHAVIOR AND INCERTOHYPOTHALAMIC DOPAMINERGIC
NEURONS: ITS IMPLICATION ON THE NEURAL CONTROL OF SEXUAL

BEHAVIOR OF RATS

By

Yu-Wen Chung

Polychlorinated biphenyls (PCBs) are long-lasting environmental pollutants that
have been reported to disrupt development and reproduction in many species. However,
very little is known about the effect of PCBs on sexual behavior. I examined the effect of
two commercial PCBs, Aroclor 1221 (A1221) and Aroclor 1254 (A1254), on the
development of sexual behavior and specific brain dopaminergic neurons in Long-Evans
rats. A1221 and A1254 were chosen for their distinct difference in estrogenicity. Three
treatment paradigms were used: perinatal treatment on gestation day 14, neonatal day 1
and day 10; neonatal treatment from day 1 to day 7; adult treatment from day 67 to day
72. Animals were tested for sexual behavior in adulthood.

Permanent changes were seen in female sexual behavior after developmental
treatment with PCB mixtures. Different PCB mixtures appeared to have different critical
periods. The change of female sexual behavior in neonatally A1254 treated rats was
associated with the disruption of the developing A13 dopaminergic system.

Closer examination of the incertohypothalamic dopaminergic systems revealed a
dynamic brain asymmetry wherein the presence of some dopaminergic cells was only

seen following context-dependent copulatory stimulation. Copulation differentially
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induced more detectable tyrosine hydroxylase (TH) immunoreactive (IR) and/or FOS/TH-IR
cells in the A1l and A13 regions. The testing situation, i.e. female-paced or male-paced, also
affected the timing of TH-IR and FOS/TH-IR induction.

Copulation also induced more detectable FOS-IR cells in the medial preoptic nucleus
compared to the noncopulated control. A striking difference in FOS-IR in the sexually
dimorphic nucleus of the preoptic area of the hypothalamus (SDN-POA) appeared when
females received one ejaculatory series of sexual stimulation from the male under different
testing situations. The possible roles of SDN-POA in female reproduction might be to
terminate the estrus and female cyclicity for pregnancy.

Males were not as susceptible to PCB exposure as female rats since I only
observed minor changes in their sexual behavior subsequent to developmental exposure
to PCBs. However, I found a strong correlation between male sexual behavior and cell
number in the major pelvic ganglia (MPG). The number of the MPG cells showed
sexually allomorphism among control females, male copulators and noncopulators.
Neonatal PCB treatment resulted in a heterogeneous population of rats with wide spectra
in MPG neuronal development.

The medial preoptic area, zona incerta, A11 dopaminergic neurons, spinal cord
and pelvic ganglia formed a coordinated network involved in the control of sexual
behavior. PCB exposure during development of these systems might disrupt the balance
between central and peripheral nervous systems and result in the alteration of sexual

behavior.
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CHAPTER 1: INTRODUCTION

Although the effects of polychlorinated biphenyls (PCBs, Figure 1) on
development and reproduction are well documented, very little is known about the effect
of PCBs on sexual behavior. Since PCBs have neurotoxic effects on dopaminergic
neurons (Safe et al., 1985; Seegal et al., 1990, 1991; Shain et al., 1991; Brouwer ef al.,
1995), and since dopamine plays a role in controlling sexual behavior (Everitt et al., 1974;
Carter & Davis, 1977; Foreman & Moss, 1979; Foreman & Hall, 1987; Grierson et al.,
1988; Mani et al., 1994), it is possible that PCBs can disrupt sexual behavior by their
actions on dopaminergic neurons. PCBs also have estrogenic and antiestrogenic effects
on the development of systems controlling reproduction (Brouwer et al., 1995). In this
dissertation, two commercial PCB mixtures, Aroclor 1221 (estrogenic) and Aroclor 1254
(non-estrogenic) were used to examine the possible risks of PCB exposure during
pregnancy and/or lactation, and adulthood. The effects of PCB exposure on sexual
behavior and development of incertohypothalamic dopaminergic systems provide the
main focus for this analysis. In the next section, I review the characteristics of PCBs, the

study subjects, and the concepts of sexual differentiation of copulatory behavior.

Polychlorinated Biphenyls (PCBs)
Since their introduction for industrial use in 1929, PCBs (Figure 1) have been
used for over 50 years in a wide variety of industrial applications such as manufacture of
adhesives, paints, carbonless reproducing paper, printing inks, elastomers, wax extenders,

flame retardants and as general fillers (Hutzinger et al., 1972, 1974; Fishbein, 1974;
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Figure 1. Molecular structure of polychlorinated biphenyls. O: ortho, m: meta, p: para position.
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Peakall, 1980). Their excellent dielectric properties make them useful as electric
insulators and coolants in transformers. Their heat stability, high boiling point and low
vapor pressure makes them ideal as lubricants, vacuum diffusion pump oil, heat transfer
fluids, plasticizers and in high pressure hydraulic fluids (Dustman et al., 1971; Fishbein,
1974). It was not until 1966 that PCBs were detected as pollutants in environmental
samples (Jensen, 1966). In the following years, PCBs were found to be universal
contaminants of aquatic and terrestrial ecosystems (Risebrough et al., 1968; Heath et al.,
1970; Stickel, 1972; Roberts et al., 1978). PCB residues have been identified in almost
every component of the global ecosystem including rivers and lakes, the atmosphere,
fish, wildlife, human adipose tissue, blood and breast milk (Risebrough et al., 1968;
Fishbein, 1972; Jensen & Sundstrém, 1974; Musial et al., 1974; Holdrinet et al., 1977,
Cordle et al., 1978, Wasserman et al., 1979; Ballschmiter et al., 1981; Buckley, 1982;
Safe, 1982; Jacobson et al., 1984, 1989; Koopman-Esseboom et al., 1994, Moore et al.,
1997). The manufacture and use of PCBs in the United States was banned in 1977 (U.S.
Environmental Protection Agency, 1978). Although the banning of PCBs in the
industrially developed world has resulted in decreasing environmental levels (Schmitt et
al., 1990), bioaccumulation and biomagnification of the remaining PCBs still result in
significant concentrations in upper trophic level (position in the food chain) species such
as fish-eating waterbirds and mammals such as seals and humans who eat PCB-
contaminated seafood (Dewailly et al., 1989; Haraguchi et al., 1992; Jansson et al.,
1993). The relative abundance of individual chlorinated biphenyls (CBs) in
environmental samples varies with the location and source of contamination, age of the

samples, and environmental matrix such as the trophic level of the organism. In general,
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fish, wildlife and human samples are dominated by persistent penta- to hepta-CBs, due to
their resistance to biodegradation relative to the more readily metabolized mono-CBs to
tetra-CBs (Sunstrém et al., 1976) that possess vicinal hydrogens in the 3,4 position of
one of the phenyl rings.

There are 209 PCB congeners that differ both in the number and positions of
chlorines on the biphenyl moiety (Figurel; Barlow & Sullivan, 1982; Mullin ef al., 1984)
and in the kinds of toxic responses they elicit (Parkinson & Safe, 1987; Safe, 1994).
Approximately 120 PCBs have been identified in the environment (Bush ez al., 1985). On
the basis of their ability to induce aryl hydrocarbon hydroxylase (AHH) activity in rat
hepatoma cells, Safe (1990) has classified PCB congeners into three main classes: (I)
coplanar dioxin-like congeners that interact at the aryl hydrocarbon (Ah) receptor, induce
associated hepatic enzymes, and share many toxicological properties with the dioxins
(Figure 2) and dibenzofurans (Figure 3); (ii) di-ortho-substituted congeners that neither
interact with the Ah receptor nor induce the associated hepatic enzymes, and (iii) mono-
ortho-substituted congeners, which are intermediate in activity between the two above-

described classes of congeners (Seegal et al., 1997).

Coplanar PCBs

Only PCBs that are substituted in the para and meta positions will exhibit maximum
coplanar conformational character and approximate the relatively flat structure of 2,3,7,8-
tetrachlorodibenzo-p-dioxin (TCDD). Moreover, of the 20 possible coplanar PCBs, it is
apparent from several studies that AHH-inducing activity is only observed for

compounds substituted at both para positions (Goldstein et al., 1977; Poland & Glover,
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Figure 2. Molecular structure of polychlorinated dibenzo-p-dioxins.
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Figure 3. Molecular structure of polychlorinated dibenzofurans.



1977, Parkinson et al., 1981). Active coplanar PCBs elicit toxic responses typical of
2,3,7,8-TCDD including weight loss after exposure, hepatonecrosis, porphyria
(hereditary abnormalities of porphyrin metabolism), thymic atrophy and reproductive
toxicity (McKinney et al., 1976; Goldstein et al., 1977; Poland & Glover, 1980; Biocca

et al., 1981; Marks et al., 1981; Parkinson et al., 1983).

Mono-ortho-substituted PCBs

The introduction of a single ortho-chloro substituent into the biphenyl ring results
in decreased coplanarity between two phenyl rings due to steric interactions between the
bulky ortho-chloro and hydrogen substituents. At least five of the mono-ortho analogs of
the coplanar PCBs elicit toxic effects which resemble (qualitatively) 2,3,7,8-TCDD and
several of these compounds have been identified in commercial PCBs and as residues in

human tissues (Jensen & Sundstréom, 1974; Kuroki & Masuda, 1977; Mullin et al., 1981).

Di-ortho-substituted PCBs

The di-ortho coplanar PCBs exhibit low binding affinities for the cytosolic Ah
receptor protein (Bandiera et al., 1983) and are relatively inactive as AHH/EROD
(ethoxyresorunfin-O-deethylase) inducers in rat hepatoma H-4-I1-E cells (Sawyer &
Safe, 1982). The toxicity of the di-ortho coplanar PCBs has not been systematically
investigated; However, two members of this group, 2,2°,3,3°4,4’- and 2,2°,3,4,4°,5’-
hexachlorobiphenyls are porphyrinogenic in rats after long-term feeding studies (Stonard
& Grieg, 1976). Both of these compounds are among the most active di-ortho coplanar

PCB inducers of rat hepatic microsomal enzymes AHH and cytochrome P-450C (Safe et
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al., 1985). It is evident that the most active PCB compounds are approximate
isostereomers of 2,3,7,8-TCDD and there is an excellent correlation between the
cytosolic receptor binding affinities, AHH induction potencies and toxicities of these
compounds.

Davis and Safe (1990) further classified PCBs into: (a) class I: coplanar PCBs
substituted at para and/or meta positions, (b) class II: mono-ortho coplanar PCBs, (c)
class III: mono-ortho coplanar PCBs minus a single para-chloro group, (d) class IV: di-
ortho coplanar PCBs, (e) class V: tri-ortho coplanar PCBs, and (f) tetra-ortho-substituted
PCBs. The structure of these compounds again determines their receptor binding abilities
and possible toxic mechanisms (Safe et al., 1985; Kannan et al., 1988; Korach et al.,

1988; Davis & Safe, 1990; Shain et al., 1991).

Coplanar vs. Ortho-substituted PCBs

Coplanar congeners with chlorine substitutes only in the meta- and para-positions
are ligands of the Ah receptor and induce the gene family I (CYP1A1, CYP4A1) whereas
poly-ortho-substituted PCBs induce gene family II (Borlakoglu et al., 1992). The two
types of PCB congeners may also interfere differentially with the nervous system.
Coplanar 3,4,3°,4’-tetrachlorobiphenyl (1 mg/Kg body weight from gestation day 7 to
day 18) exposed rats had increased descent latencies in a catalepsy test and impairments
of passive avoidance behavior (Weinand-Hiérer et al., 1997). On the other hand,
metabolites of the coplanar 3,4,3’,4’-tetrachlorobiphenyl are known to block the binding
sites of vitamin A and thyroid hormones at their plasma transport protein complex,

thereby leading to a decrease in total and free T, levels and a decrease in plasma retinol
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(Brouwer, 1991). Since thyroid hormones are important regulators of neuronal
- development (Porterfield & Hendrich, 1993), behavioral effects in PCB-treated animals
may also be mediated by this mechanism.

Coplanar congeners, in addition to their ability to interact at the Ah receptor, also
alter estrogenic function, either by enhancing the metabolism of estrogens to hydroxy-
and catechol estrogens (Gierthy ez al., 1988) or by downregulating estrogen receptors
(Safe et al., 1991) and may interfere with DNA binding (Harris ef al., 1990; Zacharewski
et al., 1991). Because coplanar PCBs are the inducers of Phase I and Phase II metabolic
detoxification enzymes which reduce the estrogen-dependent expression of proteins by
enhancing the enzymatic conversion of latent 17p-estradiol to less active metabolites,
they can elicit an antiestrogenic response (Spink et al., 1992). Thus, given the well-
known interactions between estradiol and dopamine, particularly during development
(Stumpf et al., 1983; Simerly, 1989), the elevations in dopamine and metabolite
concentrations following perinatal exposure to coplanar PCBs may in part be due to
coplanar-induced alterations in steroidal function during development (Seegal et al.,
1997).

In addition to the potential role of the parent congener, Morse et al. (1995) have
demonstrated that perinatal exposure to 3,4,3’,4’-tetrachlorobiphenyl results in
significantly greater accumulation of metabolites of this congener (particularly 3,5,3°,4’-
tetrachloro-4-biphenylol) in the fetus and offspring than in the dam. In turn, certain
hydroxylated biphenyls have been shown to be estrogenic (Korach ef al., 1988). Thus,
the neurochemical changes may be due to the estrogen-like activity of its metabolites

during critical periods of development, rather than to the continuing presence of the
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parent congener in the adult tissue since Chu et al. (1995) were unable to detect the
parent congener in the brains of rats exposed chronically for 13 weeks (Seegal et al.,
1997).

Ortho-substituted PCBs are neuroteratogens and developmental exposure altered
dopamine function and the change in neurochemical function persisted in the absence of
PCB:s in brain at adulthood (Seegal, 1992). The ortho-substituted PCBs have been shown
to reduce dopamine levels in the brain and in PC-12 cells, while the coplanar PCBs
display reduction (Agrawal et al., 1981), elevation (Seegal et al., 1997) or no effect
(Seegal et al., 1990; Shain et al., 1991). Interestingly, the dose response curve of
commercial PCBs is sometimes biphasic (Chishti et al., 1996) because commercial PCBs
usually contain mixtures of both ortho-substituted and coplanar PCBs. Aroclor 1254
(A1254), one commercial PCB mixture, has been shown to decrease dopamine at low
doses and increase dopamine at much higher doses (Chishti ez al., 1996). The changes of
dopamine levels resulting from PCB treatment (Figure 4) are due to the inhibition of
dopamine synthesizing enzymes, tyrosine hydroxylase or L-amino acid decarboxylase, or
to the vesicular storage or release of dopamine or vesicular monoamine transporter
(Chishti et al., 1996; Augus et al., 1997; Choksi et al., 1997).

Exposure to ortho-substituted congeners, such as 2,4,2°,4’-tetrachlorobiphenyl,
affects phosphoinositide metabolism and translocation of protein kinase C (Kodavanti et
al., 1994). Alteration in the above biochemical endpoints could affect either the
phosphorylation state of tyrosine hydroxylase or the affinity of tyrosine hydroxylase for
its cofactor, tetrahydrobiopterin (Weiner, 1978; Nagatsu et al., 1994). Both of these

factors play important roles in regulating dopamine synthesis (Zigmond et al., 1989) and
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Figure 4. Possible mechanisms of PCB effects on dopamine concentration. COMT:
catechol-O-methyl transferase; DOPA: L-dihydroxy-phenylalanine; DOPAC:
dihydroxyphenyl acetic acid; HVA: homovanillic acid; LAAD: L-amino acid
decarboxylase; MAO: monoamine oxidase; 3MT: 3-methoxytyramine; TH: tyrosine
hydroxylase.
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may be involved in the reductions in brain dopamine seen in 2,4,2°,4’-
tetrachlorobiphenyl-exposed animals (Seegal ez al., 1997).

In addition to changes in brain dopamine function, postnatal day 10 exposure to
individual congeners (including ortho-substituted congeners and coplanar 3,4,3°,4°-
tetrachlorobiphenyl) resulted in long-term changes in behavior and regional brain
muscarinic and nicotinic receptor densities (Eriksson et al., 1991; Eriksson &
Fredriksson, 1996). The persistent changes in cholinergic receptor function may alter the
normal dopaminergic/cholinergic balance, resulting in altered brain function (Consolo et
al., 1992; Marchi et al., 1992; Di Chiara & Morelli, 1993).

The reductions in brain dopamine concentrations are a consequence of ortho-
substituted PCB congener-induced inhibition of the synthesis of dopamine during critical
periods of development, acting in concert with PCB-induced changes in cholinergic
receptor function. On the other hand, the persistent elevations in brain dopamine and
metabolite concentrations following perinatal exposure to coplanar 3,4,3°,4’-
tetrachlorobiphenyl may be mediated by alterations in steroid hormone function during
key developmental periods (Seegal et al., 1997).

To summarize, coplanar PCBs possess estrogenic or antiestrogenic activity and
probably act through Ah receptors, resulting in alteration of thyroid hormones and
retinoid functions. The interaction of estrogenic effects of coplanar PCBs and
dopaminergic systems probably cause the elevation of dopamine contents in the brain.
On the contrary, ortho-substituted PCBs probably act upon the signal transduction
pathway to disrupt phosphoinositide metabolism and translocation of protein kinase C

and result in the decrease of dopamine content in the brain.
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Metabolism of PCBs

PCBs undergo oxidative alteration via cytochrome-requiring P450 enzymes that
catalyze the formation of intermediate arene oxides that lead to hydroxyl or methyl
sulphone metabolites (Bergman ez al., 1994). Hydroxylated chlorinated biphenyls
(OHCBs) and their sulfate and glucuronide conjugates are typically excreted via feces or
urine. However, organisms may retain OHCBs because these compounds are capable of
binding to plasma proteins, particularly transthyretin (Bergman et al., 1994), or to lipids.
OHCBs have been identified in blood of marine mammals, fish-eating birds and humans
at concentrations in some cases exceeding those of the unmetabolized PCBs. A number
of toxic effects are produced exclusively by metabolites of PCBs. OHCBs have been
associated with alterations in vitamin A and thyroid hormone metabolism (Brouwer &
Van den Berg, 1986, Brouwer et al., 1990), while methylsulphone-PCB metabolites have
been implicated as possible toxic agents in the lung and adrenals and in fetuses of mice
(Brandt et al., 1985; Lund et al., 1985; Darnerud et al., 1986). Toxic effects associated
with the metabolite are related to the effects of the parent compound through Ah-

receptor-mediated PCB metabolism (Brouwer, 1991).

Toxicities of PCBs

PCBs have been shown to have a variety of effects on reproduction. Some PCB-
isomers have estrogenic activity in the rat uterus (Bitman et al., 1972; Fishbein, 1974;
Gellert, 1978). Other effects on reproduction attributed to PCBs include a decrease in
fertility of sea lions (Olsson et al., 1974; Helle, 1976), reduction in the number of female

mink that complete pregnancy (Bleavins e? al., 1980), disturbances in the estrous cycle of
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female mice, reduced litter size due to a reduction of implanted ova and the increase in
degeneration rate of embryos in vitro and in utero (Orberg and Kihlstrém, 1973;
Kholkute et al., 1994) possiblly due to altered biochemical environment of the ovaries
and uterus during oogenesis or pregnancy (Toroék et al., 1976). It has been shown that
dietary administration of PCB compounds during decidualized pseudogestation produced
acute alterations in uterine and ovarian biochemistry (Spencer, 1982). PCBs also affect
male fertility. Organ weights in the male reproductive system were depressed in PCB-
treated male rats. Cauda epididymal sperm numbers were also reduced (Sager et al.,
1987).

PCBs have the potential to disrupt reproduction through various pathways. They
can affect endocrine systems that are essential for reproduction (Colbomn ef al., 1993).
For example, testicular and seminal vesicular functions were disrupted after PCB
treatment in male mice (Sanders et al., 1977); androgen metabolism was altered in male
rats (Derr and Dekker, 1979; Haake-McMillan and Safe, 1991), and estrous cycles and
progesterone synthesis were disrupted in female rats (Jonsson et al., 1976).

Estrogen plays a key role in the sexual differentiation of rats (MacLusky and
Naftolin, 1981). Some PCBs bind to estrogen receptors, exhibit estrogenic activity, cause
precocious puberty, persistent vaginal estrus and premature reproductive aging (Bitman
and Cecil, 1970; Orberg and Kihlstrém, 1973; Gellert, 1978; Korach et al., 1988). Other
PCBs, on the contrary, exhibits minimal binding to estrogen receptors, and their
hydroxylated metabolites may even have antiestrogenic activity (Moore et al., 1997).
However, other hydroxy-PCBs may exert estrogenic effects as well. A dramatic example

was seen in turtles where the estrogenic effect of hydroxy-PCBs reversed the
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temperature-dependent sex determination (Bergeron et al., 1994; Crews et al., 1995).
Reports of abnormal sexual development in reptiles (Guillette et al., 1994, 1995) or birds
(Fry, 1995) as well as feminized responses in male fish (Jobling & Sumpter, 1993; White
et al., 1994, Jobling et al., 1995) have also strengthened the notion that environmental
chemicals can function as estrogens. The weak estrogenic activity of commercial PCB
mixtures was recognized early in studies of PCB toxicity (Bitman & Cecil, 1970);
however, only the less chlorinated Aroclor mixtures (< 48% Cl by weight) exhibited
estrogenicity, consistent with the hypothesis that lesser chlorinated OHCB metabolites
were the active compounds (Nelson, 1974).

Another issue related to PCB toxicities is their potential to alter the behavior of
exposed animals or humans. Epidemiological studies indicate that PCBs may produce
neurological and behavioral dysfunctions in perinatally exposed human infants including
deficits in visual recognition memory and decreased intelligence scores (Jacobson et al.,
1985; Rogan et al., 1986, 1987, 1988; Gladen & Rogan, 1988; Gladen et al., 1988).
Similar findings were noted in laboratory studies of nonhuman primates (Bowman et al.,
1978; Bowman & Heironmus, 1981; Schantz & Bowman, 1983; Mele et al., 1986;
Schantz et al., 1989).

Mice exposed to tetrachlorobiphenyls during gestation have been reported to
exhibit a long-lasting neurobehavioral syndrome consisting of stereotypic head
movements, rotational behavior, increased motor activity, impaired neuromuscular
strength and coordination, and learning deficits (Tilson et al., 1979). Other investigators
(Lucier et al., 1978; Chou et al., 1979) have also noted that in utero exposure to

tetrachlorobiphenyls produces hyperactivity possibly resulting from the interference with
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the synaptogenesis of dopaminergic systems.

PCBs also exhibit toxic effects on homeostatic mechanisms. PCBs produce
ultrastructural lesions in thyroid follicular cells and a reduction in serum levels of thyroid
hormones in neonatal rats (Collins and Capen, 1980; Gray et al., 1993). Many other
toxicities of PCBs have also been documented including hepato-, immuno- and dermal
toxicities, teratogenicity as well as carcinogenicity (Fein et al., 1984; Overmann et al.,
1987; Brouwer et al., 1995).

The effects of different PCB congeners are also species-specific. Certain ortho-
substituted PCB congeners (e.g., 2,2'-dichlorobiphenyl) can inhibit tyrosine hydroxylase
activity and dopamine synthesis in both Sprague-Dawley and Long-Evans hooded rats.
However, the ortho-meta-substituted PCB congener 2,2',5,5'-tetrachlorobiphenyl

inhibited tyrosine hydroxylase activity only in Spraque-Dawley rats (Choksi et al., 1997).

Basic Biology of Long-Evans Rats

The Long-Evans rats used in our laboratory are derived from wild brown rats
(Rattus norvegicus). This species breeds throughout the year in most situations. The
annual litter rate varies from 2.2 for small rats to 8.2 for large ones. The mean embryo
count is 9.3+2.3 per litter. The 50% point for initiation of ovulation is at 153 g (body
weight) and 144 mm (body length). The 50% point for vaginal perforation is 102 g and
143 mm. The 50% point for testis decent is 105145 g, and spermatozoa are present in
50% of males at 200+70 g. The Long-Evans rat is polyestrous all the year round, and
ovulation is spontaneous, occurring near the end of estrus. Estrus lasts about 20 hours,

and the cycle from 4 to 6 days. Estrus usually begins between 7 and 8 pm, with 75%
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beginning between 4 pm and 10 pm and less than 1% between 3 am and 11 am. The
average duration of the first estrus is slightly less than that of later ones, the mean being
9.1 hours. In the normal estrous period the female is most receptive during the first 3
hours. The usual time of ovulation is 8 to 11 hours after the beginning of the estrus. The
corpus luteum formed after rupture of the follicle is physiologically inactive unless the
cervix has been stimulated mechanically or by coitus. The interval between the estrous
periods thus represents postestrum, and its length is determined by the time required to
ripen new follicles. When the cervix is stimulated, prolactin is released from the anterior
pituitary, enabling the corpus luteum to secrete progesterone. This continues for about 14
days, during which time the rat is pseudopregnant. New follicles do not ripen, estrus does
not occur, and the uterus undergoes various changes, such as growth of the glands and
sensitization of the endometrium to trauma. The regression of the corpus lutea is
followed by the ripening of new follicles, estrus, and ovulation (Asdell, 1964).

The gestation period is 22 days with very little variation. If the mother is
suckling six or more young, implantation in a new pregnancy is delayed, and the
pregnancy is consequently prolonged. In the absence of pregnancy, lactation causes the
corpus lutea of the postparturition ovulation to persist. Removal of the young is followed

by estrus 4 days later (Asdell, 1964).

Sexual Differentiation in Rats
In many species marked sex differences in the control of endocrine function and
behavior by the central nervous system are the normal outcome of sexual differentiation,

including the recognition of the sexual partner, mating pattern, and the subsequent
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production and rearing of young (Maclusky & Naftolin, 1981). Other sexually dimorphic
functions include the play and social behavior, agonistic, learning, posture during
urination, scent marking behavior, vocalization, regulation of food intake, and body
weight (Hutchison , 1997; Fitch & Denenberg, 1998).

The brain is critically involved in the regulation of reproduction (Kalra & Kalra,
1983), and the process of sexual differentiation in the brain is comparable to that of the
internal reproductive organs or the genitalia (Gorski, 1985; Parker et al., 1999a,b). The
period of sexual differentiation varies from species to species and may be prenatal,
perinatal, or postnatal, depending upon the level of maturation of the central nervous
system at birth (Gorski, 1983). Even in the same species the sexual differentiation of a
given function may differ temporally, in terms of hormonal sensitivity and the specific
gonadal steroid responsible for differentiation (Christensen & Gorski, 1978; Gorski &
Jacobson, 1981). There may be evidence for the sexual differentiation of a given function
in one species but not in another (Gorski, 1985).

During perinatal periods of brain development, there are definable phases of
hormonal sensitivity when steroid hormones influence maturing neuronal mechanisms
underlying both the neuroendocrine system and behavior in rats. However, the way in
which these phasic effects of steroids interact with the changing fetal and neonatal
environment to bring about behavioral development is not fully understood (Hutchison,
1997). There is little doubt now that the steroid hormones, androgen and its estrogen
metabolites (Figure 5) are involved in the sexual differentiation of behavioral
development by direct action on the brain. Current ideas on the mode of action of

steroids in the brain suggest that a sexually differentiated phenotype develops as a
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consequence of gonadal steroid action on an undifferentiated bipotential substrate
(Adkins-Regan et al., 1997, Amold, 1997, Fitch & Denenberg, 1998). Theoretically, the
distinction can be made between permanent organizing effects of steroid, which are
irreversible, and the transient activational effects of steroids required for adult behavior
(Goy & McEwen, 1980; Armold & Gorski, 1984).

Current ideas concerning the developmental action of hormones on behavior are
derived partly from early embryonic work (Jost, 1972; Jost & Magre, 1984). There
appear to be three stages in sexual development from an undifferentiated primordium
common to genetic males and females. First, gonadal sex is determined by the presence
or absence of the male testis-determining gene on the Y chromosome, SRY, and its
related genes SF-1, WT1, Dax-1, and SOX9 (Goodfellow & Camerino, 1999; Koopman,
1999; Ohno, 1999; Parker et al., 1999; Scherer, 1999); second, the reproductive tract and
genital morphology are differentiated hormonally (Arnold, 1997; Hutchison, 1997,
Gorski, 1999); third, sexual differentiation of the brain and behavior occurs as the final
stage, also under hormonal control (Amold, 1997; Hutchison, 1997). The general
principle is that in mammals the male phenotype develops when a specific hormonal
signal (androgen) is present. In the absence of this signal, reproductive tissues
differentiate into the female type.

The early organization hypothesis can be summarized as follows. (1) In the
heterogametic sex, the appropriate hormone of that sex irreversibly organizes brain
mechanisms of behavior during a critical period early in development. (2) The
organizational hypothesis implies that there is a continuum in behavioral development

from female to male that may depend, in mammals, on how much androgen is present
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during the critical period of development. This notion has important implications because
the amount of androgen in the developing mammalian brain could determine the degree
of behavioral masculinization. (3) There is no requirement for a defeminization process.
(4) Organizational effects are irreversible; they occur in perinatal development during a
limited critical period before the brain and other target tissues have finally matured.
There are a number of major difficulties with the organizational hypothesis; the
first relates to the site of action of androgen. While gonadal hormones are known to act
on the brain during development, it is unclear to what extent they influence the peripheral
nervous system. The second difficulty lies with the supposition that sexual differentiation
is a unitary event involving a one-hormone androgenic effect. The orthogonal model of
sexual differentiation (Whalen, 1974; Yahr, 1985) establishes that in contrast to the
classical theory, in which sexual differentiation occurs along a continuum, masculine and
feminine aspects of sexual behavior are differentiated at separate stages in development
and probably independently. A third difficulty is whether hormonal activation of sexual
behavior in adulthood and organization during perinatal development are separable
processes (Hutchison, 1997). Two aspects of the organizational hypothesis, therefore,
have to be reconsidered. First, there appears to be no strict time limit to the critical period
for the differentiating effects of estrogen. Second, given the right conditions, mechanisms
underlying behavior can be organized by steroids in the adult animal (Hutchison &
Hutchison, 1985; Schumacher & Balthazart, 1985). Perhaps the greatest challenge for the
steroids trigger sexual differentiation hypothesis comes from the studies in non-
mammalian species. The disjunction of gonadal and neural phenotypes and the lack of

effects of steroids on the phenotype of the sexually dimorphic plumage in birds have led
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us to speculate upon alternatives for this hypothesis (Armold, 1997).

The neural basis for mammalian sex differences is characterized by sexual
dimorphism in central and peripheral nervous systems. There are sex differences in the
number of synapses (Raisman & Field, 1973) in the medial preoptic area, the volume of
the sexually dimorphic nucleus of the preoptic area (Gorski et al., 1978), the cell number
and size of the spinal nucleus of the bulbocavernosus (Breedlove, 1992), the cell number
of the major pelvic ganglia (Greenwood et al., 1985) and many more in rats (Fitch &
Denenberg, 1998).

The downstream molecular processes of steroid action in sexual differentiation
have not been delineated. Steroids may influence neurotransmitter metabolism, neuronal
conductivity and synaptic connectivity, of developing neurons, which may lead to
permanent changes in synaptic transmission and overall neuronal activity (Beci-
Villalobos et al., 1997). Interactions between steroids and neurotransmitters have been
widely investigated in adult animals, and neurotransmitters may also serve active roles
during the process of sexual differentiation (Dohler, 1991).

So far the research on sexual differentiation of copulatory behavior has been
focused on systemic injections of steroids, steroid agonists and antagonists, receptor
blockers, or enzyme blockers during specific critical periods. However, the results of
these studies are sometimes difficult to interpret because steroids have widespread effect
on many cross-reacting pathways in the brain. The use of PCBs on the study of sexual
development of copulatory behavior has some advantages over steroids. PCBs act upon
specific neural substrates, e.g., dopaminergic neurons, and the interaction between

estrogenic and nonestrogenic components of sexual differentiation can be distinguished if
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estrogenic and nonestrogenic PCBs are used in comparison. Another drawback of early

studies of sexual differentiation of female sexual behavior is that only one behavioral

parameter was used, the lordosis quotient. A new way of measuring female copulatory

behavior, the female-pacing test, was used in our research to provide insights into the

process of sexual differentiation. Since we were interested in whether PCBs can disrupt

sexual differentiation, we examined sexual behavior in PCB-treated and control female

rats and also investigated changes in related dopaminergic brain systems to answer these

questions:

1. Do PCB:s affect sexual differentiation as measured by behavioral parameters?

2. Do PCB:s affect the incertohypothalamic dopaminergic system?

3. Is there a critical period for PCB treatment to affect sexual differentiation and sexual
behavior?

4. Is there any relation between changes in behavior and changes in the brain in PCB-

treated rats?
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CHAPTER 2: GENERAL METHODS

Animals

Sexually mature Long-Evans rats (Rattus norvegicus) were purchased from
Harlan Sprague Dawley, Inc., Indianapolis, IN. Upon arrival, females rats (60-day-old; 3
rats/cage) and male rats (90-day-old; 2 rats/cage) were housed separately in standard
plastic cages (57x25x20 cm) in a vivarium with 48% humidity and temperature at 22°C
(lights off 1100-1900). Standard rat feed (Harlan Teklad 22/5 rodent diet 8640, Madison,
WI) and tap water were available ad libitum. All experiments were conducted in our
laboratory in accordance with the Guidelines for the Use of Animals in Research
(National Research Council, 1997) and the policies of the University Committee on
Animal Use and Care at Michigan State University.

Prior to behavioral testing, female rats were ovariectomized. Seven days after
surgery, the ovariectomized rats were injected subcutaneously (sc) with estradiol
benzoate (Sigma Chemical Co., St. Louis, MO) 0.5 pg/0.1 ml/rat (dissolved in sesame
oil) for 3 consecutive days then given progesterone on the fourth day (Sigma Chemical
Co., St. Louis, MO), 0.5 mg/0.1 ml/rat sc (dissolved in sesame oil) four hours prior to
behavioral testing (All the injections were administered at 0900 hr). Females were placed
in the behavior test arena, after each injection, for 10 min to familiarize them with the
testing apparatus. They were tested for sexual behavior once per week at 1300 hr. The
purpose of ovariectomy and hormone injections was to standardize the hormone milieu in

each subject for the behavior test.
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Female Behavior Tests
Female sexual behavior was evaluated with two separate test paradigms: a
traditional lordosis test and a pacing test. In the traditional test, the female has no
opportunity to escape from the male; therefore, she has minimal control of the timing of
copulatory behavior. In the pacing test where the female can escape from the male, she

has the opportunity to control the pacing of the sexual contacts.

Traditional Lordosis Tests

Sexually receptive females respond to mounts by a male by exhibiting a
pronounced arching of the back, lordosis. Following treatment with estradiol benzoate
and progesterone, sexual receptivity was measured by counting the number of times the
female responded to the male with lordosis in ten mounts (lordosis quotient, LQ). The
male rat was placed in the testing arena, a plexiglas cage (56x44x49 cm) 5 min before the
female was placed in the test chamber where she remained until mounted ten times by the

male.

Pacing Tests

To determine whether females were actively motivated to copulate, they were also
tested with a male in a two-compartment cage. For this test, the testing chamber
(56x44x49 cm) was divided into a main chamber (34x44x49 cm) and an escape chamber
(22x44x49 cm). During copulatory tests, females could escape from the male through
holes in the dividing partition through which the larger male was unable to pass. The

female was introduced into the escape chamber S min after the male was placed in the
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main chamber. The time course of the behavior was recorded with a computer using an
event-recording program designed by Dr. Kalle Karu (Department of Mathematics,
Harvard University, Cambridge, MA).

In the pacing paradigm, several latency measurements were used to assess the
temporal pattern of female sexual behavior. Approach latency was the time from the
introduction of female into the escape chamber to her crossing the partition to approach
the male. Mount return latency, intromission return latency and postejeculatory refractory
period were the measures of time that the female spent in the escape chamber after each
male copulatory event (mount, intromission or ejaculation, respectively). We also used
the percentage of times that the female escaped from the male after different copulatory
events, i.e., percentages of mount leave (frequency of mount leave divided by frequency
of mount) and intromission leave (frequency of intromission leave divided by frequency
of intromission) to assess female sexual behavior. The percentage of ejaculation leave
was excluded because females always escaped from the males’ chamber after an

ejaculation.

Immunohistochemistry
Tyrosine hydroxylase immunoreactivity (TH-IR) was used to identify dopaminergic
neurons. Some brain sections were also double labelled with FOS immunohistochemistry.
FOS, the protein product of an immediate early gene c-fos, is rapidly and transiently
expressed in brain tissues in response to various stimulation (Wu et al., 1992; Pfaus et al.,
1994, 1996; Coolen et al., 1996, McCarthy et al., 1997, Pfaus & Heeb, 1997). FOS

immunoreactivity (FOS-IR) has been used as a metabolic marker in neuronal pathway
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tracing (Dragunow and Faull, 1989) and as a marker of neuronal activity (Hoffman et al.,
1994a). It has been successfully applied in studies relating sexual behavior to activity of
specific brain areas (Robertson et al., 1991; Baum and Everitt, 1992; Erskine, 1993,
Flanagan et al., 1993; Pfaus et al., 1993; Rowe and Erskine, 1993; Tetel ez al., 1993;
Wersinger et al., 1993; Flanagan-Cato and McEwen, 1995; Gréco ef al., 1996). The purpose
of double labelling TH and FOS was to identify mating-activated dopaminergic neurons.
Prior to sacrifice, female rats were anesthetized with sodium pentobarbital (75
mg/Kg), then perfused with 0.87% NaCl then 4% paraformaldehyde (in 0.1 M phosphate
buffer, pH 7.4). Brains were post-fixed in 4% paraformaldehyde at 4°C over night then
transferred to 20% sucrose (in 0.1 M phosphate buffer, pH 7.4) for cryoprotection. Once the
brains had sunk, they were sectioned coronally with a cryostat. Frozen sections were
collected and processed for FOS and/or TH immunohistochemistry. Thionine staining was
performed on the adjacent sections of those processed for FOS/TH immunohistochemistry.
For TH immunohistochemistry, sections were rinsed three times in 0.1 M phosphate
buffer saline (PBS, pH 7.4) and incubated with 0.5% hydrogen peroxide (diluted with
TBS) for 30 min. They were rinsed three times afterwards with PBS and then incubated
with the primary antibody for TH (monoclonal mouse-anti-TH, 1:10,000, Sigma
Chemical Co., St. Louis, MO) and normal horse serum (Vector Laboratories, diluted with
PBS/0.3% Triton X-100 according to the manufacturer's directions) for 2 days at 4°C.
After three rinses with PBS, sections were incubated with biotinylated secondary
antibody (horse-anti-mouse IgG, Vector Laboratories, diluted with PBS/0.3% Triton X-
100 according to the manufacturer's directions) for 2 hr at room temperature. After three

rinses in PBS, sections were incubated with ABC solution (Vector Laboratories, diluted
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with PBS/0.3% Triton X-100 according to the manufacturer's directions) for 1.5 hr at
room temperature. They were rinsed three times with PBS and then reacted with VIP
(VIP Substrate Kit, Vector Laboratories) for 10 min. After staining, the sections were
rinsed three times with PBS and mounted on gelatin-coated slides, dehydrated in an
ethanol series (70%, 95%, 100%, 2 min each) and xylene (15 min), then coverslipped
using DPX mounting media (Fluka Chemical Corp., St. Louis, MO).

For FOS/TH immunohistochemistry, sections were rinsed three times in 50 mM Tris
buffer saline (TBS, pH 7.2) and incubated with 0.5% hydrogen peroxide (diluted with TBS)
for 30 min. They were rinsed three times with TBS and then incubated with the primary
antibody (details described in each chapter) and normal serum (details described in each
chapter; Vector Laboratories, diluted with TBS/0.3% Triton X-100 according to the
manufacturer's directions) for 2 days at 4°C. After three rinses with TBS, sections were
incubated with biotinylated secondary antibody (details described in each chapter; Vector
Laboratories, diluted with TBS/0.3% Triton X-100 according to the manufacturer's
directions) for 2 hr at room temperature. After three rinses in TBS, sections were incubated
with ABC solution (Vector Laboratories, diluted with TBS/0.3% Triton X-100 according to
the manufacturer's directions) for 1.5 hr at room temperature. They were rinsed three times
with TBS and then reacted with DAB/Ni (DAB Substrate Kit, Vector Laboratories) for 10
min. After the first set of immunohistochemistry, sections were incubated in 5% dimethyl
sulfoxide for 30 min and rinsed three times with TBS, the second set of the
immunohistochemistry was performed with the primary antibody for TH (monoclonal
mouse-anti-TH, 1:10,000, Sigma Chemical Co., St. Louis, MO) and with normal horse

serum as the same steps described above except using different secondary antibody (horse-
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anti-mouse IgG, Vector Laboratories) and DAB (Vector Laboratories) as the chromagen.
After staining sections were rinsed three times with TBS and mounted onto gelatin-coated
slides, dehydrated in an ethanol series (70%, 95%, 100%, 2 min each) and xylene (15 min),
then coverslipped using DPX mounting media (Fluka Chemical Corp., St. Louis, MO). TH-
and/or FOS-IR perikarya from both sides of the sections were quantified using camera
lucida. (Note: TH-IR is cytosolic while FOS-IR is nuclear.)

A systematic section method was used for cell counting, and the estimated neuronal
population was calculated by the product of sample count and the period of the systematic

sample (Konigsmark, 1970).
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CHAPTER 3: EFFECTS OF PERINATAL EXPOSURE TO PCBS ON THE
DEVELOPMENT OF FEMALE SEXUAL BEHAVIOR AND THE
INCERTOHYPOTHALAMIC DOPAMINERGIC NEURONS

Introduction

Estrogen plays a key role in the sexual differentiation of rats as described in
Chapter 1. It is capable of defeminizing copulatory behavior of female rats as indicated by
low lordosis quotients (LQ), during critical periods, which extends from gestation day 18 to
about one week after parturition in the laboratory rats (McEwen et al., 1977; MacLusky and
Naftolin, 1981; Elkind-Hirsch ef al., 1984). Consequently, estrogenic PCBs have the
potential to disrupt sexual differentiation and sexual behavior in the adult. A dramatic
example has been found in turtles where the estrogenic effect of hydroxy-PCBs reverses
temperature-dependent sex determination (Bergeron et al., 1994; Crews et al., 1995).
Reports of abnormal sexual development in reptiles (Guillette ez al., 1994, 1995) and
feminized responses in male fish (Jobling & Sumpter, 1993; White et al., 1994) have also
suggested an association with environmentally active chemicals functioning as estrogens.
Therefore, the disruption of steroid hormone homeostasis and activity by environmental
contaminants has become a cause for concern (Wolff et al., 1993; Schmidt, 1994; Dibb,
1995).

As noted earlier, some PCBs and their metabolites exhibit estrogenic activity
(Bitman and Cecil, 1970; Orberg and Kihlstrom, 1973; Gellert, 1978; Korach et al., 1988).
For example, Aroclor 1221 (A1221), one commercial PCB mixture, has been reported to
exhibit estrogenic activity (Bitman and Cecil, 1970) and cause precocious puberty, persistent
vaginal estrus, and anovulation in female rats (Gellert, 1978). Other PCBs, on the contrary,

30



exhibit minimal binding to estrogen receptors (Moore e al., 1997). Aroclor 1254 (A1254),
for instance, did not show estrogenic effects (Bitman and Cecil, 1970). Based on these
considerations, we would predict that estrogenic PCBs (A1221) would defeminize female
rats (show low LQ) whereas nonestrogenic PCBs (A1254) would not.

In addition to the estrogenic effects, PCBs also exhibit neurotoxic effects on
dopaminergic neurons (Safe ef al., 1985; Seegal et al., 1990, 1991; Shain ez al., 1991,
Brouwer et al., 1995). Dopamine is an important neurotransmitter involved in female sexual
behavior (Everitt et al., 1974; Carter & Davis, 1977; Foreman & Moss, 1979; Foreman &
Hall, 1987; Grierson et al., 1988; Mani et al., 1994), and it is possible that PCBs could
disrupt sexual behavior by their actions on the development of dopaminergic neurons.

Dopaminergic neurons of the incertohypothalamic system are the main dopamine
input to the medial preoptic area of the hypothalamus (MPOA) (Bjorklund et al., 1975;
Lindvall and Bjérklund, 1983; Simerly and Swanson, 1986), an area of major importance
for sexual behavior (Powers & Valenstein, 1972; Foreman & Moss, 1979; Clark et al.,
1986; Warner, 1991; Hull et al., 1995). On the basis of the fiber distribution, a caudal
(A1l and A13 cell groups) and a rostral part (A14 cell group) of the incertohypothalamic
system can be discriminated. The projection areas of these neurons signify an
involvement of this system in the control of secretion of pituitary hormones and sexual
behavior (Bjérklund et al., 1975). Chemical lesions of the A13 region have been shown to
decrease lordosis behavior in rats (Dornan ef al., 1991). MPOA lesions have also been
shown to disrupt the temporal pattern of sexual behavior in female rats (Whitney, 1986;
Yang and Clemens, 1996). It is possible that PCBs might disrupt sexual behavior by their

actions on incertohypothalamic dopaminergic neurons. An estrogenic effect of PCBs on the

31



dev

con
affe
pop:
gon.
and

Men

behy
neur

are n

of P

relat

Sexu;



development of dopaminergic systems cannot be overlooked. Since estrogen is
concentrated in hypothalamic dopaminergic neurons (Sar, 1983), estrogen may well
affect the development of these neurons. Indeed, the development of a sexually dimorphic
population of dopaminergic neurons in the hypothalamus has been shown to depend upon
gonadal hormones (Simerly, 1989; Davis et al., 1996). The interactions between estrogen
and dopamine are also well documented (Euvrard et al., 1980; Stumpf et al., 1983;
Mermelstein and Becker, 1995; Xiao & Becker, 1997).

From this brief summary it is clear that PCBs have the potential to affect
behavioral sexual differentiation by at least two modes of action — estrogenic effects or
neurotoxic effects on brain dopaminergic systems. Since these outcomes of PCB toxicity
are not mutually exclusive, our strategy will be to measure changes in behavior as a result
of PCB treatments, and subsequently determine whether these behavioral changes are

related to effects on brain dopaminergic systems.

Materials and Methods
To determine whether exposure to PCBs during early development would affect adult
sexual behavior, perinatal PCB exposure was delivered through the dam. Three PCB
intraperitoneal injections were administered to the dam: one was given on gestation day 14,
the second at parturition (day 1) and the third on day 10 after birth to cover the entire period
of sexual differentiation. Since PCBs accumulate in animals’ body fat storage owing to
their high lipophilic nature and low biodegradation rate, the actual exposure time

continues long after the last injection.
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Animals

Long-Evans rats, described in Chapter 2, were randomly paired and mated over
night. Pregnant female rats were then housed alone. Each pregnant rat received an
intraperitoneal injection of 0.5 ml sesame oil (Sigma Chemical Co., St. Louis, MO) or PCB
solution (Fisher Scientific, Pittsburgh, PA) on gestation day 14, parturition day (day 1) and
day 10 after birth. The PCB solution for each injection was prepared by dissolving 5 mg or
15 mg A1221 (or A1254) in 1.5 ml sesame oil for each animal (3.33 mg/ml and 10 mg/ml,
respectively). All the injections were administered at 0900 hr (2 hr before lights off) thus
providing offspring with perinatal exposure to the PCBs of total maternal dosage of 0 mg
(sesame oil group, control), S mg (about 14 mg/Kg) or 15 mg (about 42 mg/Kg) A1254
(or A1221). [Note: The actual dosage transferred to the pups is estimated to be about 10
pg (1.7 mg/Kg) and 30 ug (5 mg/Kg), respectively (according to Takagi et al., 1986).]
Pups were weaned from their mothers at day 28. Males and females were housed in
separate cages after weaning. At 60 days of age, female offspring were ovariectomized
and rehoused (3 rats/cage). Seven days (day 67 after parturition) after surgery, the
ovariectomized rats were treated with hormones and tested for sexual behavior as

described in Chapter 2.

Immunohistochemistry for Caudal Incertohypothalamic Dopaminergic Neurons

Tyrosine hydroxylase immunoreactivity (TH-IR) was used to identify
dopaminergic neurons in the caudal incertohypothalamic region of the brain. Female rats
were randomly selected (at least one from each litter in each treatment group) for

immunohistochemical processing and sacrificed right after the last behavior test. The
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brain samples for the 5 mg A1254 treatment group were accidentally lost and TH
immunohistochemistry could not be performed. Brains were sectioned coronally at 30 pm
with a cryostat. Frozen sections were collected and every third section was processed for

TH immunohistochemistry and TH-IR perikarya were quantified (see Chapter 2).

Statistics

The mean of each behavioral parameter in each test was automatically calculated
by the computer program. The mean of four behavior tests were then used to calculate the
mean for each litter and for further statistical analyses using StatView (Abacus Concepts,
Inc., Berkeley, CA). Approach latency, mount return latency, intromission return latency
and postejaculatory refractory period were analyzed by one-way ANOVA. Fisher’s LSD
post hoc test was performed when there was a significant difference among treatment
groups (p<0.05). Percentages of mount leave and intromission leave were analyzed by
Kruskal-Wallis Test. LQ, the percentage of times that females showed a lordosis response
in 10 mounts, was also analyzed by Kruskal-Wallis Test. The post hoc tests were
performed between the control and PCB-treated group when there was a significant
difference among treatments (p<0.05). The number of TH-IR neurons in A11 or A13
region was analyzed by both one-way ANOVA and Kruskal-Wallis Test. To compare the
measurements of two sides of A11 or A13, two-way ANOVA (two sides as repeated

measurements) was used.

Results

In both the 5 mg and 15 mg groups, perinatal A1221 exposure lowered the
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lordosis quotient of female rats during copulation (Figure 6). Perinatal 5 mg A1221
exposure increased the latencies for female rats to approach males and return to them
after intromissions (Figure 7). These females also had a higher percent leave after
receiving an intromission (Figure 8).

Perinatal A1254 treatment increased the percent leave following mounts or
intromissions (Figure 9) but did not change other measurements of sexual behavior.

Perinatal A1221 or A1254 treatment did not change the number of TH-IR neurons in
the A11 or A13 regions. However, we found an asymmetry in A11 (Figure 10) and A13
(Figure 11) TH-IR cell number on two sides of the brain (pooled data from all groups,
p<0.001 and p = 0.0001, respectively), with one side having more neurons (major) than the

other (minor).

Discussion
Perinatal A1221 treatment affects female sexual behavior.

Perinatal A122] treatment lowered the lordosis quotient of female rats while
perinatal A1254 did not, which is consistent with an estrogen-induced defeminizing effect of
A1221. A1221 has been reported to have estrogenic activity when the dose exceeds 1 mg
using 18-hr glycogen response as a measure of estrogenicity (Bitman and Cecil, 1970).
Testosterone is able to defeminize female rats during sexual differentiation, which extends
from gestation day 18 to about one week after parturition in rats (McEwen et al., 1977,
Maclusky and Naftolin, 1981; Elkind-Hirsch et al., 1984). Testosterone and estrogen
treatment during gestation or shortly after birth results in a pattern of anovulatory sterility in

adulthood (Gorski & Wagner, 1965; Gorski, 1971). Gellert (1978) treated two or three-day-
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Figure 6. Perinatal A1221 treatment decreased the lordosis
quotient (LQ=frequency of lordosis/frequency of 10 mount) of
female rats.
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Figure 7. Perinatal A1221 treatment increased the latencies for female
rats to approach (AL) males and return to them after intromissions
(IRL).
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Figure 8. Perinatal A1221 treatment increased the percentage of times that
females leave the male after receiving intromissions (%IL=frequency of
intromission leave/frequency of intromission).
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Figure 9. Perinatal A1254 treatment increased the percent leave
following mounts (%ML) or intromissions (%IL).
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Figure 10. The main effect of asymmetry in A11 dopaminergic neurons.

40



2000 1
1800 1
1600
1400

1200

No. of TH-IR Cells

1000
800

600

Figure 11, 1




2000
1 —O— Control
1800 - -0 A1221-5mg
J' -4~ A1221-15mg
= 1600 -O— A1254-15mg
S ]
E. 1400 -
0 ]
= 1200 -
i L
S
Z 1000 -
800 -
600 v T
Al3(major) Al13(minor)

Figure 11. The main effect of asymmetry in A13 dopaminergic neurons.

41



old female rats with A1221 (20 mg/rat) and reported similar precocious puberty, persistent
vaginal estrus, and anovulation. However, only testosterone or antiestrogen decreased the
lordosis behavior. It is believed that testosterone has to be aromatized in the brain tissue into
estrogen to affect the brain circuits involved in lordosis behavior (McEwen et al., 1977).

We did not find any correlation between the lordosis quotient change and the A11 or
A13 anatomic parameters. Therefore, A1221 may have acted on other systems related to
lordosis behavior. Several dopaminergic systems in the hypothalamus and midbrain have
been associated with lordosis behavior in female rats, including the substantia nigra (A9),
central tegmental area (A10) (Herndon, 1976) and the arcuate nucleus (A12) (Ahren et
al., 1971; Lofstrom, 1977). Indeed, PCBs have been shown to decrease dopamine content
in the substantia nigra and other hypothalamic nuclei (Seegal ez al., 1990, 1991), and it is
possible that changes in these dopaminergic systems may be related to the low lordosis
quotient in our study. Alternatively, although the whole population of A11 or A13
dopaminergic neurons did not show correlations with lordosis behavior, some subpopulation
of these neurons may be related to this behavior, e.g., the A11 or A13 dopaminergic neurons
that were activated during copulation. Other methods of measuring neuronal activities may
be a better index than TH-IR cell counts.

In the pacing tests, perinatal A1221-treated (5 mg) females took a longer time to
approach the male, and returned to the male with longer latencies after intromission than
control females. The percentage of times these females left the male following an
intromission was also increased. These behavioral alterations may reflect changes in sexual
motivation of the female rats and could be the result of increased dopamine level in the

nucleus accumbens and the striatum due to the estrogenic effect of A1221 in the critical
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period of development. Xiao and Becker (1997) found that estrogen implantation in the
nucleus accumbens increased dopamine level in this brain region and prolonged the
return latencies of female rats receiving intromissions and the implantation into the
striatum facilitated the percentage of females leaving males after copulatory events. This
pathway appears to be involved in the maintenance but not in the initiation of copulation
(the approach latency). On the other hand, since the temporal pattern of female copulation
depends heavily on peripheral sensory factors (Erskine, 1989), PCB treatments may have
influenced the female’s sensitivity to vaginal and cervical stimulation during copulation.

In addition, lesions of the medial preoptic area (MPOA) have been shown to
disrupt the temporal pattern of sexual behavior in female rats (Whitney, 1986; Yang &
Clemens, 1996). 1t is plausible that PCBs disrupted development of the MPOA which in

some way produced deficits in the temporal pattern of female sexual behavior.

Differential Effect of A1221 and A1254

A possible explanation for different effects of Aroclor 1254 and Aroclor 1221 lies
in the components of these two PCB mixtures. Aroclor 1221 consists of 40% coplanar
and 60% ortho-substituted PCBs (Webb and McCall, 1972; Willis and Addison, 1972).
Aroclor 1254, on the other hand, is mainly composed of ortho-substituted PCBs (about
99%; Sissons and Welti, 1971; Webb and McCall, 1972). Comparing the results from
A1221 and A 1254 treatments, it appears that the lordosis reflex may have been altered by the
estrogenic effects of coplanar PCBs since only A1221 decreased the lordosis quotient, while
the increase in leaving after a copulatory event may be due to the effect of the ortho-

substituted PCBs because both A1221 and A1254 showed changes in these parameters.
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A1221, 5 mg, had effects on the female’s response latencies (Figure 7) but the dose
of 15 mg A1221 did not. Since estrogen interacts with the dopaminergic system (Mani et al.
1994), and since coplanar and ortho-substituted PCBs have opposite effects on dopamine
levels (Seegal et al. 1990, 1997), the differential effect in the A1221 5 mg and 15 mg groups
may be attributed to the antagonism between two types of PCBs. Interestingly, the dose
response curve of commercial PCBs is sometimes biphasic (Chishti et al., 1996). The
biphasic dose response may also result from the antagonism between the coplanar and

ortho-substituted PCBs.

Aroclor and the Ah and Cholinergic Receptors

It is well known that coplanar PCBs can mimic the structure of TCDD as
described in Chapter 1, and therefore bind to the Ah receptor. However, there are two
structural requirements for induction of Ah receptor activity: the presence of at least two
adjacent halogen atoms in the lateral positions of each benzene ring (positions 3,4,3°,4°)
and the absence of halogen atoms adjacent to the biphenyl bridge (position 2,6,2°,6)
(Poland & Glover, 1977). None of the coplanar components in A1221 fulfill these
requirements.

In addition to changes in brain dopamine function, postnatal day 10 exposure to
individual congeners (including ortho-substituted congeners and 3,4,3°,4’-TCB) resulted
in long-term changes in behavior and regional brain muscarinic and nicotinic receptor
densities (Eriksson et al., 1991; Eriksson & Fredriksson, 1996). The persistent changes in
cholinergic receptor function may alter the normal dopaminergic/cholinergic balance,

resulting in altered brain function (Consolo ef al., 1992; Marchi et al., 1992; Di Chiara &



Morelli, 1993).

In summary, permanent changes were seen in feminine sexual behavior after
perinatal treatment with the PCB mixture, A1221 or A1254. The lordosis reflex may be
altered by the estrogenic effects of the coplanar PCBs, while the increase in leaving after a

copulatory event may be due to the effect of the ortho-substituted PCBs.
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CHAPTER 4: NEONATAL AND ADULT TOXICITY OF PCB EXPOSURE ON
FEMALE SEXUAL BEHAVIOR AND INCERTOHYPOTHALAMIC
DOPAMINERGIC NEURONS IN RATS

Introduction

In the previous study we found that perinatal PCB treatments produced deficits in
female sexual behavior. However, the timing of PCB treatment seems to be a crucial
factor in PCB toxicity (Seegal, 1992; Brouwer et al., 1995). In contrast to the decreases
in dopamine concentrations observed following adult PCB exposure, perinatal exposure
to Aroclor 1016 significantly increased brain dopamine concentrations (Seegal, 1992). In
addition, coplanar PCBs only showed toxic effects during development. Adult coplanar
PCB treatment did not produce deficits in treated animals. On the contrary, ortho-
substituted PCBs are active during both development and adulthood (Brouwer et al.,
1995). Furthermore, the process of sexual differentiation and the physiological
environment are different at various developmental stages (Maclusky & Naftolin, 1981).
Hypothalamic dopaminergic neurons start to display sex differences in dopamine
metabolism at birth (Reisert & Pilgrim, 1991) and around puberty (Davis ef al., 1996).
Therefore, it is important that we also examine the neonatal and adult effects of PCBs. In
this chapter, we compare the effects of neonatal treatment with two commercial PCB
mixtures, A1221 (compounds with estrogenic activity) and A1254 (non-estrogenic
compounds), on the development of female sexual behavior and incertohypothalmic
dopaminergic neurons as well as the effect of these compounds when administered to
adult female rats. The dose was chosen as 1/3 of the perinatal treatment to mimic the day

1 injection used in the perinatal study. To ensure the delivery of PCBs, I used daily
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injection for one week. In this experiment I also used FOS immunoreactivity to further
refine our assessment of the function of incertohypothalamic dopaminergic neurons

during copulation.

Materials and Methods
Neonatal PCB exposure from day 1 to day 7 was used to determine whether PCB
exposure would affect adult sexual behavior. To ascertain whether the effects were
specific to development, I also exposed adult rats from day 67 to day 72. Since PCBs
accumulate in body fat, owing to their high lipophilicity and low biodegradation rate, the

actual exposure can extend beyond the time of injection.

Animals

Neonatal Treatment

Long-Evans rats were randomly paired and placed with the male over night.
Pregnant female rats were then housed alone. After parturition, lactating rats were treated
daily with sesame oil or a PCB solution (Fisher Scientific, Pittsburgh, PA) from day 1
(parturition day) to day 7. In the A1254 experiment, 10 mg or 20 mg A1254 were
dissolved in 14 ml sesame oil (Sigma Chemical Co., St. Louis, MO) as the working
solution (0.71 mg/ml and 1.43 mg/ml, respectively). In the A1221 experiment, 12.5 mg
or 25 mg A1221 were dissolved in 17.5 ml sesame oil as the working solution (about
0.71 mg/ml and 1.43 mg/ml, respectively). Lactating rats were given daily intraperitoneal
(ip) injections of sesame oil or the PCB working solution (0.5 ml/rat; daily dosage about

0.357 mg and 0.714 mg, respectively) at 0900 hr (2 hr before lights off) thus providing
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offspring with lactational exposure to the PCBs at a total dosage of 0 mg (sesame oil
group, control), 2.5 mg (about 7 mg/Kg) or 5 mg (about 14 mg/Kg) A1254 (or A1221).
[Note: The actual dosage transferred to the pups was estimated to be 7 pg (1.2 mg/Kg)
and 14 pg (2.3 mg/Kg), respectively (Takagi et al., 1986).] Pups born on the same day
were randomly assigned to the dam and the number of pups per dam was reduced to eight
at parturition. On the same day, at least one dam was randomly assigned to each
treatment (control, 2.5 mg PCBs and 5 mg PCBs). Pups were weaned on day 28. Males
and females were housed in separate cages after weaning. At 60 days of age, female
offspring were ovariectomized and treated with hormones for behavior tests as described
in Chapter 2.

Adult Treatment

In order to separate developmental PCB effects from concurrent residual effects
of stored PCBs, I examined the behavior of females treated with PCBs as adults. Sixty
sexually mature (60-day-old) female rats were ovariectomized and treated with hormones
as described in Chapter 2. After four behavior tests, they were randomly divided into five
groups [control, 2.5 mg (8 mg/Kg) A1221, Smg (16 mg/Kg) A1221, 2.5 mg (8 mg/Kg)
A1254, 5 mg (16 mg/Kg) A1254]. To prepare the PCB working solution, 30 mg or 60 mg
A1254 (or A1221) was dissolved in 8.4 ml sesame oil (3.57 mg/ml and 7.14 mg/m],
respectively). The control group received 0.1 ml sesame oil (ip injection at 0900 hr) per
day for a week. The other four groups received 0.1 ml of the PCB working solution for a
week [total dosage 2.5 mg (daily dosage 0.357 mg, about 1 mg/Kg) or 5 mg (daily
dosage 0.714 mg, about 2.4 mg/Kg) A1254 (or A1221), ip injection at 0900 hr]. Four

hours after the last PCB treatment, rats were tested for female sexual behavior (1300 hr, 2
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hr after lights off). Behavioral analyses were based on data from the last two tests for the

pre- and post-treatment comparisons.

Immunohistochemistry for Caudal Incertohypothalamic Dopaminergic Neurons
Female rats were randomly selected (at least one from each assigned litter in the
neonatal treatment groups) for immunohistochemical processing and sacrificed one hour
after the introduction of the female into the testing arena in the last behavior test. Since
there was no difference in the behavior of adult treatment groups, immunohistochemistry
was not performed in the adult experiment. In the other groups, brains were sectioned
coronally at 25 pm with a cryostat. Frozen sections were collected and every fourth
section was processed for FOS and TH immunohistochemistry as described in Chapter 2.
The primary antibody (c-FOS oncoprotein mouse monoclonal antibody, 1:40, Novocastra
Laboratories Ltd., UK/Vector Laboratories, CA) and normal goat serum (Vector
Laboratories, diluted with TBS/0.3% Triton X-100 according to the manufacturer's
directions) were used. The biotinylated secondary antibody was goat-anti-mouse IgM
(Vector Laboratories, diluted with TBS/0.3% Triton X-100 according to the
manufacturer's directions). The primary antibody for TH was monoclonal mouse-anti-TH
(1:10,000, Sigma Chemical Co., St. Louis, MO) with normal horse serum and the

secondary antibody was horse-anti-mouse IgG (Vector Laboratories).

Statistics

Neonatal Treatments

The mean of each behavioral parameter in each test was automatically calculated
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by the computer program. The average data of four behavior tests were then used for
statistical analyses. Since there was no difference between assigned litters in each
treatment group, pooled data for treatment groups were used for further statistical
analyses. Approach latency, mount return latency, intromission return latency and
postejaculatory refractory period were analyzed by one-way ANOVA. Fisher’s LSD post
hoc test was performed between the control and PCB-treated group when there was a
significant difference among treatments (p<0.05). Percentages of mount leave,
intromission leave, mount stay and intromission stay were analyzed by Kruskal-Wallis
Test. LQ, the percentage of times that females showed a lordosis response in 10 mounts
(standard test) or more (pacing test), was also analyzed by Kruskal-Wallis Test. The post
hoc tests were performed between the control and PCB-treated group when there was a
significant difference between treatments (p<0.05). The number of TH-IR neurons in the
All or A13 region was analyzed by both one-way ANOVA and Kruskal-Wallis Test. To
compare the measurements of two sides of A11 or A13, two-way ANOVA (two sides as
repeated measurements) was used. I used the number of TH-IR neurons (or FOS/TH-IR
neurons) on the major side divided by the number of TH-IR neurons (or FOS/TH-IR
neurons) on the minor side as an index of asymmetry. The asymmetric indices were
analyzed by Kruskal-Wallis Test.
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