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ABSTRACT

The effects of adrenergic drugs on the development of
male-specific cytochrome P450 in the male rat liver were
studied. Pups, castrated on Day 0, were given (iecv) a-
antagonist or B-agonist with or without testosterone
propionate (sc.), and assayed on Day 65. Other pups were
administered with (icv) adrenergic agonists or antagonists on
Day 0 & 3 of life, castrated on Day 55, and assayed on Day 70.
Neither a-antagonist nor B-agonist defeminized the EMDM

activity in neonatally castrated rats. In the rats castrated

on Day 55, 8- ist and a;- ist superdefeminized the
EMDM activity. B-antagonist increased the total amount of
P450 but @ -antagonist did not. In addition, the Vmax of EMDM
in B-antagonist-treated animals was increased; the Km was

unchanged. Further, B8-antagonist stimulated the activities of

l6a-, 2a-, and 6B-testosterone hydroxylases in the
superdefeminized rats. However, both B-antagonist and a-
antagonist, given simultaneously, suppressed the

superdefeminization of EMDM activity.

The effect of monosodium glutamate (MSG) on the
prepubertal development of male-specific cytochrome P450 in
rat liver were also studied. Pups were treated on Day 1-9
with 2 or 4 mg/g MSG (sc), and on Day 35 the EMDM activities

iii



in 2 and 4 mg/g MSG-treated groups were the same as control
values. However, MSG stimulated, dose-dependently, the EMDM
activity on Day 65. In addition, Vmax of EMDM was elevated in
MSG-treated group; the Km was unchanged. Finally, 4 mg/g MSG
stimulated the activity of 6B- but not 16a/2a-testosterone

hydroxylases.
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1.0 INTRODUCTION



Cytochromes P450 are a superfamily of heme proteins.
These cytochromes are found mainly in the liver, but they also
occur in other tissues, such as lung, kidney, intestine, skin,
testis, placenta, and adrenal (Sipes and Gandollfi, 1891).
These proteins are parts of a system that oxidizes steroids,
vitamins, fatty acids and many xenobiotics such as drugs,
pesticides. The cytochromes P450 are the terminal oxidase and
substrate binding enzymes in some 30 different monooxygenase
reactions that include aliphatic hydroxylation, aromatic
hydroxylation, deamination, and N-hydroxylation, etc.(Sipes

and Gandollfi, 1991).

The cytochrome P450 catalytic cycle is presented in
Figure 1: the xenobiotic combines with the oxidized form of
cytochrome P450 (Fel') to form a substrate-cytochrome P450
complex. This complex accepts an electron from NADPH via
NADPH-cytochrome c reductase, which reduces the iron in the
cytochrome P450 heme to the Fel' state. The reduced complex
then combines with one molecule of oxygen, which accepts
another electron from NADP. This molecular oxygen radical is
highly reactive and unstable and one atom of it is introduced
into the substrate, while the other is reduced to water. Then
the oxygenated substrate dissociates, regenerating the

oxidized form of cytochrome P450.



ROH, . p-450(Fed) _

(RH)P-450(Fe-0)3+ (RE)P-450(Fe? +)
A
HOH~. \( ¢”
Y
(RH)P-450(Fe+)(HO0,) (RH)P-450(Fe?+)
0.

(1{1-{)}’-450(;’02 *)(02)

Figure 1. Cytochrome P450 Catalytic Cycle

[modified from: Robert AN (1980). “Metabolism of toxic
substances.” In: Casarett and Doull’s Toxicology, the Basic
Science of Poisons, 2nd ed. edited by Doull J, Klaassen CD,
and Amdur MO, Macmillan Publishing Co., Inc. New York]



The activity of cytochrome P450 mediated reactions can be
influenced by factors such as diet (Anderson and Kappas,
1991), hormones (Lund et al., 1991), peptides (Urban et al.,
1990), chemicals (Bock et al., 1990), sex (Kato, 197¢%, and
age (Waxman et al., 1985). Alterations in the activity of
cytochrome P450 will influence the normal physiological
metabolism and the metabolism of drugs and other xenocbiotics;
which may interfere with the normal physiological functions in
the body and induce pathogenesis. Therefore, studies on
cytochrome P450 are important in toxicology. This thesis is
an attempt to examine the role of neonatal adrenergic
receptors in the central nervous system in the defeminization
of hepatic male-specific cytochromes P450, and the role of
growth hormone (GH) in the prepubertal development of hepatic

cytochrome P450 in male rats.

1.1 HEPATIC CYTOCHROME AND BRAIN SEXUAL DIFFERENTIATION

1.1.1 Sexual Di of Hepatic Cy P450

Oxidations

Oxidation of a number of xenobiotics and steroids in the
adult rat liver is sex specific. For example, female rats

given hexobarbital sleep longer than males (Holck et al.,



1937) and similar results had also been shown by other authors
(Quinn et al., 1958). Microsomes from the liver of adult male
rats oxidize ethylmorphine and benzo(a)pyrene more rapidly
than do those from the females (Chung et al., 1975; Davies et
al., 1969; Gurtoo and Parker, 1976; Hietanen, 1974), and
although microsomes from the livers of adult male rats have
10%-30% more cytochrome P450 than those from females (Chung,
1977; Colby, 1980), this difference does not account for the
differences in the rates of metabolism of these xenobiotics
(Kamataki et al., 1980; Kato, 1974). Moreover, other studies
(Kato and Kamataki, 1982; Kamataki et al., 1982; MacGeoch et
al., 1984; Morgan et al., 1985) showed that isoforms of
hepatic cytochromes P450 were sexually differentiated in adult
rats and that the existence of these sex-specific isoforms,
such as cytochrome P450 2C11, 2C12, or 3Al/2, leads to the

sexual differences in the substrate metabolism.

1.1.2 Sexual Di of Cy P450 and 1

Androgen

These sexually different activities of cytochrome P450-
catalyzed oxidations are the result of neonatal and pubertal
exposure of the rat to androgen. Castration of male rats in

the neonatal period decreases ethylmorphine N-demethylation,



propoxycoumarin 0-depropylation and benzo(a)pyrene
hydroxylation to the female level (Shimada et al., 1987);
neonatal administration of castrated male pups with
testosterone increased the activities of the enzymes but not
up to the levels of the normal adult males. However, others
found that the activity of ethylmorphine demethylase (EMDM) in
neonatal castrated male rats, treated neonatally and in
adulthood with testosterone, was the same as that in intact
males (Reyes and Virgo, 1988). The male isoforms of
cytochromes P450 in adult male rats castrated neonatally are
barely detectable while the female-specific isoforms appeared
at a level comparable to those found in adult females
(Kamataki et al., 1983, 1984; Kato and Kamataki., 1982; Waxman
et al., 1985; Jansson et al., 1985a). Moreover, the
administration to these animals of neonatal and postpubertal
testosterone caused the appearance of male-type cytochromes
P450 and the disappearance of the female types (Shimada et
al., 1987). It appears that the sexually different cytochrome
P450 enzymes are the results of neonatal and post-pubertal

exposure of the rat to androgen.

Sexual differentiation of cytochrome P450 enzyme is
believed to result from two distinct androgen-dependent

processes: i) defeminization, which suppresses female



characteristics, permitting male characteristics to develop,
and occurs during the neonatal period, and ii)
masculinization, which enhances the male characteristics in
adulthood (Reyes & Virgo, 1988). Furthermore, defeminization
is thought to be a necessary prerequisite for the
masculinization (MacLusky and Naftolin, 1981). Neonatal
castration completely and irreversibly depresses the
activities of ethylmorphine demethylase in adult males, but
the enzyme activities can be permanently increased, albeit not
to the levels in intact adult males, if these animals are
given testosterone immediately after castration (Virgo, 1991).
Adult castration, however, decreases the enzyme activities to
the defeminized levels, which can be masculinized by
testosterone. Thus, these data show that neonatal androgen
permanently defeminizes the enzyme system, and pubertal
androgen masculinizes the defeminized enzymes but not
permanently. However, neonatal exposure of the rat to
androgen is not an essential prerequisite for the sexual
differentiation of drug metabolism. Both Shimada (1987) and
Virgo (1991) have reported that masculinization can occur in
the absence of defeminization. For example, neonatal
castration completely suppressed the activities of the hepatic
enzymes in adult male rats, but the levels of ethylmorphine N-

demethylation (Shimada et al., 1987; Virgo, 1991),



propoxycoumarin 0-depropylation and benzo(a)pyrene
hydroxylation (Shimada et al., 1987) were increased to the
levels of intact adult male rats by peripubertal testosterone
treatment. These data suggest that neonatal androgen is not
necessary for the effects of pubertal androgen though it can
permanently defeminize the enzyme system. However, older
adult male rats (Day 75-80) castrated neonatally do not
respond to testosterone (Virgo, 1991), and female rats also do
not respond to either neonatal or adult testosterone; the

reasons for these phenomena are not yet known.

1.1.3 Sex Differences of Hepatic Cytochrome Oxidations and

the Secretory Pattern of Growth Hormone

It was postulated originally that the female pituitary
secretes a hormone, "feminotropin", that feminizes the female
cytochrome P450 system (Gustafsson et al., 1977), and that
"feminotropin" release is blocked in the male by a
hypothalamic hormone, "feminostatin" (Gustafsson et al., 1976;
Gustafsson et al., 1977). By investigating different
pituitary hormones, it was found that only growth hormone has
manifest effects on the sex-dependent cytochromes P450 in the
rat liver (Gustafsson et al., 1983). Moreover, growth hormone

was found to play the role of "feminotropin". For example,



exogenous GH feminizes the activities of cytochrome P450
system of intact, castrated, and hypophysectomized males
(Kramer et al., 1975; Mode et al., 1981). Agents such as
somatostatin (Virgo, 1985) that block GH-release will
masculinize the cytochrome P450 system of castrated males
while agents such as clonidine (Virgo, 1985) that stimulate GH
release will feminize the cytochrome P450 system of intact
males. All these observations suggest that GH plays the role

of "feminotropin".

However, GH exists in both males and females. If it is
the factor that feminizes the cytochrome P450 system, there
should be some differences in GH between the males and the
females. The current data indicates that the secretory
patterns of GH are sexually different. Male rats exhibit very
low nadir levels of plasma GH with marked peaks every 3-4 h.
Female rats, in contrast, have a higher basal GH level and
more irregular peaks of smaller amplitude (Jansson et al.,
1985b). It appears that it is this sexual dimorphism that
determines the activities of hepatic cytochrome P450 mediated
oxidations. Cytochrome P450 2Cll is a male-specific isoform
and exists in high levels in intact adult males but low levels
in intact females. Cytochrome 2C12, however, is a female-

specific isoform and appears in a high concentration in intact



female adults but low in intact adult males (Mode et al.,
1989; wWaxman et al., 1985). Hypophysectomy decreases the
levels of both isoforms in adult rats. However, intermittent
administration of GH, mimicking the male secretory pattern,
caused complete masculinization of the male specific P450 2C11
in hypophysectomized males; when GH was administered
continuously, mimicking the female secretory pattern, the
female specific P450 2C12 was induced in the hypophysectomized
females (Mode et al., 1989; Legraverend et al., 1992). These
data suggest that some isoforms of sex-dependent P450 are

related to the sexual dimorphism of GH secretory pattern.

This sexual dimorphism of GH secretion is the result of
exposure of male rats to androgen during the neonatal period
and adulthood (Jansson and Frohman, 1987). Neonatal
castration causes a marked suppression in both the magnitude
and the duration of GH secretion, and higher baseline GH
levels than that in sham-operated controls, ie. feminine
characteristics of GH secretion. Although neonatal
testosterone replacement therapy restored high amplitude GH
pulses, they occurred more frequently and the baseline GH
levels were markedly higher than those in intact male rats.
However, neonatally castrated rats given testosterone

neonatally and also during adulthood displayed a normal GH

10



pattern comparable to that of intact males (Jansson and
Frohman, 1987). Therefore, neonatal androgen can permanently
defeminize the secretory pattern of GH, and androgen in
adulthood can masculinize the defeminized GH secretion.
However, a masculine GH pattern was also seen in the
neonatally castrated male rats given testosterone only during
adulthood (Jansson and Frohman, 1987). Thus, defeminization
is not an essential prerequisite for masculinization.
Concurrently, neonatal castration completely suppresses EMDM
activities in adult males, and neonatal testosterone
replacement partially restores the activity; but both neonatal
and adult testosterone completely restores the enzyme activity
(Virgo, 1991). Further, peripubertal testosterone can induce
an intact adult level of enzyme activity in adult males
castrated neonatally (Virgo, 1991). Thus, the sexual
differentiation of this enzyme system is parallel to that of

GH secretory pattern.

1.1.4 Hypothalamic Regulation of GH Secretion

GH secretion is under the control of the hypothalamus.
The hypothalamus produces GH-releasing hormone(GHRH) which
stimulates the synthesis and release of GH, and somatostatin

(SS) which inhibits the synthesis and release of the hormone



(Jansson et al., 1985b). It has been reported (Painson et
al., 1991) that the secretion of GHRH shows episodic pulses,
and that androgen can increase the amplitude of the GHRH
pulses. Male rats also display a periodic SS secretion with
peaks at the time of the trough of GHRH secretion, and GH has
a positive feedback on SS secretion (Painson et al., 1991); in
contrast, female rats show a continuous secretory pattern of
8S and the levels are higher. These data suggest that the GH
secretory pattern is regulated by GHRL and SS. As for sexual
differences of the release of both GHRH and SS, some evidence,
which will be presented in the following section, show that
they might be determined by the sexual differentiation of the

brain.
1.1.5 Sexual Differentiation of the Brain
1.1.5.1 Defeminization and Masculinization
Sexual differentiation of the brain results from exposure
to androgen during a short period of neural development when

nervous tissue is still sufficiently plastic to respond

permanently and irreversibly to gonadal hormones. In rats, it

actually consists of two pr , the P
defeminization and the reversible masculinization (MacLusky

and Naftolin, 1981).
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The short critical period when androgen irreversibly
defeminizes the brain is marked by a suppression of female
characteristics and an enhancement of the potential of the
central nervous system (CNS) to respond to androgen in
adulthood. This process is "defeminization" and only depends
on the hormonal environment of the perinatal period. At
puberty, the higher levels of androgen masculinize the
defeminized brain. This process, termed "masculinization",
activates masculine characteristics but is not permanent.
Adult castration of male rats can inhibit the male type of
drug metabolism, but the drug metabolism can resume to normal
after injection of testosterone propionate (TP) to the

castrated males (Shimada et al., 1987; Virgo, 1991).

The critical period for androgen to permanently organize
the brain in rats is from just prior to birth to 10 days
postpartum, ie, the perinatal period (MacLusky and Naftolin,
1981; McEwen, 1983). However, for the P450 system, the limit
is 5 to 6 days postpartum. If exposure of the brain to
androgen does not occur, the brain will innately develop
female characteristics and the neural control of endocrine
functions and sexual steroid-related cytochiome P450 system
would be affected. The secretory pattern of gonadotropins is

sexually different, with a cyclic pattern in female rats but
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an acyclic or tonic pattern in males. This sexual dimorphism
results from the sexual differentiation of the brain. If the
brains of female rats are defeminized with neonatal
testosterone treatment, the female rats will show an
anovulatory syndrome due to the occurrence of an acyclic
gonadotropin secretion. Adult male rats castrated between
birth and 3 days of life and transplanted with ovarian and
vaginal tissue can display vaginal cycles, ovulation (Harris,
1964) and cyclic gonadotropin secretion in adulthood (Gorski,
1966). Similarly, neonatal castration causes a completely

suppression of male-specific cytochromes P450 in adult male

rats but the ion of femal: ific cy

P450 (Jansson et al., 1985a).

1.1.5.2 Morphological Changes of Brain and Neonatal Sex

Hormones

It is well known that there are sexual differences in
brain structure that are sex steroid-dependent. These
differences include such aspects as size of nuclei in neuronal
groups, number of neurons (Gorski et al., 1978; Breedlove and
Arnold, 1980; Gurney and Konishi, 1980; Jordan et al., 1982),
volume of neurons (Gorski et al., 1980), extent of dendritic

extension and branching (Meyer et al., 1978; Ayoub et al.,
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1982), number of dendritic spines (Greenough et al., 1977;
Ayoub et al., 1982), and morphology (Gildner, 1982) and

localization of synapses (Matsumoto and Arai, 1981).

In 1966, Pfaff first discovered the existence of sexual
differences in the size of nerve cell nuclei in rat brains.
Later, Raisman and Field (1973), Dyer (1984), Greenough et al.
(1977), Nishizuka and Arai (1981), and Matsumoto and Arai
(1981) found sexual dimorphisms in the pattern of neuronal
connections in rat brains. All these differences proved to be
dependent on exposure of the CNS to androgen during the
perinatal period. For example, an injection of testosterone
into female rats of day 5 caused a marked increase in the
number of shaft synapses (SHS) in the medial amygdaloid
nucleus (AMN). The incidence of SHS in androgenized females
was almost the same as that in normal males. In contrast,
neonatal orchidectomy resulted in a significant decrease in
the number of SHS to a level comparable to that of normal
females (Nishizuka and Arai, 1981). In another experiment,
treatment with testosterone on day 5 to female rats increased
the mean numbers of shaft and spine synapses in the
hypothalamic arcuate nucleus (ARCN); moreover, the synaptic
organization of the ARCN in the androgenized adult females was

quite homologous to that observed in the normal adult males
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(Matsumoto and Arai, 1981). These and other studies indicate
that the presence of sex steroids during the perinatal period
may permanently differentiate the developing process of the

brain and irreversibly organize the brain structure.

The medial preoptic area (MPOA) of the hypothalamus is
clearly important in the control of gonadotropin release and
sexual behaviour (Preslock and McCann, 1987). Also, this area
is generally accepted as a major site of neonatal hormone
action during neural development. Within the MPOA is an area
of darkly staining neurons named the sexually dimorphic
nucleus (SDN-POA) (Gorski et al., 1980). The function of this
nucleus is still not clear and most authors suppose that it is
involved in masculine reproductive behaviour (Arendash and

Gorski, 1982; Arendash and Gorski, 1983; Gorski, 1991).

The development of the SDN-POA starts during late fetal
life and extends throughout the first ten days of postnatal
life (Jacobson and Gorski, 1981; Jacobson et al., 1980). This
period corresponds to that of brain sexual differentiation.
The development of SDN-POA neurons is dependent upon androgen.
Castration of the 1-day-old male rat significantly reduces
SDN-POA volume in adulthood (Gorski et al., 1978; Jacobson et

al., 1981), but immediate reimplantation of a testis or



injection of testosterone after neonatal castration restores
SDN-POA volume to normal (Jacobson et al., 1981). Further,
exogenous testosterone given postnatally to the genetic female
significantly increases the volume of SDN-POA in adulthood
(Gorski et al., 1978; Jacobson et al., 1981). Therefore, the
SDN-POA, at least in terms of its volume, is clearly

influenced by the perinatal hormone environment.

The str of the al nucleus (VMN) and the
arcuate aucleus (ARN) are also sexually different in synaptic
pattern and nuclear volumes of neurons (McEwen et al., 1982;
Toran-Allerand CD, 1980). The cell bodies of these nuclei
contain GHRH; indeed, the ARC nucleus is the major site of
GHRH in the brain. Furthermore, these morphologic differences

in the rat are determined by the neonatal steroid environment.

Recently, Chowen and colleagues (1993) reported that
neonatal and adult testosterone had effects on the
organization and activation of GHRH and SS neurons in the
hypothalamus. Neonatal testosterone increased the number of
GHRH neurons in adulthood and adult testosterone stimulated
GHRH mRNA levels; further, in female rats, adult testosterone
stimulated GHRH mRNA levels, and the magnitude of the increase

was higher in the animals exposed to neonatal testosterone
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than those not exposed to neonatal sex steroids. In contrast,
the number of SS neurons was not effected by testosterone, but
both neonatal testosterone and adult testosterone

significantly increased SS mRNA levels (Chowen et al., 1993).

1.1.5.3 Sex Steroids During the Neonatal Period

1.1.5.3.1 Androgen and Estrogen

It is known that the serum concentration of testosterone
is significantly higher in male rats than in female ones
during the perinatal period (Pang et al., 1979). Androgen can
permanently defeminize the CNS during the critical period of
neural development. It has been suggested that androgen is
converted, via aromatization, to estradiol, which is commonly
accepted as the precise molecular species of gonadal hormone
that promotes the defeminization of the brain (Dohler, 1986;
Toran-Allerand, 1986; Gorski, 1991). Administration with
antiestrogens can block testosterone-induced (Doughty and
McDonald, 1974) or estrogen-induced defeminization (Doughty et
al., 1975). Furthermore, aromatizing enzyme inhibitors can
also inhibit the defeminizing effects of both endogenous and
exogenous testosterone (Booth, 1977). As for the brain-

controlled hepatic cytochrome P450 system, neonatal
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testosterone or estrogen defeminized sex-dependent drug
metabolism, and aromatase inhibitor prevented the
defeminization of hepatic drug metabolism induced by sex
steroids (Reyes and Virgo, 1988). These data suggest that
androgen is converted to estradiol to defeminize the brain.
Further, the fetal and neonatal rat brain contains aromatizing
enzymes which can convert aromatizable androgen to estradiol-
178 (George and Ojeda, 1982; MacLusky et al., 1985; Lephart et
al., 1992), and estrogen receptor levels in the male and
female rat brain increase markedly during the perinatal period
(McEwen et al., 1982). These evidences support the
possibility of androgen-aromatization and the involvement of
estradiol in the defeminizing process. Therefore, it is
assumed that androgen enters the cytosol of neuron and is
converted to estradiol by aromatase; estradiol then interacts
with specific receptors and ultimately the neuronal genome to
alter mRNA activity which in turn stimulates or inhibits the
production of some product, thereby modifying neuronal

function (D8hler, 1986; Toran-Allerand, 1986; Gorski, 1991).

As for the effects of sex steroids on nerve cells, it has
been demonstrated that estrogen or androgen can increase the
rate and extent of neuritic outgrowth in neurons containing

estrogen receptors (Toran-Allerand, 1980). The growth and



development of axons and dendrites in turn enhance synapse
formation and neuronal survival, and increases neuron number.
Since different circulating levels of sex steroids exit
between sexes during the perinatal period, number of synapses,
the spatial distribution of synapses, neuron number, neuronal
volume and neural circuits will sexually differentiate. This
hypothesis is currently involved in explaining the sexual
morphogenetic mechanisms of the steroidal effects during the
neural development (McEwen et al., 1982; Toran-Allerand, 1986;

Gorski, 1991).
1.1.5.3.2 a-Fetoprotein (AFP)

Neonatal females have estrogen-rich plasma, and yet the
brains of female rats do not become defeminized. This may be

due to the presence of plasma a-fetoprotein.

AFP is a major fetal plasma protein which is present in
most developing vertebrates. In rats, this protein occurs in
high concentration during the first 3 weeks of postnatal life
and decreases linearly from its very high concentration to
trace levels at weaning (Raynaud et al., 1971). Although AFP
can bind a variety of hormones and other biologically active

ligands in other species, rat and mouse AFP alone binds
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estrcgens with a high affinity and protects the developing
brain from excessive exposure to estrogens. Since AFP does
not bind androgens, testosterone is free to enter the rodent

brain. Thus, female brains do not become defeminized.

1.1.5.4 Hepatic Sex-Dependent Cytochrome P450

Based on the above, it can be concluded that estradiol

binds estrogen receptors in the cytosol to modulate the

expression of DNA and to organize the developmental course of

the brains. Since the - of growth in
adult rats results from the sexual differentiation of the
brain, and the secretory pattern regulates the expression of
sex-dependent cytochrome P450, we can infer that sexual
differences in the activities of the cytochrome P450 system
are the result of sexual differentiation of the brain. Reyes
and Virgo (1988) showed that various sex-steroids which can
defeminize gonadotropin secretion also defeminized drug
metabolism, and that aromatase inhibitor which can block the
defeminization of gonadotropin secretion prevented the
defeminization of hepatic cytochrome P450. Therefore, it
suggests that neonatal androgen defeminizes hepatic cytochrome

P450 possibly via the sexual differentiation of the brain.
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1.1.6 Catecholaminergic System in the Defeminization of the

Brain

1.1.6.1 Neonatal catecholamines and behaviour

In addition to sex steroids, monoamine neurotransmitters
are believed to be involved in the sexual differentiation of
at least some aspects of CNS functions (Déhler, 1991). Thus,
changing the amounts of these monoaminergic transmitters in
CNS during the critical period of sexual differentiation of
the brain would alter the steroid-dependent expression of
sexually or nonsexually-related behaviours in adult rats. It
was reported that reserpine, which depletes norepinephrine
from nerve terminals by inhibiting uptake into storage
vesicles, could prevent the defeminizing effects of neonatal
testosterone in inducing anovulatory syndromes in the females
(Gorski, 1973). Raum et al. (1990) reported that prenatal
exposure of male rat fetuses to cocaine, which could increase
synaptic concentrations of norepinephrine, inhibited sexually
related behaviours in adult males. Reduction of serotonin by
p-chlorophenylalanine (PCPA) enhanced masculine sexual
behaviour in male rats and potentiated the defeminizing effect
of exogenous testosterone in females; in contrast, increasing

serotonin by 5-hydroxyptophan (S5HTP) inhibited masculine
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behaviour induced by exogenous testosterone in female rats
(Wilson et al., 1986). Neonatal administration of clonidine
resulted in a significant reduction in the capacity to express
female lordosis behaviour in female adulthood (Jarzab et al.,
1987). Neonatal dopamine or noradrenaline was found to reduce
the open field activity in female adult rats (Gonzalez and
Leret, 1992b). All the above evidence suggests that sexual
differentiation of sexual behaviour is related to the neonatal

catecholaminergic system in the brain.

1.1.6.2 1 lamines and ive endocrine

function

The secretory pattern of the gonadotropins is, as
mentioned previously, sexually different, and this sexual
dimorphism of gonadotropin secretion results from the sexual
differentiation of the brain. If the female brain is
defeminized with neonatal testosterone treatment, the female
rat will become anovulatory due to the presence of acyclic
gonadotropin secretion (Booth, 1979; Dbrner, 1981; Goy and
McEwen, 1980). Besides sex steroids, neurotransmitters during
the neonatal period also have effects on the sexual
differentiation of gonadotropin secretion. A series of

experiments (Jarzab and Dsdhler, 1984; Jarzab et al., 1986,
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1987, 1989a,b,c) demonstrated that postnatal treatment of
female rats with the a-adrenergic antagonists prazosin or
yohimbine, or with the nicotine receptor antagonist
mecamylamine, significantly increased the release of LH by
gonadal steroids in adulthood; and that postnatal treatment of
female rats with the B-adrenergic agonist isoprenaline, the
B)-adrenergic agonist salbutamol or B-adrenergic antagonist
alprenolol reduced the release response of LH to gonadal
steroids in adulthood. Undoubtedly, these data indicate
neurotransmitters engage in the sexual differentiation of

gonadotropin secretion.

1.1.6.3 Neonatal catecholamines and SDN-POA

SDN-POA is thought to be related to sexual behaviour
(Arendash and Gorski, 1982; Arendash and Gorski, 1983; Gorski,
1991) and sexually differentiated (Gorski et al., 1980), the
effect of neonatal catecholamines on the anatomy of SDN-POA
have also been investigated. It was reported (Handa et al.,
1986) that prenatal p-chlorophenlamine, an inhibitor of
serotonin biosynthesis, increased the volume of the SDN-POA in
female neonates compared to that of control males. Studies
(Jarzab et al., 1989b, 1990a,b,c) show that salbutamol, a 8-

receptor agonist, given neonatally, increased SDN-POA volume
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in both female and male rats but the effect was particularly
manifest in males; furthermore, the a,-receptor agonist
clonidine augment the stimulatory effect of testosterone on
SDN-POA differentiation in female rats. These data suggest
that alteration of catecholamine levels in the neonatal brains

would modify the sexual differentiation of the CNS.

1.1.6.4 Catecholamines and androgen during the neocnatal

period

There is evidence showing that catecholamines modify the
defeminizing effect of neonatal testosterone. Postnatal
serotonin delayed the permanent anovulatory-sterility (PAS)-
inducing effect of postnatal testosterone (Shirama et al.,
1975), and PCPA was found to prevent androgen-induced PAS in
female rats (Reznikov et al., 1979). Tyramine, which releases
noradrenaline from nerve terminals, as well as the aj/a;
receptor blockers phenoxybenzamine and phentolamine can
inhibit the defeminizing action of testosterone on ovulatory
cyclicity in female rats (Raum and Swerdloff, 1981). Although
nuclear accumulation of estradiol derived from the
aromatization of testosterone is inhibited by hypothalamic B-
receptor stimulation in the necnatal female rat (Raum et al.,

1984), the work of Canick et al. (1987) showed neonatal
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administration of the B-agonist, isoproterenol, had no effect
on aromatase activity in male or femals pups (Canick et al.,

1987).

In spite of that the mechanisms of neurotransmitter
effects on defeminization is still not known; the fact of the
involvement of these catecholamines in the defeminization of
the brain cannot be denied. Therefore, due to the fact that
sexual differences of hepatic cytochrome P450 result
indirectly from the brain sexual differentiation and that sex
differentiated characteristics can be influenced by adrenergic
agonists/antagonists, we intend to study whether the neonatal
adrenergic system is involved in the androgen-induced

defeminization of hepatic cytochrome P450 in male rats.

1.2 GH and Development of Male-Specific Cytochromes P450

1.2.1 Developmental Expressions of Male-Specific Cytochromes

P450

Sex-dependent cytochromes P450 of rat liver display
developmental changes (Waxman et al., 1985; Imaoka et al.,
1991). For example, during the neonatal period, the amount

of cytochrome F450 2C11 is undetectable in both sexe.; but in
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male rats the amount of this isoform begins to rise at 4 weuks
of age and reaches its highest level at puberty. The females
show an almost undetectable levels of the isoenzyme from the
neonatal period to puberty (Waxman et al., 1985; Imaoka et
al., 1991). Another male-specific isoform of cytochrome P450,
3A1/2, also undergoes developmental changes, but it mainly
shows a developmental decline in the females (Waxman et al.,
1985; Imaocka et al., 1991). In the females, the amount of
this isoenzyme is high during the neonatal period but
decreases with age. The males, however, keep a high level of
P450 3A1/2 from the neonatal period to puberty (Waxman et al.,
1985; Imacka et al., 1991). The activities of 2a- and l6a-
testosterone hydroxylases are low in newborn rats, but rise at
around 4 weeks of age and then reach an adult high level at
puberty; since 2a- and 1l6a-testosterone hydroxylations are
selective for cytochrome 2C11 which is barely detectable in
female rats from the neonatal period to maturity, the females
display low activities of 2a- and l6a-testosterone
hydroxylases all the time. 6B-Testnsterone hydroxylation,
which is catalyzed by cytochrome P450 3A1/2, shows a high
activity in newborn female but decreases its activity with
age. In males the activity of 6B8-hydroxylase rises at two
weeks of age, reaches the highest at 4 weeks of age, then it
decreases but arises again at 6 weeks of age (Waxman et al.,
1985; Imaocka et al., 1991).
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1.2.2 GH and Male-Specific Cytochromes P450

Ethylmorphine demethylase (EMDM), a sex-specific hepatic
monooxygenase which exists in both sexes but shows a much
higher activity in adult males, is neonatally defeminized by
androgen (Reyes and Virgo, 1988; Virgo, 1991). The activity
of this enzyme in male rats exnibits developmental changes
(Gram et al., 1969). The activity is undetectable in newborn
rats, begins to rise at 4 weeks of age and reach adult levels
at puberty. However, the females display a low activity of

the enzyme all the time.

The activities of EMDM (Kramer et al., 1975; Virgo, 1983;
Vockentanz and Virgo, 1985) and male-specific cytochromes P450
such as 2C11 (Janeczko et al., 1990; Legraverend et al., 1992)
and 3A1/2 (Waxman et al., 1990) in adult rats are regulated by
GH. However, there are no reports regarding the factors
responsible for the developmental expression of male specific
isoforms during the prepubertal period. Plasma GH immediately
after birth appears at very high levels, and then declines
sharply to an almost undetectable level; it then begins to
rise at 4 weeks of age, and reaches adult levels at puberty
(Khorram et al., 1983; Rieutort, 1974; Strosser and Mialhe,

1975).
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Although the male pattern of GH secretion is organized
during the neonatal period (Jansson and Frohman, 1987}, it
becomes manifest only after puberty (Gabriel et al., 1992).
During the prepubertal period, there is no apparently sexual
difference in the secretory pattern of GH, the prepubertal
expressions of male-specific P450 seems not related tc the
secretory pattern of the hormone. Therefore, we also intend
to investigate whether GH plays a role in the prepubertal

expression of the male-specific P450.



2.0 MATERIALS

AND

METHODS



2.1 GENERAL MATERIALS AND METHODS

2.1.1 Chemicals and Biochemicals

2.1.1.1 Chemicals for animal injection

DL-isoproterenol+HC1, DL-propranolol+HCl, clonidine+HC1,
phenylephrine+HC1, phentolamine+HC1, prazosin-HC1,
testosterone propionate, and propylene glycol were purchased
from Sigma Chemical Company; WY27127 is the product of Wyath
Ltd., Philadelphia, PA, USA; sodium glutamate (MSG) is from
G.E. Barbour Inc., Sussex, N.B.; and sodium chloride was

purchased from Fisher Scientific Company, Nepean, Ont.

2.1.1.2 Chemicals for the enzyme assay

Gl dehy: (G-6-P-DH), B-

nicotinamide adenine dinucleotide phosphate (NADP), glucose-6-
phosphate (G-6-P), oxidized cytochrome c and reduced B8-
nicotinamide adenine dinucleotide phosphate were purchased
from Sigma Chemical Company; semicarbazide hydrochloride and
4-nitrophenol were the products of Aldrich Chemical Company,
Inc., Milwaukee, WIS, USA; magnesium chloride, potassium

cyanide, sucrose and sodium hydroxide were purchased from



Mallinckrodt Canada Inc, Pointe-Claire, Quebec; zinc sulfate,
hydrochloric acid and sodium dithionite were from Fisher
Scientific, Fair Lawn, NJ, USA; ethylmorphine chlorohydrate
and perchloric acid were the products of BDH Chemicals,
Canada; 16a-hydroxytestosterone (4-androsten-16a), 168~
hydroxytestosterone (4-androsten-168), 1la-hydroxy-
testosterone (4-androsten-1la), 7a-hydroxytestosterone (4-
androsten-7a), 2a-hydroxytestosterone (4-androsten-2a), 118-
hydroxytestosterone(4-androsten-118), 68-hydroxy-testosterone
(4-androsten-68) and hydroxytestosterone (4-androsten-178-0OL-
3-ONE) were purchased from Steraloids, Inc., Wilton, N.H.;
acetic acid glacial was from Baxter Corporation, Toronto, Ont;
and L-ascorbic acid was purchased from United States

Biochemical Corporation, Cleveland, Ohio, USA; glycerol,

acetone, methanol and dichl were the of

Fisher Scientific Company; BIO-RAD Protein Assay Dye Reagent
Concentrate and bovine serum albumin are from BIO-RAD
Laboratories, Richmond, CA, USA.
2.1.1.3 Chemicals for buffers

Buffers were prepared according to the methods described

by Gomori (1955).
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Trizma base (Tris[hyds 1)amino- ) is the
product of Sigma Chemical Company; potassium phosphate

ic, ium ph hate dibasic and potassium chloride

were purchased from Mallinckrodt Canada Inc.

2.1.2 Animals

Pregnant rats (Wistar), having successfully raised at
least one previous litter, were purchased from Charles River
Canada (St. Constant, Qué.) and were kept in solid-bottom
plastic cages on chemical-free hardwood bedding. All rats
were kept at 21 under 12h of light per day and had free
access to tap water and Agway PRO LAB chow (manufactured by
Agway Inc., New York, USA). Newborn and adult rats were used

in all experiments.

2.1.3 Intraventricular Injection

On Day 0 and 3 of birth, newhorn male rats were
anesthetized hypothermically. The pup was wrapped in a
slightly damp piece of gauze bandage and placed in ice for 15
minutes to induce hypothermic anesthesia (Pfeiffer, 1936).
The pup was then removed from ice, put in a holder, and the

head placed in a horizontal position with the skull side up.
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A midsagittal incision was made through the skin from a line
joining the eyes to a line joining the ears, and the bregma
was exposed. A 27}-gauge needle was inserted vertically into
the third ventricle (coordinates: 0.5 mm anterior to the
Dregma; 1.5 mm lateral to the midsagittal fissure) to a depth
2.5 mm ventral to the skull surface. The validity of these
coordinates was confirmed by injecting dye (Methylene Blue-
Certified, Sigma Chemical Company) and morphological
examination of the brain after fixation in buffered 10%
formalin. Ten pl of vehicle or drug solution was injected
into the ventricle over a period of 3 minutes and the needle
was maintained in position for a further 5 minutes to prevent
backflow from the puncture wound. The incision was closed by

sealing the skin to the skull with cyanoacrylate glue.

After the injection, the pup was left undisturbed and
warmed until its body returned to room temperature (ie. pink
and active again). They were then warmed at 250C for at least
two hours before being returned to the dam.

2.1.4 Castration

2.1.4.1 Castration of the neonate

The procedure used was a modification of Pfeiffer's
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method (Pfeiffer, 1936). Within 12 hours of birth, the pup
was anesthetized hypothermically by placing it in ice for 15
min. The pup was then placed, ventral side up, on a surgical
table. The area of incision was wiped with a piece of
Kimwipe‘ soaked in 95% ethanol. An incision (2 mm) was made
through the skin anterior to the urogenital papilla at a 45'-
angle to the left (of the pup) by use of very fine iris
scissors. The skin was then freed from subcutaneous tissues
with a fine probe. A second incision was made horizontally
through the musculature at the body wall of the initial cut.
The right testis was then extruded by slightly pressing the
abdomen and excised with a pair of scissors. The left testis
was exposed by carefully probing through the viscera and also
excised. The wound on the body wall was closed by aligning
the cut edges of the musculature with small forceps and then
sealing it with cyanoacrylate glue. The opening on the skin
was then closed by overlapping the cut edges of the skin and
sealing it with cyanoacrylate glue. After the surgery, the

pup was left undisturbed, warmed and returned to the dam.

2.1.4.2 Castration of adult rats

The rat was lightly anesthetized with ether and placed,

ventral side up, on a surgical table. The limbs were fixed to
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the table. The hair on the scrotum was removed with a pair of
surgice. scissors and the skin of the scrotum was wiped with
75% ethanol. An incision was made through the midline of the
scrotum followed by a second incision through the tunica of
one testis. The testis was then exposed, the testicular
artery and vein were ligated, and the testis was excised. The
remaining testis was removed similarly. The scrotal incision

was closed with 3 to 4 sutures.

2.1.5 Subcutaneous Injections During the Neonatal Period

On Day O to 10, chemicals were injected under the dorso-
lateral skin of the pup immediately posterior to the front

limb.

2.1.6 Preparation of Microsome

The method used to prepare hepatic microsome was based on

that reported by Virgo (1991).

Food was removed from the rat twelve hours before it was
killed in order to decrease glycogen in the liver. The rat
was decapitated with a guillotine and exsanguinated. The

abdomen was opened with a pair of surgical scissors and the
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intact liver was excised as quickly as possible. The liver
was then put into a beaker of ice-cold 50 mM Tris HCl buffer
PH 7.4, containing 150 mM KC1. After the liver was rinsed, it
was taken out, wiped dry with a piece of Kimvn‘.pet to remove
blood and weighed. The liver was then put into a beaker

containing 3 volumes of ice-cold 50 mM Tris HCl buffer pH 7.4

with 150mm KC1, ized with a Br Polytron at
setting of 4 in a 4% cold room. The homogenate was then
centrifuged at 9000-g for 20 minutes at 4'C. The resultant
supernatant was then centrifuged at 105,000+g at 4c for 60
minutes. The supernatant was poured off and a similar volume

of fresh 50 mM Tris HC1 buffer pH 7.4 was added. The

mi were with the homogenizer at setting of

3. The suspension was centrifuged once again at 105,000+g for
60 minutes at 4'c. The supernatant was discarded and the
pellet was homogenized in a volum: of 50 mM Tris HCl buffer pH
7.4 equal to half the volume of 9,000+g supernatant originally
containing the microsomes. Glycerine (20% of the volume of
the suspension) was added and the microsomes were stored at

-80°C until use.

2.1.7 Measurement of Microsomal Protein

Concentration of microsomal protein was determined
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according to the Bradford's method (1976) using the Bio-Rad

Protein Assay kit:

Diluted microsomal protein (1:3000 and 1:6000) (0.8ml)
and 0.8ml of standards (bovine serum albumin 2pg/ml, 3ug/ml,
4pg/ml, 6ug/ml and 8ng/ml, were placed in clean, dry test
tubes, and 0.8ml distilled water was placed in "blank" test
tube. Dye Reagent Concentrate 0.2ml was then added to the
test tubes. All test tubes were shaken without causing excess
foaming. After 5 minutes, the absorbance of the blank
standards and samples were measured at 595 nm. The value of

protein concentration was calculated from the standard curve.

2.1.8 Enzyme Assays

2.1.8.1 of ethy ne ase (EMDM)

activity in hepatic microsome

The activity of EMDM was measured in vitro from the

amount of formalin produced from the methyl group released
from the substrate (Nash, 1953). The incubation medium
contained the following in a total volume of 3 ml: 0.1 mM
NADPH, 1 mM NADP, 3.3 mM glucose 6-phosphate, 2 Units glucose

6-phosphate dehydrogenase, 1.0 mM semicarbazide, 24 mM MgCl,,



50 mM Tris HC1l buffer (pH 7.4), 6 mg microsomal protein, and
6.7 mM ethylmorphine. After 5 min of preincubation of the
mixture, the protein was added to the incubation mixture and
the reaction was allowed to proceed for 20 min at 37C under
air. The reaction was then stopped after 20 min by adding 2 ml
20% ZnSOy and 2 ml saturated Ba(OH), to the incubation mix.
After the addition of 3 ml of distilled water, the resultant
suspension was centrifuged at 3500 rpm for 15 minutes. Five
ml of the supernatant was removed to another tube containing
2 ml double strength Nash Reagent (150 g ammonium acetate, 2
ml acetylacetone, 2 ml glacial acetic acid and diluted to 500

ml with distilled water), and then heated at 60'C for 30

minutes. The was then immediately at 413

nm. Concentration of formalin in the original incubation mix
was calculated by: formalin (nmol/ml) = (ABS - 0.0069)/0.0006.
This equation was obtained by using known concentrations of

formalin in the Nash reaction (Nash, 1953).

The concentration of MgCl used in the incubation was 24

mM, which was determined with preliminary experiments to
select an appropriate MgCl, concentration. We used 1.2, 12,
24, 48 and 96 mM MgCl), and found that the amount of product
was highest at 24 and 48 mM MgCl,. Since there was no
apparent difference in the amount of product between 24 and 48
mM MgCl, used, we decided to use 24 mM MgCl, for the reaction.
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The incubation time was 20 min. Incubation of the mix
fovr 5, 10, 20 and 30 minutes, respectively showed that the
specific activity of ethylmorphine demethylase was the same at
5, 10 and 20 minute incubation and lower at 30 minutes (see

Table 2-1); therefore, 20 min was chosen.

2.1.8.2 Measurement of p-nitrophenol hydroxylase (p-NPH)

activity in hepatic microsome

The activity of p-nitrophenol hydroxylase was measured in
vitro according to the method of Koop (1986). The incubation
medium contained the following in a total volume of 1 ml: 0.1
mM p-nitrophenol solution, 0.5 mg microsomal protein, 1 mg
NADPH and 100 mM phosphate buffer pH 6.8. After 5 min of
preincubation, NADPH was added to start the reaction and water
was added to the reference. The reaction was allowed to
proceed for 6 min at 37°C under air and stopped by adding 0.5
ml 0.6 N perchloric acid. This mixture was then centrifuged
for 15 min at 3500 rpm. At last, 0.1 ml of 10 N NaOH was
added to 1 ml of the centrifuged supernatant, and the

absorbance of this solution was measured at 546 nm. The

ion of the » nitre chol, was calculated
using a millimole extinction coefficient of 9.53 mflcml. The

amount of the product was shown in preliminary experiments to
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Table 2-1. Hepatic EMDM activity of intact and castrated male

rats under different incubation time.

[ Formalin Product ]

Incubation Time (nmol /ml)
(minute)
Int.o go
5 65 12
10 133 22
20 268 16
30 327 66

a1



Table 2-2. Hepatic p-NPH activity of male rats under
i of mi protein & various incubation

time.

[ nitrocatechol ]
[ Microsome ] (nmol/mix.)
(mg/per mix.)

4 min. 6 min. 8 min.
0.1 0.44 1.04 2.20
0.25 1.35 2.03 3.13
0.5 2.28 2.68 4.37
1.0 3.33 4.73 5.82




be proportional to both the time of incubation and the

concentration of microsomal protein (see Table 2-2).

2.1.8.3 Quantitation of cytochrome P450

The concentration was determined by the method of Omura

& Sato (1964).

A few milligrams of sodium dithionite were added to the
2.5 ml microsomes suspended in 50 mM Tris HC1 buffer (pH 7.4)
(2 mg/ml) in a cuvet to reduce the cytochrome P450. The

of the ion was then measured from 400-500 nm

yielding a baseline. The suspension was then bubbled with
carbon monoxide for 30 seconds and its absorbance was measured
from 400-500 nm based on the obtained baseline. Two different
values of absorbance were selected to calculate, using a
coeffient E as 91 mM'lcm'l, the concentration of cytochrome

P450. The total P450 nmol/mg of the microsome is given by the

formula:

(ABS;50~BBSy5) ¥1000/91/mgMP .

In the above formula, "ABSy,' was the absorbance at 450

nm and “ABSy,' the absorbance at 490 nm.



2.1.8.4 of NADPH cy c

The activity of this enzyme was determined by the
procedure of Phillips and Langdon (1962) using 19.6 cm'mM! as
the extinction coefficient for reduced cytochrom2 c and 100mM

phosphate buffer for the reactions.

Cne ml of 50 pM cytochrome c reagent (1.86 mg oxidized
cytochrome ¢ in 1.0 ml of 100 mM phosphate buffer, pH 7.6) and
1 ml of 1 mM KCN (1.96mg in 10.0ml 100 mM phosphate buffer, pH
7.6), 90 pg microsome (100ug microsomal protein in 1.0ml of
100 mM phosphate buffer, pH 7.6) were added to both reference
and sample cuvets. Then, 0.1 ml of 100 mM phosphate buffer pH
7.6 buffer was added to the reference cuvet, and the
absorbance of the mixture was measured, with a
spectrophotometer under the function of time drive mode at
550 nm, to obtain a baseline. The reference cuvet was then
replaced with the sample cuvet. NADPH 40.9 pM dissolved in
100 pl of 100 mM phosphate buffer, pH 7.6, was added to the
sample cuvet; the absorbance of the mixture was measured
immediately. Two values of the absorbance were selected to

calculate the activity based on the formula:
(ABS;-ABS|)*3*1000 /19.6 /time/mgMP.
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In the above formula, "ABS.' and "ABS,' were two values
of the absorbance, "19.6' was the coefficent, “3' was the
volume of the mixture, ~1000' was used when millimole was
converted to nanomole, and the "time' was the period between

the two absorbances selected.

2.1.8.5 Kinetics of ethylmorphine demethylase

The method to measure the kinetics of EMDM is identical
to that for the measurement of EMDM activity except that the
concentration of ethylmorphine varied, containing of 0.42,
0.84, 1.68, 3.35 or 6.7 mM ethylmorphine. The values of Km

and Vmax are obtained based on the following calculation:

ABS=b[EM]+a
Km=b/a

Vmax=1/a

In the above formulas, "ABS' was the value of absorbance,
"[EM]' was the concentration of ethylmorphine. Formula
BBS=b(EM]+a was obtained by linear regression analysis;

therefore, “b' was the slope of the curve, and “a' was the

intercept of the curve with the ordinate.
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2.1.8.6 Measurement of 2a-, l6a-, and 68-testosterone

hydroxylases

Cytochrome P450 2C11 is the major male-specific P450 and
is responsible for the hydroxylation of testosterone in the 2a
and 16a positions; cytochrome P450 3A is another male specific
P450 and is responsible for testosterone hydroxylation in the
68 position. Thus, we measured the activities of these
hydroxylation reactions to observe the male-specific isoforms

of hepatic P450 2C11 and 3A.

The incubation medium contained the following in a total
volume of 1 ml (Wood et al., 1983): 1 mg microsome protein, 1
mM NADPH, 3 mM Mg,C1%#6H;0, 50 mM sucrose, 2.5 mM testosterone
(4-androsten-178-0l1-3-one) (dissolved and added in 20 pl of
methanol) and 50 mM phosphate buffer pH 7.4 buffer. After 5
min of preincubation, the testosterone was added and the
reaction was allowed to proceed for 5 min at 37°C under the
air. The reaction was stopped by adding 6 ml dichloromethane.
After nixing for 30 seconds, the liquid was centrifuged at
1000 rpm for 5 min. Then 5 ml of the dichloromethane was
transferred to a 50 ml conical centrifuge tube and evaporated.
After evaporation, the residue was dissolved in 100 pl of
solvent A (430 ml methanol + 11 ml acetone + distilled water

to 1000 ml) and analyzed by HPLC.
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The amounts of 2a-, 16a-, and 6B-testosterone
hydroxylases were determined with a Beckman System Gold high
pressure liquid chromatography (HPLC) system by the method of
Wood et al. (1983). The pumps were 11B Solvent Delivery
Modules, the sample was placed on the column with a mold 507
Autosampler, coordinated with an Analog Interface Module Mold
406; products were identified with a Programmable Detector
Module 166. The column used was a Supelcosil LC-18 from
Supelco, Inc., Belletonte, PA, USA. The particle size of
packing was 5 um. The solvent systems consisted of solvent A
(430 ml methanol + 11 ml acetone + distilled water to 1000ml)
and solvent B (750 ml methanol + 19 ml acetone + distilled
water to 1000 ml). The flow rate was 1.5 ml/min. The column
was developed by a concave solvent gradient (Programme 4)
beginning with 100% solvent A and progressing to 100% solvent
B over 25 min. The column was washed for 8 min with 100%
solvent A before each sample injection. Testosterone, 16a-
hydroxytestosterone, 168-hydroxytestosterone, 1la-hydroxy-
testosterone, 7a-hydroxytestosterone, 2a-hydroxytestosterone,
118-hydroxy-testosterone and 68-hydroxytestosterone, dissolved
in 100% solvent A, were analyzed at various concentrations to
obtain retention times and to generate standard curves. The
retention time of testosterone was 17.4:£0.03 min (2a),

12.4%0.05 min (16a) and 9.05:0.07 min (68). The



concentrations of testosterone product were calculated
according to the following formulas, which were obtained by

using known concentrations cf testosterone in the HPLC system:

for height of peak: (2a) Y=15.30384X+0.148512
(16a) Y=13.81535X+0.138008
(68) Y¥=17.57898X+0.134990
for area of peak: (2a) Y=0.053739X+0.153837
(16a) Y=0.037555X+0.157820

(68) Y=0.051997X+0.155786

In the above formulas, °Y' was the concentration of
product, and X' was the height of peak or area of peak
depending what formula was used. Using either height of peak

or area of peak would give same results.
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2.2 ANIMAL PROCEDURES

2.2.1 Role of c s in the 1

Defeminization of Hepatic Drt; Metabolism in Male Rats

2.2.1.1 Drug metabolism in male rats castrated neonatally and
given a- or B-adrenergic agonists or antagonists and

testosterone propionate neonatally

To investigate the roles of adrenergic receptors and
their relation with androgen in the defeminization of hepatic
cytochrome P450 system, we castrated male pups within 12 hr
after birth and administered (icv) isoproterenol (50 wug
dissolved in saline), phentolamine (25 pg dissolved in
saline), phenylephrine (50 ng dissolved in saline) or WY27127
(50 pug dissolved in saline) on Day 0 & 2. Some of these rats
were given (sc) 1.45 pmol testosterone propionate dissolved in
propylene glycol on Day 0, 2 & 4, while the rest received the
carrier. The rats were weaned on Day 28 and were killed on

Day 65 for the enzymatic assays.

2.2.1.2 Drug metabolism in male rats given a- or 8-adrenergic

agonists or antagonists neonatally

To test whether a- or B-adrenergic receptors are involved

49



in the defeminization of hepatic cytochrome P450 enzymes, we
treated (icv) male rat pups on Day 0 & 3 after birth with
isoproterenol (50 pg dissolved in saline), clonidine (50 pg
dissolved in saline), phenylephrine (50 ug dissolved in
saline), propanolol (50 pg dissolved in saline), prazosin (50
Wg dissolved in saline) or WY 27127 (50 pg dissolved in
saline). The control group was given saline. Since pups from
the same dam are more alike than those from different dam's
due to genetics, dam's behaviour, etc., pups from different
dams were mixed up together. Different litter sizes lead to
different nutritional status for the pups, the litter size was
reduced to 10 pups to minimize the bias of mean values. The
rats were weaned on day 28 after birth, castrated on Day 55 to
eliminate the masculinizing erfect of androgen in adulthood,

and killed on day 70 for the enzymatic assays.

2.2.1.3 Drug metabolism in male rats given propranolol

together with other c agents 11y

To study the exact role of a and 8 receptors in the

defeminization of hepatic cy P450 Y ) we

(icv) male rat pups on Day O & 3 after birth with WY27127 (50

ng in 25 pl saline), clonidine (50 pg in 25 nl saline),

phenyleprine (50 pg in 25 pl saline), phentolamine (25 ug in

25 pl saline) or prazosin (50 pg in 25 pl saline),
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respectively, together with propranolol (50 pg in 25 pl
saline). The rats were weaned on day 28 after birth,
castrated on Day 55 to eliminate the masculinizing effect of
androgen in adulthood, and killed on day 70 for the enzymatic

assays.

2.2.2 Monosodium Glutamate (MSG) and the Prepubertal and
Pubertal Development of Hepatic Cytochrome P450

System in Male Rats

2.2.2.1 Drug metabolism in 35-day-old rats treated with MSG

during the neonatal period

To study whether growth hormone (GH) plays any role in
the pre-pubertal development of male hepatic cytochrome P450,

we gave male pups MSG ly to destroy growth

hormone releasing hormone (GHRH) cells in the arcuate nucleus.

The rats were then assayed on Day 35.

OnDay 1, 3, 5, 7, & 9 after birth, male pups were given
subcutaneously 0, 2, or 4 mg MSG dissolved in saline/g body
weight. The litter size was 10 pups. The rats were weaned on

Day 28 and killed on Day 35 for the enzymatic assays.



2.2.2.2 Drug metabolism in 65-day-old rats given MSG

during the neonatal period

To investigate the role of GH in the expression of
hepatic cytochrome P450 system, we gave male newborn pups MSG

to observe the hepatic cytochrome P450 system.

on Day 1, 3, 5, 7 & 9 after birth, male pups were
injected (sc) with 0, 2 or 4 mg MSG dissolved in saline/g body
weight. The litter size was 10 pups. The rats were weaned on

Day 28 and killed on Day 65 for the enzymatic assays.

2.3 STATISTICAL ANALYSES

Data were analyzed for overall significance by an one way
analysis of variance. When a difference was found at p<0.05,
post-hoc tests (Bonferroni t tests) between selected pairs of

groups were conducted.
Values of protein conceatration were calculated by

linear regression analysis using a CASIO scientific calculator

programmed for linear regression analysis.
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3.0 RESULTS



3.1 THE HEPATIC CYTOCHROME P450 : EFFECT OF IC

DRUG ADMINISTERED NEONATALLY

3.1.1 Effect of Phentolamine and Isoproterenol on

Defeminization in 1 C ized with

Exogenous Androgen

To test whether, in the absence of testosterone,
a-adrenergic receptors might stimulate defeminization or
whether B-adrenergic receptors might inhibit the process, we
used phentolamine (a;/a)-adrenergic antagonist) and
isoproterenol (B,/8;-adrenergic agonist) in neonatally
castrated males and observed whether defeminization was

affected.

3.1.1.1 He tic ethy: i ase (EMDM) activity

The activity of hepatic ethylmorphine demethylase in
intact adult males was 9.11#1.12 nmol/min/mg, 6.6-fold that of
the females (p<0.01) (Table 3-1). Neonatal castration, as
expected, prevented the defeminization of hepatic EMDM
activity as the activity in the neonatally castrated males was
1.70+0.14 (1.90 & 1.50) nmol/min/mg, which did not differ

(p>0.05) from that in the females.
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Table 3-1. Effect of adrenergic agents on hepatic EMDM and
P-NPH activities in neonatal castrated defeminized with
exogenous androgen. The activities of hepatic ethylmorphine
demethylase (EMDM) & p-nitrophenol hydroxylase (p-NPH) in male
rats castrated within 12h after hirth, treated with 25 jg
phentolamine (PH) or 50 pg isoproterenol (ISO) (icv. on Day 0

2) together with or without 1.45 pmol testosterone
propicnate (TP) (sc. on Day 0, 2, & 4), & assayed on Day 70.

Treatment n EMDM Activity P-NPH Activity
(nmol/min/mg) (nmol/min/mg)
Intact o 4 9.11#1.12% 1.37£0.17
Intact 2 3 1.39:0.10 1.320.12
ge+vehicle 2 1.7040.14° 1.70+0.25
(1.90, 1.50) (2.06, 1.34)
go+PH 2 0.97:0.36" 1.62+0.14
(1.48, 0.45) (1.82, 1.42)
go+PH+TP 2 2.33:0.06° 1.06+0.02
(2.25, 2.41) (1.02, 1.09)
ge+1S0 3 1.81:0.610¢ 1.35£0.12

Value is expressed as MEAN:SE; one replicate incubation was
performed for each sample.

i significantly different from ? (p<0.01) & ¢ (p<0.05);
b Significantly different from ¢ (p<0.05).

gd: castrated male
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The activity of hepatic EMDM in neonatally castrated
(feminized) male rats given phentolamine or isoproterenol on
Day 0 & 3 did not differ (p>0.05) from that in females (Table
3-1). This shows that phentolamine (PH) or isoproterenol
(ISO) do not cause defeminization in the absence of
testosterone. When testosterone was given concurrently with
phentolamine, the EMDM activity significantly increased, by
67% (p<0.05), over that of the intact females. Thus, although
the defeminization was not as great as one would expect
(normally 75% of adult values, see Virgo, 1991), the drug did

not prevent it. The sample size, however, is small.

3.1.1.2 Hepatic p-nitrophenol hydroxylase (p-NPH) activity

The activity of p-nitrophenol hydroxylase, as expected,
did not display sexual differences (p>0.05) (Table 3-1).
Neonatal castration did not effect p-NPH activity. Given
phentolamine, phentolamine plus testosterone or isoproterenocl,
the castrated rats did not show any change in p-NPH activity
(p>0.05) (Table 3-1). The data indicate that castration,
testosterone, phentolamine, or isoproterenol has no influence

on the non-sexually differentiated p-nitrophenol hydroxylase.
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3.1.1.3 Hepatic cytochrome c reductase activity and

cytochrome P450 amount

The activity of cytochrome c reductase and the total P450
did uot show a significant difference (p>0.05) between intact
males and females, and neonatal castration had no effects on
these parameters (Table 3-2). The administration of PH, ISO,
or PH plus testosterone did not alter significantly (p>0.05)
the total amount of P450 (Table 3-2) or the reductase activity
(Figure 2) in the adult rats castrated neonatally. These
latter data suggest that the increase of EMDM activity in
testosterone and phentolamine-treated rats does not result
from an increase of either the amount of P450 or the

reductase.

Due to the length of time required to conduct these types
of experiments and the high mortality we experienced in the
neonatal castrates (up to 70%), we decided to proceed to our
main investigation on the roles of adrenergic receptors in the

defeminization process.
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Table 3-2. Effect of adrenergic agents on hepatic cytochrome
c reductase activity and cytochrome P450 amount in necnatal

zed with The total
amount of hepatic cytochrome P450 & the activity of hepatic
cytochrome c reductase in male rats castrated within 12 h
after birth, treated with 25 pg phentolamine (PH) or 50 pg
isoproterenol (ISO) (icv) on Day 0 & 2 together with or
without 1.45 pmol testosterone propionate (TP) (sc) on Day 0,
2, & 4, & assayed on Day 70.

Treatment n Cyt. P450 Cyt. c Reductase
(nmol/mgMP) (nmol/min/mg)
Intact o 4 0.97£0.10 96+7
Intact ¢ 3 0.64%0.02 95:5
gd+vehicle 2 0.72£0.04 10942
(0.77, 0.66) (105, 112)
go+PH 2 0.72:0.05 134
(0.79, 0.65) (119, 108)
go+PH+TP 2 0.51£0.01 71x1
(0.52, 0.50) (69, 73)
go+1SO 3 0.67:0.02 101:10

Values are expressed as MEAN:SE; Values are not significantly
different (p>0.05) within columns. One replicate incubation
was performed for each sample.

ge: castrated male
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3.1.2 Effect of Neonatal Adrenergic Agents on Defeminized

Cytochrome P450 System

3.1.2.1 Hepatic ethylmorphine demethylase activity

It is well known that neonatal testosterone defeminizes
EMDM activity which by definition, refers to a permanent
increase in enzyme activity coupled with the capacity for a
further reversible increase in activity upon exposure to
androgen in adulthood (ie. masculinization). Defeminization
is best measured by the permanent increase in activity and
this can be unmasked by simply castrating the adult. We chose
to castrate on Day 55 as this is five days after puberty which
begins on Day 35 and extends for 14 Days (Ojeda et al., 1980).
The assay was conducted on Day 70 when any androgen effects

had dissipated.

The activities of hepatic ethylmorphine demethylase in
intact adult males, males castrated on Day 55 (postpubertal)
and intact adult female rats were 6.64:0.18, 2.79:0.26 and
0.90+0.06 nmol/min/mg (Table 3-3). These results show that the
hepatic activity of EMDM in adult male rats is 7-fold higher
than that of the females (p<0.01). Castration of postpubertal

rats decreased the EMDM activity, although the activity was
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Table 3-3. Effect of neonatal adrenergic agents on hepatic
EMDM and p-NPH activities in defeminized male rats. The
activities of hepatic ethylmorphine demethylase (EMDM) & p-
nitrophenol hydroxylase (p-NPH) in male rats treated
neonatally with 50 pg isoproterenol (IS0), 50 ng propranolol
(PRO), 50 ug phenylephrine (PHY), 50 pg clonidine (CLO), 50 ng
WY27127 (WY) or 50 ug prazosin (PRA) on Day O & 3, castrated
on Day 55, and assayed on Day 70.

Treatment n EMDM activity p-NPH activity
(nmol/min/mg) (nmol/min/mg)
Intact ¢ 7 6.64:0.18° 1.25:0.08
go 8 2.79:0.26 0.94:0.10
go+vehicle 5 2.46+0.28 1.2540.12
Intact ¢ 3 0.90£0.06° 0.98:0.24
ge+150 5 3.00£0.99 0.94:0.03
go+PRO 4 5.56+0.60° 1.200.05
go+PHY P 3.14£0.79 0.86:0.18
go+PRA 3 6.06:1.36 0.82%0.06
go+CLO 4 2.74£0.73 1.18+0.10
go WY 4 2.650.16" 1.05:0.08

Values are presented as MEAN+SE; One replicate incubation was
performed for each sample.
? Significantly different from ? (p<0.05) & ° (p<0.01) within
b column;

Significantly different from ® (p<0.05) & ¢ (p<0.05) within

column;
¢ Significantly different from ? (p<0.01) & ) (p<0.05) within
column.

gd: castrated male



not completely depressed (p<0.05) and was higher than that in
the females (p<0.05) (Table 3-3). Thus, these data show that
the neonatal defeminization in the males increases the hepatic
EMDM activity over the levels in the females, and that
masculinization at puberty elevates the defeminized EMDM

activity to a much higher level.

Since there was no significant difference in the EMDM
activities between castrated male rats and castrated male rats
given the vehicle only (Table 3-3), the injection procedure
did not affect the results and the change of EMDM activity in
the animals injected with adrenergic drugs only reflects the

effects of the drugs.

The EMDM activity at Day 70 of male rats castrated at Day
55 and given, neonatally, isoproterenol (1S0), propranolol
(PRO), phenylephrine (PHY), clonidine (CLO), WY27127 (WY) or
prazosin (PRA), were 3.00%0.99, 5.56%0.60, 3.14%0.79,
2.74%0.73, 2.65£0.16 or 6.06+1.36 nmol/min/mg, respectively
(Table 3-3). The activities of EMDM in both the propranolol-
and the prazosin-treated groups were increased approximately
2.5 fold (p<0.05) compared to that of the defeminized males
given only vehicle neonatally, and did not differ (p>0.05)

from the levels in intact males. This result shows that the
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neonatal inhibition of one or both B-adrenergic receptors or
prazosin inhibition of the a,-adrenergic receptor leads to a
"super-defeminization" of hepatic EMDM in the males. This
"super-defeminization" does not differ in magnitude from that
in  normal rats where the total activity represents
defeminization and masculinization (Table 3-3). Therefore,
these results suggest that in the normal animal the a;-
adrenergic agonist complex inhibits defeminization.
Alternatively, blockade of the aj-adrenergic receptor may
permit more of the norepinephrine in the synapse to bind to a
stimulatory receptor. Similarly, these data suggest that at
least one of the B-adrenergic receptor is inhibitory to
defeminization (or that 8 blockade increases norepinephrine

for binding to a stimulatory receptor).

The animals, treated with ISO, PHY, CLO or WY showed no
significantly different (p>0.05) activity of EMDM, compared
with the vehicle control under the conditions used (Table 3-
3). As neither clonidine nor WY27127 influenced the
defeminization process one might speculate that the a-
adrenergic receptor is not involved in the process of
defeminization. However, only one dose was used and other
doses may have demonstrated effects. Similarly, the apparent

lack of effects from either PHY or IS0 may reflect inadequate
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doses rather than a lack of agonist effect (eg. maximal

defeminization from endogenous agonists).

3.1.2.2 Hepatic p-nitrophenol hydroxylase activity

The hepatic p-NPH activities in intact males, males
castrated at Day 55 and intact female rats were 1.25%0.08,
0.94+0.10 and 0.98:0.24 nmol/min/mg (Table 3-3). These data
show that there is no sexual difference (p>0.05) in hepatic p-
NPH activity, and that castration neither stimulates nor
inhibits p-NPH activity (p>0.05) (Table 3-3). The animals,
given ISO, PRO, PHY, CLO, WY or PRA, displayed neither an
increase nor decrease in hepatic p-NPH activity. The above
data, therefore, imply that the neonatal stimulation or
inhibition of a- or B-adrenergic receptors do not affect the
hepatic p-NPH activity. This is what was expected from this
enzyme, which is not sexually differentiated, and served as a

contr'ol in our experiments.

3.1.2.3 Hepatic cytochrome c reductase activity

In this experiment, there were no significant differences

in the hepatic cytochrome c reductase activities between

intact males, males castrated at Day 55 and intact female



rats; nor were there any significant differences in the
reductase activities between animals receiving different drugs
and intact males, males castrated at Day 55 or intact females.
Intact male rats had a value of 111:8 nmol/min/mg, and intact
females 87:10 nmol/min/mg (Table 3-4). The value of the
reductase activity in defeminized male rats was 9829
nmol/min/mg, which did not differ (p>0.05) from those of
either intact males or females. Defeminized animals given
adrenergic agonists or antagonists exhibited values of ranging
from 102+13 to 87+7 nmol/min/mg. However, none of these
agents influenced the reductase activity (p>0.05) (Table 3-4).
Thus, the alteration of hepatic EMDM activity seen with PRO
and with PRA does not arise from a change in the reductase

activity.

3.1.2.4 Hepatic cytochrome P450 amount

The level of cytochrome P450 in intact male rats (0.79
nmoml/mg protein) was 31% higher (p<0.05) than that in intact
females (0.60 nmol/mg protein) (Table 3-4). Postpubertal
castration significantly reduced (p<0.05) the level in males
to that of females. However, these small differences in the
total amount of cytochrome P450 seem unlikely to correspond to
the 6-fold differences in EMDM activity (Table 3-3) between
these animals. Propranolol, however, increased the amount of
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Table 3-4. Effect of neonatal adrenergic agents on hepatic

cytochrome c reductase activity and cytochrome P450 amount in
defeminized male rats. The total amount of hepatic cytochrome
P450 & the activity of hepatic cytochrome c reductase of male
rats treated (icv) neonatally with 50 pg isoproterenol (ISO),
50 npg propranolol (PRO), 50 pg phenylephrine (PHY), 50 ng
clonidine (CLO), 50 pg WY27127 (WY) or 50 pg prazosin (PRA) on
Day 0 & 3, castrated on Day 55, and assayed on Day 70.

Treatment n Cyt. P450 Cyt. c Reductase
(nmol/mgMP) (nmol/min/mg)
Intact o 7 0.79£0.04% 1118
g 8 0.62£0.03 9849
go+vehicle & 0.66£0.04%¢ 1018
Intact ¢ 3 0.60£0.04%¢ 87+10
go+1S0 5 0.62+0.04%¢ 1004
go+PRO 4 0.82:0.03% 10046
go+PHY 4 0.65+0.03%¢ 102413
go+PRA 3 0.67+0.02%0:¢ 89:3
ge+CLO 4 0.75:0.08%¢ 9318
go+WY 4 0.63£0.03%¢ 877

Value is expressed as MEAN:*SE; one replicate incubation was
performed for each sample.

? significantly different from the groups without ® within

column;

b Significantly different from the groups without ? within
column;

¢ significantly different from the groups without © within
column.

gd: castrated male
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P450 in "super-defeminized" male rats up to tha levels found
in intact adult males just as it increased the EMDM activity
up to that of intact males (Table 3-3). In contrast, PRA
which also caused "super-defeminization" did not significantly
increase the P450 levels, however the sample size is small and
perhaps not representative. Propranolol (PRO) is a competive
B-adrenergic antagonist and has equal affinity for 8, and 8,
receptors; thus it inhibits both B, and 8, receptors (Hoffman
and Lefkowitz, 1990). This drug has been reported to have
effects on sexual differentiation of the brain, which was
attributed to its B-antagonism (McGivern et. al., 1986).
Since PRO (B-adrenergic antagonist) increases the total amount
of P450 but PRA (a-adrenergic antagonist) does not, the
"super-defeminizing" mechanisms of PRO and PRA may be
different. The other groups displayed a 20% decline in the
P450 amount (Table 3-4); however, they did not significantly
differ (p>0.05) from the castrated control groups, so that no

drug effects can be attributed.

3.1.2.5 Kinetics of hepatic EMDM in PRO-induced "super-

defeminization"

Since propranolol caused "super-defeminization" of EMDM,
we investigated the kinetics of EMDM in the propranolol-
treated rats. However, since PRA induced high mortality and
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we had to repeat the experiment on the effect of PRA; by the
time when we obtained the data, we did have enough time to
further investigate the kinetics of EMDM and the activities of

testosterone hydroxylases under the influence of PRA.

The values of the apparent Km in intact males, castrated
(defeminized) males and castrated (defeminized) males trecated
with neonatal propranolol were 0.55:0.06, 0.64:0.04 and
0.73:20.10 mM (Table 3-5). There was no significant difference
(p>0.05) between these values among the three groups, which
suggests that the "super-defeminization" of the EMDM activity
does not result from a change of Km. These results suggest
that since the Km of an enzyme is a constant, propranolol did
not significantly change the relative proportions of those

isoforms that demethylate ethylmorphine in the microsome.

The values of Vmax were 6.96+1.04, 7.15%0.40 and
3.13%£0.36 nmol/min/mg (Table 3-5) for the defeminized rats
given PRO, intact males, and defeminized rats. The Vmax of
the rats treated neonatally with PRO was not significantly
different from that of intact controls (p>0.05) but was 2.22
times greater than the defeminized controls (p<0.01) (Table 3-
5). Thus, the PRO induced "super-defeminization" is associated
with an increase in the Vmax of the isoform(s) of P450 that
demethylate ethylmorphine. However, it is not possible to
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Table 3-5. Kinetics of hepatic EMDM in propranolol-super-
defeminized rats. The apparent Vmax (nmol/min/mg) and Km (mM)
of the hepatic ethylmorphine demethylase (EMDM) in male rats
treated with 50 ng propranclol (PRO) (icv) on Day 0 & 3,
castrated on Day 55, & analyzed on Day 70.

Treatment n Km Vmax
(mM) (nmol/min/mg)
PRO+castrate 4 0.73%0.10 6.96:1.04
Intact 5 0.550.06 7.15:0.40"
Castrate 5 0.64%0.04 3.13:0.36

Values are expressed as MEA*SE; one replicate incubation was
performed for each sample.

'Siqnificantly different from castrate (p<0.01).



infer whether the increased Vmax results from more enzyme(s)

or from a more active enzyme(s).

3.1.2.6 Hepatic 6B-, 1l6a-, and 2a-testosterone hydroxylases

in PRO-induced "super-defeminization"

In order to determine whether any of the major male
specific isoforms of cytochrome P450, namely 2C11 and 3A1/2
might be affected by propranolol, we measured the activities

of 68-, l6a- and 2a-testosterone hydroxylases.

The values of the enzyme activities in defeminized male
rats with propranolol treatment, intact males and defeminized
males were: (6B) 0.84x0.08, 0.80:0.12 and 0.19%0.10
nmol/min/mg; (16a) 1.41£0.13, 1.41x0.10, 0.58+0.10
nmol/min/mg; (2a) 1.25%0.14, 1.32:0.09, 0.56%0.10 nmol/min/mg
(Table 3-6). The activities of 68-, 16a-, and 2a-hydroxylases
in PRO-treated group were increased 342%, 143%, and 123% over
the defeminized controls (p<0.01). Since the 68-hydroxylated
product is the regio- and stereo-selective product of
cytochrome P450 3A1/2 while the 2a- and l6a-products, which
are usually present in 1:1 ratio (approximately 1:1 in our
results), are selectively produced by the P450 2Cl1 isoform,
PRO-induced "super-defeminization" is associated with
increased activities of the isoforms, 3A1/2 and 2C11.
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Table 3-6. Hapatic 68-, 16a-, & Zﬂ-tasto-terone hydroxylases
in tion. Hepatic 68-, 16a,
& Zu—testosterone hydroxylase actxvxtxes in male rats treated
with 50 pg propranolol (PRO) (icv) on Day 0 & 3, castrated on
Day 55, & analyzed on Day 70.

Treatment 68 16a 2a
(nmol/min/mg) (nmol/min/mg) (nmol/min/mg)
PRO+castrate 4 0.84:0.08 1.41£0.13 1.2520.14
Intact 5 0.80£0.12 1.41£0.10 1.32£0.09
Castrate 5  0.19:0.04' 0.58:0.10" 0.56£0.10'

Values are expressed as MEAN:SE; one replicate incubation was
performed for each sample.

'significantly different from PRO+castrate and Intact within
each column (p<0.01).
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3.1.3 of 1 ic Drugs in PRO-Treated

Neonates

In this experiment, neonatal males were injected with PRO
neonatally to produce "super-defeminization". However, other
adrenergic agonists and antagonists were given simultaneously
to determine their influence on the "super-defeminization".
Although PRA also increased defeminization, the effects of
other adrenergic agents on PRA-induced "super-defeminization"

was not tested due to the high mortality caused by PRA.

3.1.3.1 Hepatic ethylmorphine demethylase activity

Administration of CLO or WY to the propranolol-treated
defeminized males did not cause significant differences
(p>0.05) in EMDM activity, compared to the PRO-treated
castrated males (Table 3-7), which had been demonstrated to be
"super-defeminized"” in the previous experiment (Table 3-3).
Thus, these data suggest that the a,-adrenergic receptor is
not involved in the defeminization. PH decreased the enzyme
activity by 35% (Table 3-7), but the decline was not
significant (p>0.05); therefore, a mixed aj/a, antagonism does
not appear to significantly alter PRO-induced "super-

defeminization". PHY increased the enzyme activity by 56%
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Table 3-7. Effect of neonatal adrenergic aqents on hepanc
EMDM and p-NPH activities in
rats. The activities of hepatic ethylmorphme demethylase
(EMDM) & p-nitrophenol hydroxylase (p-NPH) in male rats
treated neonatally (icv) with 50 nug propranolol (PRO) plus 50
g WY27127 (WY), 50 pg clonidine (CLO), 50 pg phenylephrine
(PHY), 25 pg phentoclamine (PH) or 50 ng prazosin (PRA) on Day
0 & 3, castrated on Day 55, and assayed on Day 70.

Treatment n EMDM activity p-NPH activity
(nmol/min/mg) (nmol/min/mg)
go+PRO 5 5.47:1.16° 1.03£0.09
go+PRO 4 4.27£1.13° 1.03:0.08
+Wy
gd+PRO 2 6.42£1.74% 1.0220.06
+CLO (4.68, 8.16) (0.96, 1.07)
gog+PRO 2 3.57£0.24° 0.94+0.07
+PH (3.81, 3.33) (1.00, 0.87)
go+PRO 2 8.54+1.90 0.81£0.05
+PHY (10.43, 6.64) (0.85, 0.76)
go+PRO 5 2.900.54 1.19:0.16
+PRA

Values are expressed as MEAN+SE; one replicate incubation
was performed for each sample.

? Not significantly different (p>0.05) from go+PRO within
b column;
Significantly different (p<0.05) from go+PRO within

column
(] th significantly different (p>0.05) from go+PRO within
column.

go: castrated male



though again this effect was not significant (p>0.05). Thus,
stimulating the aj-adrenergic receptor had no significant
effect on the "super-defeminization", and this may be due to
the full occupancy of aj-adrenergic receptors by
norepinephrine. Unexpectedly, PRA depressed the "super-
defeminized" enzyme activity by 47% (Table 3-7); the value of
the depressed activity was 2.90£0.54 nmol/min/mg, which was
significantly different (p<0.05) from that in propranolol-
treated male rats. Therefore, a;-adrenergic agonist complexes

inhibit the process of defeminization.

Based on the above data, stimulation of the al—adrenergic
receptor inhibits defeminization and, under physiological
conditions, does so maximally; at least one of B-adrenergic
receptors inhibits defeminization, and does so maximally under
physiological conditions. However, the results suggest that
there may be a stimulatory receptor, which might be By or By,
or another unknown receptor, for the defeminization. Thus,
blockade of either aj- or B-adrenergic receptors would permit
more norepinephrine to bind with the stimulatory receptor and
induce "super-defeminization". Similarly, the aradrenergic
receptor may inhibit defeminization since blockade of both a;
and B/B)-adrenergic receptors, in which the a-adrenergic
receptor is still open to norepinephrine, suppresses 'super-
defeminization".
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3.1.3.2 Hepatic cytochrome c reductase activity and the
amount of cytochrome P450

The activities of hepatic cytochrome c reductase in the
animals treated neonataliy with PRO plus WY, CLO, PHY, PH or
PRA were 8948, 10610, 83£2, 74:12 and 70%4 nmol/min/mg (Table
3-8), and were not significantly different (p>0.05) from those
of the propranolol-treated, castrated males  (81£17
nmol/min/mg). The amounts of hepatic cytochrome P450 in the
animals given adrenergic agents were similarly not altered

(Table 3-8), p to the lol-treated, castrated

males (p>0.05). The inhibition of PRO-induced "super-

defeminization" by PRA is therefore not mediated by a decrease

in either total cy P450 or cy P450 r .
and suggests that PRO-effect on P450 3A1/2 and 2C11 may not be

affected by PRA.

3.1.3.3 Hepatic p-nitrophenol hydroxylase activity

The values of hepatic p-NPH activity of the male rats
treated neonatally with PRO plus WY, CLO, PHY, PH or PRA were
1.03%0.08, 1.02%0.06, 0.94:0.07, 0.81%0.05 or 1.19:0.16
nmol/min/myg, respectively (Table 3-7). None were significantly

different (p>0.05) from those of the propranolol-treated,
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Table 3-8. Effect of neonatal adrenergic agents on hepatic
cytcchroms c reductase activity and cytochrome P450 amount in

zed rats. Total amount of hepatxc
Cyto:hrome P450 and the activity of cytochrome c reductase in
male rats treated (icv) neonatally with S0 pg propranolol
(PRO) plus 50 pg WY27127 (WY), 50 ng clonidine (CLO), 50 ug
phenylephrine (PHY), 25 pg phentolamine (PH) or 50 ng prazosin
(PRA) on Day 0 & 3, castrated on Day 55, and assayed on Day
70.

Treatment n Cyt. P450 Cyt. c Reductase
(nmo1/mgMP) (nmol/min/mg)
gd+PRO 5 0.62:0.02 8117
gd+PRO 4 0.64:0.01 8918
+WY
go+PRO 2 0.65+0.04 106£10
+CLO (0.61, 0.68) (96, 116)
gd+PRO 2 0.58:0.02 83+2
+PH (0.60, 0.55) (81, 85)
gd+PRO 2 0.69%0.02 74£12
+PHY (0.71, 0.67) (86, 62)
go+PRO 5 0.640.02 70+4
+PRA

Value is expressed as MEAN*SE; Values are not significantly
different (p>0.05) within columns. One replicate incubation
was performed for each sample.

go: castrated male
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castrated males. Therefore, neonatal stimulation or
inhibition of adrenergic receptors does not influence the non-

sexually differentiated p-NPH activity in adulthood.

3.2 THE HEPATIC CYTOCHROME P450 SYSTEM: EFFECTS OF MONOSODIUM

GLUTAMATE (MSG) ADMINISTERED NEONATALLY

3.2.1 MsG Effects in Males Assayed on Day 35

It has been reported (Bloch et al., 1984) that MSG
damages GHRH cells in the neonatal arcuate nucleus and thus
abolishes the release of growth hormone (GH) in the adults.
The role of GH in maintaining the sex differences of the
hepatic cytochrome P450 enzyme system is well understood in
adult rats, but there in no information for its role in
prepubertal rats. Thus, we treated neonatal male rats with
various amounts of MSG and observed the hepatic cytochrome

P450 system in prepubertal and adult rats.

Male rat pups were given 0, 2 or 4 mg/g MSG on Day 1, 3,
5, 7, & 9 of life, respectively, and analyzed on Day 35 and
65. In this experiment, we have obtained data which show that
neonatal MSG had no influence on the prepubertal hepatic EMDM

(Table 3-9). Since neonatal MSG can decrease serum GH
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Table 3-9. Effect of neonatal MSG on hepatic EMDM and p-NPH
activities at Day 35. The activities of hepatic ethylmorphine
demethylase (EMDM) & p-nitrophenol hydroxylase (p-NPH) in male
rats treated with monosodium glutamate (MSG) (0, 2 or 4mg/g,
sc) onDay 1, 3, 5, 7 & 9 of life, and assayed on Day 35.

Dosage n EMDM Activity p-WPH Activity
(mg/g) (nmol/min/mg) (nmol/min/mg)
0 5 3.4140.44 1.51£0.23
2 5 3.43:0.18 1.40£0.20
4 5 3.63£0.37 1.3840.21

Value is expressed as MEAN:SE; The values are not
significantly different within each column (p>0.05). One
replicate incubation was performed for each sample.
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(Bloch et al., 1984) and the activities of EMCM at Day 35 were
not decreased by neonatal MSG, prepubertal development of EMDM
seems to be independent upon plasma GH. The activities of
EMDM at Day 35 were approximately 25% higher than that of
defeminized rats (Table 3-3); thus, defeminization still
occurred in MSG-treated rats and the increase of EMDM activity
at Day 35 probably reflects the increase of other plasma

hormones.

The reductase activities and the total amounts of
cytochrome P450 in the 0 mg/g, 2 mg/g and 4 mg/g MSG groups of
35-day-old rats were not significantly different (p>0.05)
(Table 3-10). The data suggest that GH does not influence the

prepubertal reductase activity or the total amount of P450.

The prepubertal p~NPH activities in MSG-treated rats were
not significantly different comparing with the controls
(p>0.05) (Table 3-9) and they all reached adult levels.
Therefore, these data indicate, as expected, that GH is also
unrelated to the prepubertal development of p-nitrophenol
hydroxylase and p-NPH activity seems to reach adult levels

early before puberty.
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Table 3-10. Effect of neonatal MSG on hepatic cytochrome c
reductase activity and cytochrome P450 amount at Day 35. The
total amount of hepatic cytochrome P450 & the activity of
hepatic cytochrome c reductase in male rats treated with
monosodium glutamate (MSG) (0, 2 or 4mg/g, sc) onDay 1, 3, 5,
7 & 9 of life, assayed on Day 35.

Dosage n Cyt. P450 Cyt. c Reductase
(mg/g) (nmol/mgMP) (nmol/min/mg)
[ 5 0.85£0.12 4023
2 5 0.76£0.05 40+1
4 5 0.71£0.03 4222

Value is expressed as MEAN:SE; The values are not
significantly different within each column (p>0.05). One
replicate incubation was performed for each sample.
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3.2.2 MsG Effects in Males Assayed on Day 65

3.2.2.1 Hepatic EMDM activity and p-NPH activity

In 65-day-old rats, 2 mg/g and 4 mg/g MSG caused a 50%
and 43% increase (p<0.01) in EMDM activity respectively (Table
3-11). These data imply that EMDM activity is inversely
related to GH after puberty. However, neither 2mg/g nor 4mg/g
MSG altered the activity of p-nitrophenol hydroxylase (Table
3-11) and these data imply that GH is not related to adult

Pp-NPH activity.

3.2.2.2 Cytochrome c reductase activity and total amount of

cytochrome P450

At 4 mg/g MSG, the total amount of cytochrome P450 was
significantly increased (p<0.01) by 263 but it was unaffected
by 2mg/g (Table 3-12). The reductase was unaffected by either

dose of MSG (Table 3-12).

3.2.2.3 Kinetics of hepatic EMDM

Since the increase in EMDM activity that MSG caused might
have been related to changes in cytochrome P450, we examined
the kinetics of the EMDM in MSG treated rats.
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Table 3-11. Effect of neonatal MSG on hepatic EMDM and p-NPH
activities at Day 65. The activities of hepatic ethylmorphine
demethylase (EMDM) & p-nitrophenol hydroxylase (p-NPH) in male
rats treated with monoscdium glutamate (MSG) (0, 2 or 4mg/g,
sc) onDay 1, 3, 5, 7 & 9 of life, & assayed on Day 65.

Dosage n EMDM Activity P-NPH Activity
(mg/g) (nmol/min/mg) (nmol/min/mg)
o 4 6.68+0.51 0.86£0.10
2 4 10.04+1.06" 0.84%0.07
4 4 9.52:0.78" 0.8920.13

Value is expressed as MEAN+SE; one replicate incubation was
performed for each sample.

"Significantly different from controls (p<0.01).
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Table 3-12. Effect of neonatal MSG on hepatic cytochrome c
reductase activity and cytochrome P450 amount at Day 35. The
total amount of hepatic cytochrome P-450 & the activity of
hepatic cytochrome c reductase in male rats treated with
monosodium glutamate (MSG) (0, 2 or 4mg/g, sc) on Day 1, 3, 5,
7 & 9 of life, & assayed on Day 65.

Dosage n Cyt. P450 Cyt. c Reductase
(mg/g) (nmol/mgMP) (nmol/min/mg)
0 4 0.54£0.03 110:8
2 4 0.53:0.01 10216
4 4 0.67:0.05" 10545

Value is expressed as MEANiSE; one replicate incubation was
performed for each sample.

Ysignificantly different (p<0.01) from other doses.
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The apparent Km of EMDM in 65 day old rats treated
neonatally with Omg/g, 2mg/g, or 4mg/g MSG are presented in
Table 3-13 and are not significantly different (p>0.05) from
each other. Thus, these data suggest that the increase of
EMDM activity does not result from an change in Km and suggest
that there is no change in the isoform composition of the

enzymes .

In contrast, the apparent Vmax of EMDM in MSG-treated
male rats was increased dose-dependently (Table 3-13) with
that of the group treated with 4 mg/g MSG being significantly
increased (p<0.05) by 38%. Therefore, the increase of EMDM
activity in the neonatal MSG-treated animals can be related to
an elevation of the Vmax, which implies an increase in the
amount of the isoforms responsible for ethylmorphine

demethylation or an increase in their activity.

3.2.2.4 Hepatic 68-, 16a-, and 2a-testosterone hydroxylases

To investigate the activities of sexually differentiated
isoforms of hepatic P450s in MSG-treated male rats, we
measured the activities of 68~, 16a- and Za-testosterone
hydroxylases. The 6B-hydroxylated product is regio- and

stereo-selectively produced by cytochrome P450 3A1/2 while the
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Table 3-13. Kinetics of EMDM in 65-Day-old male rats treated
neonatally with MSG. The apparent Km (mM) and Vmax (nmol/min/
mg) of the hepatic ethylmorphine demethylase (EMDM) in male
rats treated with monosodium glutamate (MSG) (0, 2 or 4mg/g,
sc) on Day 1, 3, 5, 7, & 9 of life, and assayed on Day 65.

Dosage n Km Vmax
(mg/q) (mM) (nmol/min/mg)
0 4 0.50:0.03 8:0.8
2 4 0.46+0.03 9+0.7
4 4 0.52+0.03 11:0.3"

Values are expressed as MEAN:SE; one replicate incubation was
performed for each sample.

*Significantly different (p<0.05) from other doses.
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2a- and l6a-products are indicative of the 2Cl1 isoform. It
is clear that MSG increased the 68-activity but not that of
the 2a/16a activities (Table 3-14). Thus, it appears that the

MSG increased P450 3Al/2 but not 2C11.
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Table 3-14. Hepatic 6B-, 16a-, & 2a-testosterone hydroxylases
in 65-Day-old male rats treated neonatally with MSG. Hepatic
68-, 16a-, & 2a-testosterone hydroxylase activities in male
rats treated neonatally with monosodium glutamate (MSG) (0, 2
or 4mg/g, sc), on Day 1, 3, 5, 7, & 9 of life, & analyzed on
Day 65

Dosage n 68 16a 2a

(mg/q) (nmol/min/mg)  (nmol/min/mg) (nmol/min/mg)
0 4 0.36+0.06 0.53£0.13 0.52£0.10
2 4 0.52:0.04" 0.66:0.04 0.60£0.04
4 4 0.53:0.04" 0.68:0.09 0.63£0.03

Values are expressed as MEAN:SE; one replicate incubation was
performed for each sample.

*significantly different (p<0.05) from controls
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4.0 DISCUSSION



4.1 ADRENERGIC RECEPTORS AND THE DEFEMINIZATION OF EMDM

From our studies, we conclude that mixed a,/a;-adrenergic
agonist  (phentolamine), mixed B-adrenergic  agonist
(isoproterenol), aj-adrenergic agonist (phenylephrine),
a)-adrenergic agonist (clonidine) & antagonist (WY27127), at
the dose of 50 pg (phentolamine given at 25 pg), do not
inhibit defeminization of EMDM, cause significant changes in
the total amount of P450, activity of p-NPH or cytochrome c
reductase; that propranoclol, a mixed B;/B8)-adrenergic
antagonist, and prazosin, an aj-adrenergic antagonist, both
given at the dose of 50 pg, increased defeminization of EMDM,
and the super-defeminization induced by propranolol is not via
increasing the activity of cytochrome c reductase, the total
amount of P450, or the apparent Km, but due to the increase of
the apparent Vmax of EMDM. Further, propranolol
superdefeminizes the activities of 2a-, 16a-, & 68-
testosterone hydroxylases; but both prazosin and propranolol,
given simultaneously at equal doses of 50 pg, prevent super-
defeminization. However, prior to our studies it was not
known whether adrenergic receptors are involved in the
defeminization of hepatic cytochrome P450 system, and the
mechanism of the action of adrenergic receptors in

defeminization is still not clear.
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4.1.1 Adrenergic Receptors and CNS Defeminization

A large amount of evidence has shown that adrenergic
receptors are involved in the defeminization of the brain in
rats. Administration of adrenergic drugs to newborn rats
altered their sexual function, behaviour and the structures of
the brain (Jarzab et al., 1989a,b, 1990a,b,c). Due to the
fact that sexual differences in hepatic cytochromes P450
probably result from the brain's sexual differentiation, we
hypothesised that intervention on the adrenergic system during
the neonatal period would alter the sexually dependent
cytochrome P450 in the liver. Our data show that neonatal
propranolol (B-adrenergic antagonist) or prazosin (al-
adrenergic antagonist), given intraventricularly, caused
"super-defeminization" of EMDM activity in postpubertal male
rats. These results suggest that @~ and at least one 8-
adrenergic receptor are involved in inhibiting defeminization

of the hepatic cytochromes P450 in the normal rats.

In our study, stimulation of the B-adrenergic receptor by
isoproterenol (Table 3-3) did not decrease defeminization.
This may reflect the full occupancy of inhibitory B-adrenergic
receptors by norepinephrine in the physiological condition.

On the other hand, inhibiting 8;/8; receptors by proprannlol
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might simply allow more norepinephrine to bind to an unknown
receptor that stimulates defeminization. Our result is in
agreement with a previous conclusion regarding the role of 8-
adrenergic receptors (Raum and Swerdioff, 1981; McGivern et

al., 1986).

Similarly, the increase of defeminization by PRA-induced
inhibition of the aj-adrenergic receptor (Table 3-3) indicates
that the oj-adrenergic receptor is involved in the
defeminization and that a;-adrenergic agonist (norepinephrine)
complex under physiological condition inhibits the
defeminization of hepatic cytochrome P450. Although
phenylephrine (a specific aj-adrenergic agonist) (Table 3-3)
given neonatally did not decrease the defeminization of EMDM,
it does not exclude the possibility that an a,-adrenergic
receptor-complex may cause the defeminizing process of hepatic
cytochrome P450. The lack of a response to the agonist may
result from fully occupied aj-adrenergic receptors under
normal physiological conditions. Also only one dose of
agonist was used. Our data that propranolol and prazosin
together suppressed superdefeminization suggest that both two

drugs inhibit each other.

Previous reports showed that perinatal stimulation or
inhibition of CNS adrenergic activity affected the control of
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gonadotropic secretion and sexual behaviour. It appears that
the roles of the different types of adrenergic receptors in

the modulation of these defeminizations are different.

Stimulation of the #-adrenergic receptor during the
neonatal period prevents the defeminizing effect of neonatal
testosterone in female rats (Raum and Swerdloff, 1981), which
prevents the occurrence of a cyclic gonadotropin secretion and
leads to anovulation, interrupts the vaginal cyclicity and
suppresses the lordosis reflex, a behaviour of adult female
rats responding to the mounting attempts of a sexually active
male by an arching of the back. Their data suggested that
activation of the B-adrenergic receptor inhibits
defeminization. Other evidence also supports this hypothesis.
Prenatal stress has been demonstrated to cause a small rise in
catecholamine levels in the dam, but a 3- to 4-fold rise in
the fetus (Rohde et al., 1983). Thus, the development of
female patterns of saccharin preference and maze learning
behaviour is thought to result from the prenatal stress-
induced increase in norepinephrine. It was reported (McGivern
et al., 1986) that propranolol prevented this development of

female patterns of saccharin preference and maze learning

behaviour in adult male rats. Furtl e, since is

converted to estradiol, which acts to defeminize the brain,
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via aromatization and B-adrenergic antagonist prevents the
inhibition of nuclear estradiol accumulation produced by B-
adrenergic agonist (Raum et al., 1984), it is hypothesized
that the inhibition of defeminizing effects may be mediated

via stimulating the 8-adrenergic receptor (Raum et al., 1984).

In contrast, the aj-adrenergic receptor seems to play
another role in the defeminization of gonadotropin secretion.
It was found that prazosin, an aj-adrenergic antagonist,
prevented the reduction of lordosis behaviour induced by
neonatal testosterone in female rats (Jarzab et al., 1987),
indicating that activation of the aj-adrenergic receptor
stimulates defeminization. They suggested that blockade of
the aj-adrenergic receptor allows more norepinephrine to bind
to the B-adrenergic receptor and inhibits defeminization.
Besides, Raum and his colleagues (1984) reported that
phenoxybenzamine, an a-adrenergic antagonist, inhibited the
nuclear accumulation of estradiol converted from androgen
(Raum et al., 1984); thus, blockade of the a-adrenergic

receptor allowed less estradiol to defeminize the brain.
The a;-adrenergic agonist, clonidine, also attenuated the
inhibitory effect of neonatal testosterone on the

differentiation of lordosis behaviour in female rats (Jarzab
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et al., 1987). Jarzab and his colleagues hypothesized that
presynaptic stimulation of the a,-adrenergic receptor reduces
the release of norepinephrine into the synaptic cleft and
leads to less stimulation of postsynaptic aj- and B-adrenergic
receptors, and attenuates the defeminizing effect of neonatal

testosterone.

Briefly, the authors above hypothesized that the
defeminizing effects of postnatally acting steroids may be
mediated via stimulating the aj-adrenergic (postsynaptic)
receptor, and that blockade of defeminization may be mediated
via stimulating the B-adrenergic receptor, and activation of
the ay-adrenergic receptor may indirectly inhibit

defeminization activity via the B-adrenergic receptor.

However, this model cannot fully explain all results
available, for example, activation or inhibition of 8-
adrenergic receptors during postnatal development permanently
impaired the responsiveness of the centre for cyclic
gonadotropin release to gonadal steroids in female rats
(Jarzab et al., 1989a), and might not be true for the sexually
differentiated hepatic cytochrome P450 system. Reznikov et
al. (1990) showed that tropolone, which inhibits catechol-o-

methyltransferase so that norepinephrine increases in the
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hypothalamic synaptic clefts augmented the sterilizing effect
of neonatal testosterone on female rats. However, this study
tells nothing of receptor type involved but only that increase
of norepinephrine stimulates defeminization. In our study
(Table 3-3), both neonatal propranolol (B-adrenergic
antagonist) and neonatal prazosin (aj-adrenergic antagonist)
stimulated the defeminization of hepatic EMDM; these data
suggest that both a;- and B8-adrenergic receptors are
inhibitory to the defeminization of hepatic cytochrome P450

under physiological condition.

Our conclusion about the role of B-adrenergic receptors
in defeminization is agreement with Jarzab et al.'s
hypothesis. However, our conclusion concerning the role of
aj-adrenergic receptors in defeminization is contradictory to
that of the above researchers (eg. Jarzab et al., 1986, 1987).
That stimulation of the aj-adrenergic receptor inhibits

defeminization is concluded from our data; but an opposing

role of a)- gic r is from their results.

One explanation for this discrepancy might be that
different parameters were used to measure defeminization (eg.
reproductive endocrine status and behaviour vs. cytochrome

P450). It has been reported (Jarzab et al., 1989a) that
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stimulation of the B-adrenergic receptor during the perinatal
period intensified differentiation of feminine reproductive
behaviour but impaired differentiation of feminine
gonadotropin secretion. Thus, prazosin, an a,-adrenergic
antagonist, attenuated the inhibitory effect of neonatal
testosterone on the differentiation of lordosis behaviour in
female rats but failed to prevent the anovulatory syndrome
induced by neonatal testosterone (Jarzab et al., 1987). These
studies indicate that differentiation of different sexual
functions may not overlay identical adrenergic mechanisms, and
imply the possibility that different systems might be

differently effected.

It was reported that stimulation of the ajy-adrenergic
receptor by clonidine attenuated the reduction of lordosis
capacity, induced by postnatal treatment of female rats with
testosterone (Jarzab et al., 1986). The authors hypothesized
that presynaptic stimulation of the a)-adrenergic receptor
decreases the release of norepinephrine into the synaptic
cleft and leads to less stimulation of postsynaptic a)- and 8-
adrenergic receptors. However, this speculation contradicts
our clonidine data in which clonidine did not change
defeminization. In cur study, the prevention of propranolol-
induced “super-defeminization" by prazosin, a very potent and
selective aj-adrenergic antagonist, suggests that more
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norepinephrine might bind to the g,-adrenergic receptor, when
both a;- and B-adrenergic receptors are blocked, so that the
a)-adrenergic-agonist (norepinephrine) complex prevents
"super-defeminization". Our data on phentolamine are
consistent with this. Phentolamine blocks both a; and a)-
adrenergic receptors, and the "super-defeminization" caused by
propranolol‘ is not ‘affected. That neither clonidine (a)-
adrenergic agonist) nor WY27127 (ay-adrenergic antagonist)
influenced PRO-induced "super-defeminization" implies that the
a)-adrenergic receptor under physiological condition might be
of minor importance in the defeminization of hepatic
cytochrome P450, but it might replace the inhibitory role of

both a;- and B-adrenergic receptors under some circumstance.

4.1.2 Mechanism of the Action of Adrenergic Receptors in

Defeminization

Defeminization is induced by neonatal sex steroids.
Under the influence of neonatal and adult sexual steroids, the
morphology and the neurotransmission of the brain develop in
sexually different ways; consequently, reproductive hormone
and behaviour, and other brain-controlled physiological
functions such as the secretory pattern of GH are sexually

differentiated.
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During the neonatal period androgen in the brain is
converted to estradiol via aromatization. Estradiol then
binds to estrogen receptors in cytosol and the complex enters
the nucleus and presumably combines with the genes which
regulate defeminization. The essential role of estradiol in
defeminization has been confirmed by McCarthy et al. (1993).
They infused a 15-mer antisense oligodeoxynucleotide to the
translation start codon of estrogen receptor messenger RNA
into the hypothalamus of rat pups, and found protection

against many of the defeminizing effects of testosterone.

Although it is known that adrenergic receptors modulate
the defeminizing effect of neonatal testosterone, the
mechanism of the action of adrenergic receptors on the
defeminization is not known. That tropolone alone did not
defeminize female rats but augmented the sterilizing effect of
neonatal testosterone on female rats (Reznikov et al. 1990)
and that neither phentolamine nor isoproterenol (Table 3-1)
increased the activity of EMDM in male rats castrated
neonatally suggest adrenergic receptors modulate but do not

mediate the defeminizing effect of neonatal androgen.

Raum et al. (1984) showed that the nuclear estradiol in

hypothalamus was decreased in rats treated with 8-adrenergic
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agonists and that both exogenous testosterone and 8-adrenergic
antagonists prevented the decrease. They suggested,
therefore, that stimulation of B-adrenergic receptors
decreases the activity of aromatase and reduces the
aromatization of ad-androgens. However, evidence indicates
that the aromatase is activated by phosphorylation (eg. B-
adrenergic activation). It has been demonstrated that the
activity of aromatase was decreased when alkaline phosphatase
was added to the buffer and was stabilized by phosphate buffer
or phosphatase inhibitors (Bellino and Holben, 1989).
Further, it is known (Lefkowitz et al., 1990) that stimulation
of the B-adrenergic receptor activates, under the influence of
a stimulatory guanine nucleotide-binding regulatory protein
(Gy), adenylyl cyclase, which promotes the accumulation of
cAMP, at the cytoplasmic face of the plasma membrane. cAMP
then activates cAMP-dependent protein kinase in cytosol. The
activated cAMP-dependent protein kinase (protein kinase A)

catalyzes the ylation of 'ylase kinase, thereby

activating it. Phosphorylase kinase then phosphorylates and
activates phosphorylase which phosphorylates a variety of
cellular proteins and regulates their activities. Therefore,
Raum's theory is inconsistent with these facts, and the
prevention of defeminization by stimulating the 8-adrenergic

receptor does probably not occur via the aromatase. On the
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other hand, it has been reported that increasing cellular cAMP
markedly decreased estrogen binding to the nuclear receptor
(Pedersen et al., 1991). Thus, it seems that the prevention
of defeminization by B-adrenergic agonists might occur via a
decrease in estrogen binding to the nuclear receptor or the
genome . However, although there were reports that
phosphorylation participates in the transcription regulation
by estrogen receptor complex (Ishibe, 1993; Ali et al., 1993)
and that phosphorylation of estrogen receptor increased the
affinity of estrogen receptor for specific DNA sequences
(Denton et al., 1992), it seems that estrogen receptor has
autophosphorylation activity, ie. the estrogen receptor can be
phosphorylated with ATP without any protein kinase (Ishibe,
1993). Thus, whether the increase of cAMP induced by the
activation of adrenergic receptors is necessary for the
phosphorylation of estrogen receptors is not kncwn. Further,
it was suggested that an increase in overall estrogen receptor
phosphorylation does not necessarily result in the increase of
transcriptional activity (Aronica and Katzenellenbogen, 1993);
that the modulation of defeminization by adrenergic receptors
is via regulating the estrogen behaviour is still discussable.
Therefore, as functions of receptors that are regulated by
phosphorylation are only beginning to be investigated, more

studies are needed to solve the problems concerning the
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relationship between estrogen receptor and phosphorylation,
and also the mystery regarding the mechanism of adrenergic

receptor action in defeminization.

Stimulation of the aj-adrenergic receptor leads to the

activation of a ~bound lipase C which

hydrolyses a membrane phospholipid to form diacylglycerol
(DAG) and inositol-1,4,5~trisphosphate (IP;). IP; then causes
the release of Ca”" from intracellular stores, which initiates
a variety of cellular responses; and DAG stimulates the
activity of a Cal'-sensitive enzyme, protein kinase C, which
phosphorylates a distinct set of substrates (Lefkowitz et al.,
1990) including some substrates also for protein kinase A. It
has been fourd (Petitti and Rtgen, 1991) that stimulation of
the aj-adrenergic receptor enhanced B-adrenoceptor-stimulated
CAMP formation in rat hypothalamus, and protein kinase C
appeared to mediate this process. Thus, stimulation of EMDM
defeminization by prazosin does not seem to be related to the
aromatase. Since stimulation of the aj-adrenergic receptor
appears to intensify the B-adrenoceptor-induced cAMP increase
which will decrease estrogen binding to nuclear receptors, the
inhibition of defeminization by the aj-adrenergic agonist
complex might occur via cAMP increase. However, since some

substrates phosphorylated by protein kinase C are different



from the substrates phosphorylated by both protein kinases C
and A, it implies that the aj-adrenergic receptor act
differently from the B-adrenergic receptor. In our data, the
total amount of cytochrome P450 was increased by propranolol
but not by prazosin in the superdefeminized animals and this
suggests that the a;-adrenergic receptor in defeminization
might act in a way completely independent of the 8-adrenergic

receptor.

There is evidence showing that alteration of
catecholamine transmission during the brain development causes
long-term changes in neuronal organization. For example,
prenatal exposure of rats to the dopamine (DA) antagonist
haloperidol induces a long-term decrease in DA receptor number
in the brain (Rosengarten and Friedhoff, 1979). Necnatal
clonidine treatment causes long-term changes in noradrenaline

sensitivity (Gorter et al., 1989).

Adrenergic receptors might generate the formation of
cellular cAMP, stimulate phosphorylation, and activate protein
kinases and similarly stimulate the neuronal development.
Stimulation of the a;-adrenergic receptor inhibits adenylyl
cyclase; as a consequence, intracellular concentration of cAMP

are lowered and the activity of cAMP-dependent protein kinase



is decrease (Lefkowitz et al., 1990). Therefore, blockade of
both a;- and B-adrenergic receptors allows more norepinephrine

bind to the aj)-adrenergic receptor. The activation of aj-

gic intracellular concentrations of
CAMP and leads to the dephosphorylation of cellular protein.
Thus, the activity of aromatase might be lowered and the
defeminization might be inhibited. In another way, activation
of the presynaptic a)-adrenergic receptor inhibit the release
of norepinephrine and leads to less stimulation of the
stimulatory receptor for the defeminization of hepatic

cytochrome P450.

However, the role of the B-adrenergic receptor in these
processes is probably different from that of the a;-adrenergic
receptor. Thus, activation of the B-adrenergic receptor
stimulates mainly adenylate cyclase, but the aj-adrenergic
receptor is mainly responsible for the regulation of protein
kinase C and Ca‘'/calmodulin-sensitive protein kinases.

Fur the 8 gic is able to regulate the

activity of ornithine decarboxylase, which is involved in the

of s and i (Morris and

Slotkin, 1985; Slotkin and Bartholome, 1986; Slotkin et al.,
1988); However, no data indicate that the aj-adrenergic

receptor is related to the regulation of this enzyme.
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Therefore, the B-adrenergic receptor might have different
approach(es) to modulate the defeminization from that of the

aj-adrenergic receptor.

Although alteration of some catecholamine transmission
with dopamine (DA) antagonist or clonidine during the brain
development caused long-term changes in neural organization
such as changes in DA receptor number and noradrenaline
sensitivity of the brain (Rosengarten and Friedhoff, 1979;
Gorter et al., 1989), changes of B-adrenergic activity do not
seem to have long-term effect on noradrenergic system of the
rat brain (Erdtsieck-Ernste et al., 1993). Postnatal blockade
of the B-adrenergic receptor with labetalal, an a- and B-
adrenergic antagonist, increased gj-adrenergic receptor
binding; however, neither propranolol nor labetalal had long-
term effect on the B-adrenoceptor number in the mature rat
brain. Although postnatal propranolol caused an immediate
increase of noradrenaline (NA) metabolism, the long-term
effect of this drug on NA metabolism is still gquestionable.
Therefore, the B-adrenergic receptor might have immediate
effect on the action of neonatal androgen, which defeminizes
the brain structure and some neurotransmitter systems which
are related to the secretion of GH. However, since the data

concerning the long-term effect of B-adrenoceptor agents on B-



adrenoceptor number and NA metabolism were obtained based on
the wusage of non-selective B-adrenergic agents, further
studies are still needed to confirm the conclusion.
Furthermore, the evidence above does not exclude the long-term
effect of aj- and g-adrenergic receptors on adrenoceptor

number and NA metabolism.

4.1.3 Kinetics of EMDM and 16a-, 2a-, and 6B8-Testosterone

Hydroxylases in PRO-induced Superdefeminization

Since adrenergic drugs do not result in significant
changes in the total amount of P450 and the activities of

cy O and p-ni 1 hydroxylase, the

£inal effect induced by adrenergic agents on  the
defeminization of EMDM impacts on the isoforms of sex-
dependent cytochrome P450. Although propranolol increased the
total amount of P450, the increase was not significant and is
unexplainable to the marked elevation of EMDM activity.
Propranolol did not change the apparent Km of EMDM but did
increase the apparent Vmax in the superdefeminized group;
therefore, the enhancement of EMDM activity by propramnolol is
due to the increase of Vmax. Since the alteration of activity

or amount of the isoform(s) demethylating ethylmorphine can
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result in changes in the Vmax of EMDM, increase of EMDM
activity by propranolol might be related to a rise in the
activity or amount of isoform(s) responsible for ethylmorphine

demethylation.

Cytochrome P450 2Cll, a major male-specific P450, is
responsible for 16a- and 2a-testosterone hydroxylations (Kato
et al., 1986) and cytochrome P450 3A1/2, another male-specific
isoform, catalyses 6B-testosterone hydroxylation (Imaoka et
al., 1988) and is also a major isoform for ethylmorphine
demethylation (Wrighton et al., 1985). In our study,
propranolol increased the activities of 6B8-, 1l6a-, and 2a-
testosterone hydroxylases; therefore, propranolol stimulated
the defeminization of hepatic cytochrome P450 by increasing

the expression of at least two isoforms 2C1l and 3A1/2.

It has been reported neonatal defeminization induced high
amplitude GH pulses (Jansson and Frohman, 1987), which is
parallel to the defeminization of EMDM activity (Virgo, 1991),
in adulthood. Furthermore, both neonatal defeminization and
adult masculinization together lead to typical masculine
pattern of GH secretion (Jansson and Frohman, 1987), which is
parallel to the pubertal activity of EMDM (Virgo, 1991).

Besides, it was found that decline in the amplitude of GH
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pulses with intact ultradian rhythm caused 16a-, 2a-, and 68~
testosterone hydroxylases, and isoforms of P450 2C11 and 3A2
to exceed normal levels (Shapiro et al., 1989; Pampori et al.,
1991). These data suggest that the secretory pattern of GH
determines the expression of some sex-dependent cytochromes
P450, and that alteration of GH secretion might change the
activities of these isoforms. Therefore, the
superdefeminizing effect of propranolol on the activities of
16a-, 2a-, and 6B-testosterone hydroxylases might be via
altering the secretory pattern of GH, which in turn stimulates

the expression of sex-dependent P450 isoforms, in adulthood.

4.2 NEONATAL MONOSODIUM GLUTAMATE AND PREPUBERTAL DEVELOPMENT
OF MALE SPECIFIC CYTOCHROMES P450

From our data, we conclude that neonatally administered
monosodium glutamate (MSG) does not affect the activities of
hepatic EMDM, p-NPH or cytochrome c¢ reductase, or the total
amount of cytochrome P450 in 35 day old (pre-pubertal) rats.
Furthermore, p-NPH activity reaches adult levels before
puberty. However, neonatal MSG increased EMDM activity
between day 35 and 65 (post-puberty) while p-NPH and
cytochrome ¢ reductase activity were not altered. The total

amount of cytochrome P450 was increased by 26% in the



postpubertal rats given neonatally 4 mg/g MSG. Neonatal 2
mg/g or 4 mg/g MSG did not change the apparent Km of EMDM
activity in the postpubertal rat liver, but 4 mg/g MSG
increased the apparent Vmax by 38%. Further, neonatal MSG
increased the activity of 6B- but not 2a/l6a-testosterone

hydroxylases in the rat liver at Day 65.

4.2.1 Prepubertal Development

Neonatal administration of monosodium glutamate (MSG) to
rats produces almost complete disappearance of GH releasing
hormone (GHRH) immunoreactive cell bodies in the arcuate
nucleus and GIRH-immunoreactive fibres in the median eminence
(Olney, 1981; Lemkey-Johnston and Reynolds, 1974), while

apparently having no effect on adjacent areas in the

hypothalamus. C tly, serum concen ions of GH (Terry
et al., 1981; Nemeroff et al., 1977) are profoundly reduced;
whereas serum levels of ACTH (Krieger et al., 1979), PRL
(Terry et al., 1981), TSH (Nemeroff et al., 1977), FSH, and LH
(Dada and Blake, 1985) are normal. Therefore, we administered
MSG to male pups to eliminate plasma GH and observed the
relationship between GH and the development of hepatic

cytochrome P450.



It is well known that the activity of sex-dependent
cytochrome P450 in rat liver displays developmental changes.
The activity of hepatic EMDM in male rats is low during the
neonatal period, but begins to rise gradually at 4th week and
reaches adult levels at or after puberty (Gram et al., 1969).
Cytochrome P450 2C11, a male specific isoform, is undetectable
in male pups; it then expresses a gradual increase of activity
to the 4th week, and shows high adult activity at puberty
(Waxman et al., 1985; Imaoka et al., 1991). Cytochrome 3A1/2,
other male specific isoforms, also displays developmental
expression. In contrast to the increase of 2Cll isoform in
male rats, it is mainly suppressed in female rats (Waxman et
al., 1985; Imaoka et al., 1991). All the activities of EMDM
(Colby, 1980), 2Cll (Mode et al., 1989; Legraverend et al.,
1992) and 3A1/2 (Waxman et al., 1988) are regulated by GH at
adulthood. The secretory pattern of GH was demonstrated to
determine the expression of male specific isoforms 2C11 and
2C12 (Mode et al., 1989; Legraverend et al., 1992). Male-type
of GH secretion stimulates the expression of the male isoform
2Cl1, but suppresses the appearance of the female isoform
2C12; while female pattern of GH secretion suppresses the
expression of 2C11 isoform, but promotes the 2C12 expression.
Although the expression of isoform 3A1/2 is not dependent on
pulsatile plasma GH (Waxman et al., 1988), its expression is
suppressed by GH (Waxman et al., 1988).
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Our data (Table 3-9) show that neonatal administration of
2 or 4mg/g MSG did not change the activity of hepatic EMDM in
35-day old rats. Since it was reported (Shapiro et al., 1989;
Waxman et al., 1990C) that 2mg/g MSG caused an 80-90% reduction
in the pulse amplitudes of plasma GH and 4mg/g MSG resulted in
the total loss of all measurable levels of circulating GH in
adulthood, and further, that plasma GH in prepubertal rats is
undetectable (Khorram et al., 1983; Strosser and Mialhe,
1975); therefore, in this study, therce should be no plasma GH
during the prepubertal period. Thus the data suggest that the
prepubertal development of the male type P450 in the rat liver
is not related to plasma GH. Further, since there is no

significant difference in the total amount of cytochrome P450,

the activities of cyt c and p-nitr 5 &
hydroxylase, it seems that GH is not related to the

prepubertal development of hepatic cytochrome P450 system.

Since the hepatic EMDM activity in male rats at Day 35 is

significantly higher than that of defeminized rats, the EMDM

activity does a devel 1i . As GH does
not seem to be involved in the prepubertal development of EMDM
activity, there may be other hormones responsible for this

EMDM development.



Serum corticosterone in rats shows developmental changes
(Lu et al., 1987; Henning, 1978). During the neonatal period,
the concentration of plasma corticosterone is quite low. It
increases gradually and reaches the highest point at the 24th
Day but then declines. It was reported that this hormone
increased the activity of hepatic ethylmorphine demethylase in
adult rats (Colby, 1980), and that dexamethasone elevated the
amount of hepatic cytochrome P450 3A (Gonzalez et al., 1986;
Wrighton et al., 1985; Nagata et al., 1990), which is
associated with ethylmorphine demethylation (Wrighton et al.,
1985). The concentration of plasma FSH in male rats also
displays developmental changes (Ketelslegers et al., 1978).
Avt birth, plasma FSH shows high levels but declines to its
lowest levels in the second week; it then climbs gradually and
reaches the highest concentration at the 40th Day. This
hormone was reported to be able to increase the rate of EMDM
in castrated rats of either sex (Krammer et al., 1977),
suggesting that the increase of hepatic EMDM activity induced
by FSH may not via the FSH-stimulated release of testosterone.
Thus the prepubertal development of EMDM activity might
reflect the combined effect of these hormones. However,
plasma testosterone begins to rise at the 4th week of life in
male rats; further, androgen receptors have been found in the

rat liver (Eagon et al., 1989; Konoplya and Popoff, 1992), the



possibility that prepubertal development of hepatic EMDM
activity result from the gradual increase of plasma androgen
before puberty (Corpéchot et al., 1981) should not be

excluded.

4.2.2 Pubertal Development

Since the secretory pattern of GH is important to the

activities of t P450 i in adulthood,
neonatal MSG which can eliminate plasma GH will change the
activity of sex-dependent cytochrome P450 in adulthood. Our
data (Table 3-11) show that necnatal administration of 2 or
4mg/g MSG increased the EMDM activity in adulthood. Since
hypophysectomy increased the EMDM activity (Colby, 1980) and
GH together with decreased the EMDM activity in the thyroxine
(Ty)-, BCTH-. or T,- and ACTH-treated hypophysectomized male
rats (Colby, 1980); and further, clonidine which increases GH
release inhibited EMDM activity, but somatostatin which lowers
the trough of GH secretion pattern decreases GH release
stimulated EMDM activity (Virgo, 1985), GH is thought to be
inhibitory to the EMDM activity (Virgo, 1985). Therefore, the
increase of EMDM activity in MSG-treated groups suggest that
neonatal MSG reduces plasma GH and lessens the suppression by

GH on EMDM activity.
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In our study, MSG at dose of 4mg/g enhanced the apparent
Vmax of hepatic EMDM but did not affect the apparent Km. The
increase of the Vmax of EMDM might result from an elevation in
the activity or the amount of isoform(s) for ethylmorphine
demethylation, suggesting that the increase of EMDM activity
induced by neonatal MSG is due to an increase of the activity
or amount of EMDM. MSG at dose of 4mg/g increased the total
amount of cytochrome P450 by 24%, which might result from an
increase in the amount of isoform(s) and may partly explain

the changes in EMDM activity.

Microsomal activities of 68-testosterone hydroxylase, in
2 or 4 mg/g MSG-treated rats, rose by 44%-47% (Table 3-14);
however, MSG did not effect on the activities of 16a- and Za-
testosterone hydroxylases. Because cytochrome P450 3A1/2 is

ible for 68— hydroxylation (Imacka et al.,

1988), and cytochrome P450 2C11 for 16a- and 2a-testosterone
hydroxylations, the data imply that neonatal MSG influences
the expression of cytochrome P450 3A1/2 but not cytochrome
P450 2Cl11. EMDM is mainly associated with 3A1/2 isoform
(Wrighton et al., 1985); therefore, the increase of EMDM
activity in MSG-treated groups is due to the elevation of

3A1/2 amount.
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However, our suggestion differs from the observation of
Pampori and his colleagues (1991). They showed that the
neonatal administration of 2mg/g MSG did not change the
ultradian pattern of circulating GH, although it reduced in
the pulse amplitudes of plasma GH by 80%, while it increased
the levels of cytochrome P450 2Cl11 and P450 3Al/2 in male
rats. At 4mg/g the levels of these isoforms were depressed.
Concurrently, the activities of 168-, 2a-, and 6B-testosterone
hydroxylases increased or decreased in parallel with the
changing levels of their substrate specific isoforms of P450
(Pampori et al., 1991). The expression of cytochrome P450
2C11 is dependent on the secretory pattern of GH (Mode et al.,
1989; Legraverend et al., 1992), and low peaks of GH with male
secretory pattern are still sufficient to stimulate the
expression of 2Cil isoform (Legraverend et al., 1992). The
above researchers' studies suggest that decreasing plasma GH
without changing the male secretory pattern of GH may
intensify the expression of 2C11 isoform and the activities of
16a- and 2a-testosterone hydroxylases. Thus, the data in our
study that 2 mg/g MSG did not change the activities of 16a-~
and 2a-testosterone hydroxylases might that the dosage of MSG
used did not cause a low enough reduction in plasma GH, and
that 4mg/g MSG did not influence the activities of the 16a-
and 2a-hydroxylases in our study might be reflect that the
plasma GH was not totally absent.
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In Pampori et al.'s study (1991), 2mg/g MSG increased the
activity of 6B-testosterone hydroxylase, but 4mg/g MSG
depressed the activity. The expression of cytochrome P450
3A1/2 which catalyses 6B-hydroxylase was demonstrated to be
not dependent on the secretory pattern of GH, but depressed by
continuous GH (Waxman et al., 1988). Hypophysectomy increased
the levels of cytochrome P450 3Al/2, but injection of GH to
these rats depressed the levels of the enzyme (Waxman et al.,
1990). All these data imply that continuous GH is inhibitory
to the expression of 3Al1/2 isoform and the activity of 6B-

testosterone hydroxylase.

Our data show that both 2 and 4mg/g MSG enhanced the
activity of 6B-testosterone hydroxylase (Table 3-14). The
increase of the activity of 6B8-testosterone hydroxylase in
MSG-treated rats, therefore, might be due to MSG-induced loss
of plasma GH; that 4 mg/g MSG did not suppress the activity of
68-testosterone hydroxylase might be due to the failure of the

dosage in this study to completely eliminate plasma GH.
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