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ABSTRACT

In order to characterize androgens’ effects on the brain and behavior I identified the
canary cDNA coding for the nuclear receptor for androgen. The sequence is very conserved over
functional domains, but shows some divergence from the only other sequences known, those for
rodents and man. The AR mRNA can be localized by in situ hybridization in the canary to the
testis and the song nuclei HVc, RA, and MAN. The AR mRNA is regulated by androgens in the
periphery in a tissue specific manner. Using a sensitive semi-quantitative pcr assay, regulation
of the AR mRNA by androgen treatment and by natural fluctuations of circulating androgens is
seen in the song control nucleus HVc.

I used the information about receptor location and the timing of androgen effects to
examine androgen induced changes in genes likely be involved in neuronal plasticity. I cloned
the canary homolog of the c-jun proto-oncogene, and confirmed its identity based on complete
conservation of the important functional domains. I prepared RNA from steroid responsive parts
of the brain from ovariectomized canaries treated with testosterone using a simple dot
hybridization assay. I could detect a small but rapid induction by androgen of c-jun and two
other proto-oncogenes (c-myc and n-myc) in RNA from tissue containing HVc¢ and surrounding
telencephalon.

Because of this lack of a more dramatic effect in the complex tissue of the brain, I also
quantified changes in gene expression induced by androgens in a simpler system. Acting in
relative isolation, testosterone can dramatically increase the rate of proliferation of the cells,
while estradiol is without effect. Testosterone can increase the mRNA levels of several
structural genes, including homologs of genes regulated in the canary brain, and represses several
transcription factors in addition to its own receptor. Testosterone also interacts synergistically
with the Ca™ ionophore A23187 to induce c-myc and histone H1 expression, where neither
alone will do so. In addition, androgen pretreatment represses the TPA-induced increase of these

same genes.



INTRODUCTION

The steroid hormones have long been interesting and productive objects of study
by both biochemists and biologists. Biochemically, the steroids, with their receptors,
comprise one of the earliest identified classes of transcription regulatory factors (Beato,
1989). Biologically, they have widespread actions ranging from the function of
glucocorticoids as anti-inflammatory agents (Miesfeld, 1990) to the profound effects of
gonadal steroids on the central nervous system (Goy and McEwen, 1980). They establish
the sexual dimorphism in the structure of the reproductive tract and brain of many species
(Harris, 1964). They also cause the expression of many behaviors, ranging from female
receptivity in the rat (Parsons et al., 1980) to male aggression in rodents (Goy and
McEwen, 1980) and birds (Wingfield et al., 1990). The steroids bring about these actions
via intracellular receptors which alter the expression of responsive genes, although for
very rapid effects, they may act at the cell membrane.

Androgens induce many of the changes in brain and behavior seen in male
canaries during the reproductive season in spring. Specific areas of the brain responsible
for song production and perception undergo changes in size (Nottebohm and Amold,
1976) and connectivity (spine density and dendritic length (Devoogd and Nottebohm,
1981; Devoogd, 1986)) which are correlated with plasma steroid levels as well as singing
behavior. These changes can be induced at other times of the year (and in females) by
treatment with exogenous testosterone, and the magnitude of anatomical change
witnessed is much greater than that observed in other gonadal steroid dependent neural
systems (Tobet and Fox, 1989; Swaab and Fliers, 1985). The large changes in brain
structures associated with song, and the dependence of these changes on androgen levels,
make the canary a particularly good system to examine mechanisms of steroid hormone
interaction with the nervous system. In the research presented later in this thesis, I have

2




INTRODUCTION

used a variety of approaches to characterize the effects of androgens on gene expression

associated with cell growth and plasticity, focusing on songbirds as a model system.

Molecular Mechanisms of Steroid Action

Steroid hormone effects are mediated by nuclear receptors which bind DNA to
regulate transcription of responsive genes (Slater et al., 1990). Steroid hormones and
their receptors are well established models for transcriptional regulation (Yamamoto,
1985; Ham and Parker, 1989). The steroid receptor superfamily includes receptors active
in gonadal, homeostatic, and morphogenic functions (Evans, 1988). These molecules
share many structural features with well defined roles among them a cysteine rich DNA
binding domain and a steroid binding domain (Berg, 1989; O’Malley, 1990). Steroid
hormones bind to their receptors on a C-terminal domain (Green et al., 1988; Kumar et
al., 1987), causing a change in the conformation of this region which promotes
dimerization of receptors between specific hydrophobic regions (Fawell et al., 1990).
The receptor dimer has a high affinity for specific DNA sequences, called hormone
response elements (HREs) (Green et al., 1988; Beato, 1989; Giguere et al., 1986). These
HREs are enhancer elements in the DNA that target the transcriptional effects of the
receptors to genes nearby on the chromosome (reviewed in Yamamoto, 1985). When the
receptors are bound to these enhancers, several other regions of the steroid hormone
receptor, the so called "transcriptional activation functions" (TAF), can regulate
transcription within minutes (Tora et al., 1989; Tasset et al., 1990).
Non-Genomic Mechanisms of Steroid Action

Transcription modulation by the steroid hormone receptors may be supplemented
by faster, non-genomic actions of the hormones. Rapid membrane effects have been seen
for each of the gonadal steroids (reviewed in Schumacher, 1990). These rapid effects

may be due to direct actions on the plasma membrane, to membrane bound receptors




INTRODUCTION

which alter cyclic nucleotide concentration, or to direct effects on receptors for classical
neurotransmitters. Steroids may alter the electrical characteristics of the plasma
membrane by intercalcating in the phospholipid bilayer (Gewirtz et al., 1989).
Testosterone induces increases the duration of action potentials in the electric fish
Sternopygus, possibly by altering the electric organs’ passive membrane properties (Mills
and Zakon, 1991). Specific, saturable membrane bound receptors for each of the
gonadal steroids (Towle and Sze, 1983) and corticosteroids (Orchinik et al., 1991) have
been characterized, with binding to the glucocorticoid receptor (GR) directly associated
with a suppression of sexual behavior in amphibians. Finally, there are a number of
reports of rapid modulation by steroid hormones of ion channels (Nabekura et al., 1986),
peptide hormone/transmitters (Schumacher et al., 1990), opiod receptors (Su et al., 1988)
and classical transmitters such as GABA (Majewska et al., 1986). While such non-
transcriptional mechanisms may be important for many of the rapid effects of the
steroids, such as progestins induction of lordosis, most long term effects of the steroid
hormones appear to be mediated via their nuclear receptors (Evans and Arriza, 1989).
RNA stabilization by Steroids

The regulation of mRNA levels has been largely simplified to control of
transcription, but there is a balance maintained in the cell between synthesis and
degradation which can be affected by the steroids. The steroids regulate the mRNA
levels of a variety of genes which are not under direct transcriptional control by
influencing their half-life in the cytoplasm. This regulation of mRNA stability is
important for many cell cycle related genes (Brawerman, 1989). The steroids act on
mRNA stability through primarily two mechanisms, increasing stability, or inducing
degradative enzymes. Glucocorticoids enhance growth hormone mRNA stability by
lengthening the polyA tail (Paek and Axel, 1987). Glucocorticoids also induce
stabilization factors which extend the half-life of PEPCK mRNA (reviewed in Nielsen
and Shapiro, 1990a). Estrogen, acting on estrogen receptor (ER) negative cells, stabilizes

4




INTRODUCTION

vitellogenin mRNA when the ER gene is co-transfected, but estrogen treatment without
the ER does not destabilize the transcript (Nielsen and Shapiro, 1990b). A form of LDL
mRNA is stabilized by estrogens by increasing the length of the polyA tail, but estrogen
withdrawal induces a degradative system which rapidly clears the transcript (reviewed in
Nielsen and Shapiro, 1990a). A final caveat must be included when describing steroid
stabilization of mRNAs, as the effects have been observed in most systems using high,
pharmacological levels of the hormones (1 M), whereas a recent examination using
estrogen at 3 nM, a physiological concentration, failed to show stabilization of

vitellogenin mRNA (McKenzie and Knowland, 1990).

Steroid Receptor Regulation of Gene Expression
Regulation of Gonadal Steroid Receptors

ER mRNA levels are regulated by changes in the levels of plasma estrogens in a
tissue specific manner. Ovariectomy (ovx), which lowers plasma estrogens, induces the
ER mRNA four fold in the uterus, and depresses it by two thirds in the liver (Shupnik et
al., 1989). This effect is reversed one day after a single injection of estrogen (Shupnik et
al., 1989). The estrogen receptor in the pituitary is similarly down-regulated by ovx in
the rat (Shupnik et al., 1989). In addition, in the human breast cancer cell line EFM-19,
ER mRNA is reduced five fold by estrogen, as long as the cells have not progressed to
steroid insensitivity (Westley and May, 1988), and the ER mRNA is similarly regulated
by progestins (Alexander et al., 1990). In an osteosarcoma cell line, the ER mRNA level
is similarly down-regulated by estrogens, and also by testosterone (Komm et al., 1988).
The progesterone receptor (PR) is regulated in an analogous manner, where its ligands,
the progestins, down-regulate PR mRNA levels in both the pituitary (Shupnik et al.,
1989) and the oviduct (Conneely et al., 1986). The PR is also regulated by estrogens,

which induce the PR mRNA in the oviduct (Conneely et al., 1986), pituitary,
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hypothalamus (Lauber et al., 1991; Bayliss and Millhorn, 1991) and in breast cancer cells
(Wei et al., 1988; Read et al., 1988; Poulin et al., 1989; Lee et al., 1989). Estrogens can
also down regulate the glucocorticoid receptor in pituitary (Peiffer and Barden, 1987).
Androgen receptor (AR) mRNA is regulated much like the ER in the reproductive
accessory tissues of the rat. In the epididymis and coagulating gland, the AR mRNA is
increased several fold by castration, and this induction is inhibited by exogenous
testosterone (Quarmby et al., 1990). In the ventral prostate, a castration induced increase
of the rAR (2 to 3 fold) is apparent within one day (Quarmby et al., 1990; Shan et al.,
1990), and testosterone reduces AR mRNA below control levels within eight hours after
an intramuscular injection (Quarmby et al., 1990). In the LNCaP human prostate cancer
cell line, more dramatic repression (ten-fold) of the AR is seen in the transition from
steroid-free medium to one containing 30nM testosterone (Quarmby et al., 1990). The
AR mRNA is similarly regulated in the liver cell line HepG2 (Shan et al., 1990).
Whether the AR mRNA in the brain fluctuates in any way related to the natural
cycling of androgens has not been examined in any species up to now. It is likely that in
canary, like the rat, the receptors in the hypothalamus and other diencephalic regions
control reproduction and are regulated by circulating levels of gonadal steroids. The AR
mRNA levels in rat whole brain RNA preps are increased several fold and then return to
near normal following treatment with exogenous testosterone (Quarmby et al., 1990), but
there is no information on the anatomical localization of these effects. While there has
been less analysis of the natural fluctuations of plasma androgen than estrogens or
progestins, androgens are under some reproductive control, as can be seen in animals
with defined breeding seasons such as canaries (Nottebohm et al., 1987). These
fluctuations in circulating steroids can regulate the AR mRNA, at least in rats (Shan et
al., 1990). Androgen levels can also be manipulated experimentally by surgical or
chemically induced castration, which greatly reduce the level of plasma androgen
(Jackson et al., 1986; Morris et al., 1986; Jackson and Jackson, 1984). Alternatively, the
6




INTRODUCTION

effective level of androgens can be manipulated with antagonists (Poyet and Labrie,
1985).
Regulation of Steroid Receptors in the Brain

The ER is regulated in brain centers associated with reproduction much like it is
in the periphery (reviewed in McEwen et al., 1979). ER mRNA levels in the brain are
negatively regulated by estrogens. In both the VMH and Arcuate nucleus, exogenous
estrogens appear to reduce the amount of message per cell (Simerly and Young, 1991)
The ER is not induced by ovx, perhaps because the normal circulating level of estrogens
is so low, but the ER is repressed by exogenous estradiol administration (Simerly and
Young, 1991). It is unclear whether ER levels cycle with the normal reproductive
fluctuation of estrogen levels in the rat but ER mediated effects on synaptic morphology
do fluctuate (Woolley et al., 1990). Estrogens induce the PR mRNA in the mPOA,
Arcuate Nucleus, and VMH, but have no effect on mRNA levels in the cortex (Bogic et
al., 1988).

Most animals have steroid hormone receptors in the evolutionarily ancient
structures of the brain which regulate reproductive function (reviewed in McEwen et al.,
1979). As shown later in this thesis, the androgen receptor is also present in parts of the
canary telencephalon. The location of androgen receptor in the forebrain of songbirds
has a parallel in the rat (Simerly et al., 1990), which has a moderate level of AR mRNA
in the evolutionarily new cortical layers 2 and 3, and the hippocampus, and a high level in
the older lateral septal nuclei. The regulation of the steroid receptors in the forebrain has
not been examined, but may be novel since they are not part of the homeostatic control
apparatus for the reproductive system.

Regulation of Other Genes by Steroid Receptors
Steroids, their receptors, and the genes they regulate have long been a model

system to study transcription (Yamamoto, 1985). The Drosophila steroid hormone
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ecdysone provides a particularly elegant model of transcriptional regulation (Ashburner,
1990). Ecdysone induces puffing in a series of genes on the polytene chromosomes
which puff maximally at different times (Ashburner, 1990). In addition, it has recently
been demonstrated that some of these developmentally important genes are not only
induced by the hormone, but are subsequently repressed by it (Thummel et al., 1990).
One of these regulated genes, E74, even appears to encode a transcription regulatory
protein (Burtis et al., 1990). This leads to the hypothesis that there are genes regulated
initially by the steroids which go on to regulate other genes in a large network over time.

The glucocorticoid receptor is perhaps the most studied steroid receptor.
Glucocorticoids regulate a large variety of genes and in different ways. A number of
genes have been characterized which respond immediately and directly to the steroid
(even in the presence of the protein synthesis inhibitor cyclohexamide) including the
mouse mammary tumor virus, the tyrosine amino transferase gene, and the growth
hormone gene (reviewed in Yamamoto, 1985; Miesfeld, 1990). There are other genes
which are directly responsive to glucocorticoid, but which respond much more slowly
like collagenase (Jonat et al., 1990), Osteocalcin (Schule et al., 1990b), and proliferin
(Diamond et al., 1990). In addition, there are a number of genes which appear to be
"secondary response” genes, which do not have GREs in their enhancers, but which are
nonetheless regulated by glucocorticoids, such as a-2 microglobulin, tryptophan
dioxygenase, and a-1 acid glycoprotein (reviewed in Miesfeld, 1990).

The induction of common structural protein and enzyme genes in peripheral
tissues by androgen has been well characterized (Watson and Paigen, 1990 and references
therein). Very little information on the regulation of potential proliferation related genes
by androgens exists. Androgens may direct transient increases in c-myc, c-fos, and
hsp70 mRNAs seen following castration in regressing rodent prostate (Buttyan et al.,
1988) and implanted tumor cells (Rennie et al., 1988), but these effects may be secondary
to the regression of the tissues. Recently, Persson, et al. (1990) showed the NGF

8
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receptor in Sertoli cells to be down-regulated by androgen in vivo over several days.
Estrogen effects on proliferation related genes have been described in several

systems. The levels of several proto-oncogenes are regulated by estrogen in vivo,

including c-myc in the oviduct (Rempel and Johnston, 1988), and c-jun (Weisz et al.,
1990), and c-fos in the uterus with estrogen in vivo (Gibbs et al., 1990b; Loose-Mitchell |
et al., 1988). In addition, the EGF receptor is induced rapidly by estrogen in the uterus

(Lingham et al., 1988). Two days of estrogen treatment of osteosarcoma cells induces

both TGF-8 and procollagen two to three fold (Komm et al., 1988).

Steroids’ Actions on Genes in the Brain

Gonadal steroids appear to regulate some proliferation related genes in the
nervous system. Estrogen induces a 70 Kd protein which may be hsp70 (Mobbs et al.,
1990), but fails to increase the levels of c-fos mRNA in the rat hypothalamus (Gibbs et
al., 1990b), even though c-fos is seen to be induced developmentally and with seizure
inducing drugs (Gibbs et al., 1990a). Estrogens also quickly induce a variety of structural
and nerve function regulatory genes. For example, estrogen increases the transcription of
ribosomal RNA in the VMH within 30 minutes, reaching a maximum 100% stimulation
at two hours (Jones et al., 1990). Estrogen strongly induces mRNA encoding a
neuropeptide, galanin, in the pituitary of both male and female rats (Kaplan et al., 1988),
and the microtubule stabilizing factor T (Ferreira and Caceres, 1991). Finally, estrogen
increases the level of the receptor for the neuropeptide oxytocin within six hours in the
hypothalamus (Coirini et al., 1991).

Reports of androgen effects on proliferation related genes in the brain are sparse.
Stanley and Fink (1985; 1986) examined androgen induced molecular differences in the
rat brain during development and found changes in several proteins, including actin and
tubulin, by two dimensional electrophoresis of extracts from the sexually dimorphic

hypothalamus and pre-optic areas. There is a sexual dimorphism of NGF receptor
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expression in the hippocampus of developing rats (Kornack et al., 1991).

The role of androgenic versus estrogenic actions in brain development is further
confused by the potential metabolism of testosterone into estrogen. The estrogenic
effects are mediated by the ER, when it is stimulated by estrogen, which can be produced
in the periphery or formed in the brain by aromatization of testosterone. The AR
mediates the androgenic effects when it is activated by testosterone, but it can also be
activated by dihydrotestosterone, a non-aromatizable metabolite produced by 5a
reduction. In the rat CNS, enzymes for both avenues of metabolism are found in the
steroid receptor containing areas (reviewed in (Goy and McEwen, 1980). In male
songbirds, the brain is the only site of aromatase activity, while in females, both the brain

and the ovary can aromatize testosterone (Schlinger and Arnold, 1991).

Steroid Action on Brain Development and Function

Development of Sexual Dimorphism

In mammals and birds, differentiation of gonads is under genetic control. The
subsequent differentiation of the reproductive system and brain is controlled by gonadal
steroid secretion (reviewed in (Dohler, 1987). Early hormone exposure in mammals
establishes persistent differences in both structure and function of the brain (Pfeiffer,
1936). There is a sensitive developmental period when estrogens or androgens specify
the dimorphism in the hypothalamus and pre-optic area of mammals (Harris, 1970;
Harris, 1964). Female rats given androgens before day 10 will develop masculinized
reproductive systems (Barraclough, 1961) and brains (Gorski et al., 1978). The
masculinization depends on both androgenic actions, and estrogenic stimulation from
aromatization of the testosterone (Dohler et al., 1986). Feminization is also a hormone
dependent event. Estrogen is necessary for the capacity to have cyclic release of GnRH
and sexual behavior (reviewed in Goy and McEwen, 1980), but quantitative regulation of
estrogen 1is necessary, as high levels will masculinize the brain (reviewed in Dohler,

10




INTRODUCTION

1987). These early events in neural development cause profound changes in the structure
of the brain and the behavior exhibited later.
Steroid regulation of structure and function.

Testosterone has long been considered the primary inducer of sexual
differentiation of the brain (Pfeiffer, 1936; Barraclough, 1961; Harris, 1964).
Testosterone’s profound effects on brain structure in many species likely derive from
genomic events, since they can often be blocked by an inhibitor of RNA polymerase II,
o-amanitin (Salaman and Birkett, 1974). Testosterone can cause neurite outgrowth in
explants (Toran-Allerand, 1976; Toran-Allerand, 1980). They can also increase the re-
establishment of connections in damaged nerves (Kujawa et al., 1991; Yu, 1989). It
appears that it is the aromatization of androgens which provides the estrogens necessary
for many of these neuronal effects.

There are sex differences in neuron number and the size of several brain nuclei in
rodents (Gorski et al., 1978), (Gorski et al., 1980). Developmentally, estrogens are
responsible for the growth of the pre-optic area, and rats given the estrogen antagonist
tamoxifen will have female-like (small) POAs (Dohler, 1987). Estrogen may do this by
regulating neurite outgrowth, as it does in explants (Ferreira and Caceres, 1991; Toran-
Allerand, 1980; Toran-Allerand, 1976). Later, as adults, female rats show changes in
synaptic anatomy with the cyclic change in the levels of estrogens during the female
estrous cycle (Wooley, et al. 1990).

A particularly robust example of hormone mediated preservation of nerve cells is
seen in the rat. The spinal nucleus of the bulbocavernosus (SNB) is a group of several
hundred motor neurons in the rat which innervate the anus and penis of male rats
(Nordeen et al., 1985). This group of neurons concentrates labeled androgens. Female
rats develop these cells, but they die during development (Goldstein et al., 1990). If

androgens are administered to females, these neurons are selectively preserved (Nordeen

11



INTRODUCTION

et al., 1985). The endogenous estrogens of females would not be effective at preserving
the neurons in females, since it is sequestered by the estrogen binding alpha-fetoprotein
circulating in the cerebrospinal fluid (Goy and McEwen, 1980).The muscles which are
innervated by these cells also regress in females, but can be selectively preserved by
prenatal androgen treatment (Breedlove, 1985). The hormonal specificity of this effect
dramatic: When the non-aromatizable androgen dihydrotestosterone is administered, the
muscles are preserved but the neurons die, implying that the muscle preservation is an

androgenic effect, and the neuron preservation an estrogenic one (Breedlove, 1985).

Brain, Hormones and Behavior: Songbirds

As a part of their reproductive strategy, songbirds, oscines of the order Passerines,
vocalize in order to establish territory and for courtship (reviewed in Konishi et al.,
1989). These songs are learned from other adults in proximity, usually the father
(Thorpe, 1958). In the so called "closed learners" such as finches and sparrows, whose
song is crystallized at an early age, only the males are capable of singing a vigorous,
stereotyped song (Immelmann, 1969). If these closed learners are deafened before their
song is crystallized, they will "sing" a very garbled song, but if they are deafened after,
their song will maintain its structure for years (Konishi, 1965). In birds capable of
altering their song in adulthood, such as the canary (Nottebohm and Nottebohm, 1978)
and the red wing blackbird (Marler et al., 1972), singing by the male predominates,
although female canaries sing to a very limited extent (F. Nottebohm, unpublished
observations). These "open ended learners” (at least the canaries) gradually "forget" their
song after deafening (Nottebohm et al., 1976). For zebra finches, specific areas of the
brain have been associated with both the plasticity in learning, and the stereotyped
behavior which develops (Scharff and Nottebohm, 1991), and similar studies in the
canary have suggested a similar localization of function (F. Nottebohm, unpublished).
Song specialization of the forebrain
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Early studies by Nottebohm and colleagues (reviewed in Nottebohm, 1980a),
defined the motor pathway by which the canary produces its song (see Figure 1). Using a
combination of anatomical and electrophysiological techniques, a number of
interconnected brain nuclei were shown to respond to auditory information and form a
motor pathway from the forebrain to the vocal organ, the syrinx (Kelley and Nottebohm,
1979). A large nucleus in the dorsal telencephalon, the Hyperstriatum ventral pars
caudale (HVc), and later called the higher vocal center (HVC), appears to integrate
auditory information from field L and lateral MAN (IMAN) , the latter also innervating
the robust nucleus of the archistriatum (RA). RA is principally innervated by HVc, as
part of the principal motor pathway controlling vocalization. The motor pathway from
RA then bifurcates. The principle projection continues into the caudal half of the
hypoglossal nucleus (nXIIts), which directly innervates the vocal organ of birds, the
syrinx. A secondary projection from RA innervates the dorsal medial (DM) nucleus of
the intercollicular region(ICO). The first large difference discovered between the brains
of male and female in any species was in the song control system of the canary
(Nottebohm and Arnold, 1976). This discovery prompted re-examination of the rat and
subsequently Gorski et al. found the sexually dimorphic nucleus of the pre-optic area in

rodents (Gorski et al., 1978).
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Figure 1. Anatomy of the Songbird Brain. A schematic diagram of the song
control circuit in the brain showing *H-testosterone concentrating nuclei and their
axonal projections (dark). The other nuclei of the circuit, and the directions of

their axonal connections are indicated (lighter shades).
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INTRODUCTION

Development of Song Control Nuclei

Although the song control nuclei of songbirds show a greater dimorphism than the
SDN-POA, their development appears to be similar. Steroid responsive areas of the
females songbird brain lose neurons to cell death during development, but in males the
neurons survive and there is an increase in size and connectivity of these areas (Konishi
and Akutagawa, 1985; Konishi et al., 1989). There is a critical period for steroid
exposure, much like the SDN-POA in rodents, and it is also during this critical period
that song is learned (Gumey and Konishi, 1980; Gurney, 1982). In canaries, the sexual
dimorphism in the song nuclei HVc and RA develops more slowly as the bird matures
(Nottebohm et al., 1986). In the first months after hatching, the canary sings an ill-
formed song, akin to babbling, and their song control nuclei are one third to one tenth the
size of adults. As the bird, and its song, matures, the nuclei grow to their adult
dimensions. Finally, in adulthood the disparity between male and female song control
nuclei ranges from 33% for nXIIts to almost four-fold for area X (Nottebohm and
Arnold, 1976). There has been a great deal of speculation that the development of the
nuclei correlates with the learning of stable song (Nottebohm et al., 1981). However,
seasonal changes in song center anatomy have been detected in some species without
measurable changes in song behavior (Brenowitz et al., 1991).
Seasonal Regulation of Singing and the Song Control Nuclei

Singing by the canaries is a reproductive behavior which is most highly expressed
during breeding in the spring. The song of juvenile canaries becomes both stereotyped
and complex at the end of winter. At the end of the first breeding season, and subsequent
breeding seasons, the canaries’ song goes through a period of instability, which peaks in
August and September. It is during this time that new songs are added to the canaries
repertoire (Nottebohm et al., 1986). The size of the song control nuclei HVc and RA as
defined by cresyl violet staining parallels the complexity of the song (Nottebohm et al.,
1986). The brain of male canaries is larger in the first spring when they are singing
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prodigiously (aged 12 months) than the following fall when they are relatively silent
(aged 17 months), by approximately 20% (Nottebohm, 1981). Normalizing to this
change in brain size, the changes seen between spring and fall canary HVc is 1.9 fold and
for RA itis 1.6 fold (Nottebohm, 1981). The size of the brain as a whole, and the song
control nuclei particularly, rebounds to previous spring levels in following years
(Nottebohm et al., 1981). This seasonal change in the size of the song control nuclei is
accompanied by ten-fold higher spring levels of in plasma testosterone (Nottebohm,

1981), as might be expected since breeding is confined to the spring.

Steroid Receptors are Found in Song Control Nuclei
Progesterone and Estrogen Receptors

Gonadal steroids clearly play an important role in regulating song in the Passerine
birds. Since the steroids act through a receptor, a number of studies have investigated the
location of receptors for the gonadal steroids in the forebrain. Receptors for tritiated
progestins are found primarily in the hypothalamus, and they do not appear to bind
receptors in any of the forebrain song control nuclei Hvc, RA, MAN, or area X)
(Lubischer and Arnold, 1990). Receptors for labeled estrogens are also very rare in the
songbird forebrain. Tritiated estradiol labels only a few percent of cells in MAN and Hvc
(Nordeen et al., 1987). A large number of cells ventral to HVc were labeled, as were
many hypothalamic neurons (Nordeen et al., 1987). A monoclonal antibody directed
against the steroid binding domain of the human estrogen receptor has recently been used
to successfully localize the receptor protein itself in the canary brain. The antibody
reveals substantially the same pattern of estrogen receptor localization, except no
receptors are found in MAN (Gahr et al., 1987). The antibody reveals an interesting
developmental pattern of receptor expression in the Zebra finch, where receptor antibody

positive cells decline in number 90% inside HVc proper and 75% in the surround
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between day thirty, before the critical period, and adulthood (Gahr and Konishi, 1988).
Interestingly, the estrogen receptor positive cells in the area surrounding HVc appear to
be those incorporated when HVc is at its maximum during the breeding season (Gahr,
1990b). This lack of seasonal change in the size of the estrogen receptor containing cell
population stands in contrast to the cresyl violet staining defined seasonal changes in
HVc volume (see above), but the significance of this difference remains to be explored.
The ER containing neurons appear to send axonal projections to the song control nucleus
area X, as they are double labeled when retrograde tracer injections into area X are
combined with monoclonal ER antibody staining (Gahr, 1990b). Combining the ER
antibody and tritiated androgen, Gahr (1990) examined whether the ER containing cells
in HVc also contain the AR. He found that although in both ICO and the hypothalamus a
substantial fraction of the cells were double labeled (30% and 15% respectively), no cells
in HVc were so labeled (Gahr, 1990a).
Androgen Receptor

Since the large dimorphism was noticed in 1976, a large number of investigators
have examined the distribution of androgen concentrating cells. In addition to non-song
control areas (such as the hypothalamus) the song control nuclei nXIlts, ICO, MAN, and
HVc¢ bind tritiated androgen (Evans and Arriza, 1989; Arnold, 1981; Arnold and Saltiel,
1979; Bottjer, 1987; Korsia and Bottjer, 1989; Sohrabji et al., 1989; Nordeen et al.,
1986). When the brains were more closely examined, it became apparent that RA was
also labeled (Arnold, 1981). Comparing male and female zebra finches, a three-fold
difference in labeled androgen binding was found in HVc and MAN, but not the
evolutionarily older ICO, nXIIts, or the non-song control PVM of the hypothalamus
(Arnold and Saltiel, 1979). During development of the zebra finch brain, the number of
cells in both HVc and MAN decrease by several fold but the androgen concentrating cells
are selectively preserved, such that there is no net loss of such cells during development
(Bottjer, 1987) [but see (Korsia and Bottjer, 1989) which has absolutely contradictory
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data for IMAN T-cell survival and percent of labeled cells]. Just as many of the ER
containing cells project to area X, a large number of projection cells in HVc appear to
concentrate androgens (Sohrabji et al., 1989). Approximately 60% of RA projecting cells
and 40% of area X projecting cells concentrate tritiated androgens. Recently, Balthazart,
et al (Balthazart et al., 1992) have successfully used a human antibody to the n-terminal
region of the receptor to localize it in zebra finch, canary, and quail. Their results, though
preliminary, appear to agree with the labeled androgen binding data.
Hormonal control of song control nuclei

Just as the sexual dimorphism in brain and behavior can be reversed in rodents
with early hormone manipulation, the male pattern of song control nuclei size and singing
can be induced in female songbirds by treatment with gonadal steroids (Gurney, 1981;
Gurney and Konishi, 1980; Gurney, 1982). Like the rodent, where estrogen has been
shown to be the active gonadal steroid in preserving SDN-POA cells, systemic estrogen
in female hatchling zebra finches increases the number of androgen concentrating cells in
both HVc and MAN close to the levels seen in untreated males while having no effect on
a non-dimorphic nucleus (SL) (Nordeen et al., 1986). Estrogen also increases the volume
of HVc, RA, and area X, but only to a size intermediate between males and females
(Simpson and Vicario, 1991b). These females also sing male typical songs, but their
singing is much less frequent and of poorer quality than males (Simpson and Vicario,
1991a). Subsequent treatment with testosterone further masculinizes the song of the
zebra finch (Simpson and Vicario, 1991a), but has little effect on the brain structures
(Simpson and Vicario, 1991b). For the closed period learners, such as the Zebra finch,
the sensitive period for estrogen actions extends from hatching to one month, when the
cell-death induced dimorphism begins to become apparent, and by 45 days, gonadal
steroid treatment looses all effect (Konishi and Akutagawa, 1988). Canaries, which are

capable of continuous learning, show no age of treatment dependency. Adult female
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canaries, treated systemically with testosterone, sing vigorously in the spring
(Nottebohm, 1980b; Devoogd et al., 1985), and the sizes of HVc and RA, in addition to
synaptic connectivity, increase significantly (Nottebohm, 1980b; Devoogd and
Nottebohm, 1981). Although there is no critical period for this effect, seasonal effects
remain a consideration, as implanted females fail to sing in the fall (Devoogd et al.,
1985), but changes in RA volume and some synaptic properties still occur (Devoogd et
al., 1985).

In these androgen treated females, there is a large increase in protein synthesis in
a number of song control nuclei (Konishi and Akutagawa, 1981). The increase in protein
synthesis in these testosterone treated females was greatest after six days continuous
exposure to androgens. It was also a purely androgenic effect, as estrogen had no effect
on this system. Interestingly, Konishi and Akutagawa (1981) found increased protein
synthesis in area X, a song control nucleus which does not accumulate labeled androgen,
in addition to the androgen binding nuclei MAN, RA, and HVc, implying that the effect
of the hormone treatment was transmitted by some intermediary, at least in this part of

the songbird brain.
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Prospects for Research

Androgens’ profound effects on the brain and behavior of canaries give us a very
good system to examine the mechanisms of steroid hormone regulation of the neuronal
plasticity. Based on evidence from many other experimental systems and from similar
steroid hormones, the most probable locus for androgenic regulation is at the level of
gene expression, via actions of the androgen receptor. An important step in
characterizing androgen regulation in songbird brain, therefore, will be to confirm the
identity of the nuclear receptor for androgen and determine its location in the brain of the
canary. The changes in the structure of the canary brain between fall and spring or in
testosterone treated females are likely to require the synthesis of new components of
nerve cells, such as synaptic proteins, and may also involve changes in expression of the
AR itself. However, the time course of potential molecular changes is unclear, and could
be rapid, as is the case for immediate-early gene induction by estrogen in the oviduct, or
it could occur on a similar time course as the behavioral effects, which in canaries require
one week of continuous androgen treatment. An adequate analysis of androgen effects on
gene expression will therefore include a range of response times to hormone stimulation.
Androgens both induce and repress genes in several rodent organs. It is unclear how they
may regulate gene expression in the brain, whether they induce genes responsible for
song learning and production, suppress genes responsible for variability, or some
combination of the two. One approach to analyzing this would be to obtain probes for a
variety of candidate genes for androgen regulation (such as structural components of
neurons, immediate early genes, and the AR itself), and look for evidence of either
induction or repression following androgen treatment. Finally, in the brain, there are a
large variety of biochemical signals acting on the cells concurrent with androgen,
additionally complicating the examination of androgen effects, since the changes could
be due to synergistic affects of all the stimuli. Analysis of interactions between androgen
regulation and other signaling pathways active in neural tissue may benefit from

exploration of simpler in vitro systems or cell lines as well.
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CHAPTER 2: THE CANARY ANDROGEN RECEPTOR

A: CLONING OF THE CANARY ANDROGEN RECEPTOR

An essential step in understanding the mechanism of androgen action in the
canary brain is to characterize its receptor. It is evident from a variety of studies that the
gonadal steroids both organize the neuronal substrate for singing and activate the
behavior in canaries (see introduction). In addition, *H-testosterone binds to many of the
nuclei which control song production in situ, though it remains unclear whether the *H-
steroid is binding to an authentic androgen receptor. The availability of molecular probes
for the AR would allow tests of the hypothesis that the changes in behavior seen
seasonally and with pharmacological manipulation of the gonadal steroids may be
correlated with changes in the androgen reccptoriin the brain. To pursue this
characterization, I have cloned the canary androgen receptor (CAR) and examined its

localization and regulation.

Results

Initially, noting the high conservation between the rat and human androgen
receptors, I directly screened several libraries already in the lab using reduced stringency
hybridization. I obtained a cDNA clone of the rat Androgen Receptor (rAR) and isolated
the region containing the CDE domains, radiolabeled this fragment and directly screened
one million independent cDNA clones in a library derived from canary HVc (George and
Clayton, 1992). None of these were positive in the initial screen. I next screened three
hundred thousand independent cDNA clones in a library derived from the canary liver,
and again failed to detect any positives. Since 1.) HVc contains androgen binding
activity, 2.) liver contains the AR in other species, and 3.) I had screened the libraries
extensively (see discussion), I concluded that the abundance of clones of the receptor in

our libraries was vanishingly low.
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PCR Cloning the CDE Region of the AR

To circumvent the low abundance of the receptor in our libraries, I next used the
information about the conservation of several domains of the steroid receptors (see
introduction) to make primers for polymerase chain reaction (pcr) amplifications.
Specifically, I used the fasta paradigm (Pearson and Lipman, 1988) to identify regions
identical in nucleic acid sequence between the rat and human receptors in the C (DNA
binding) and E (hormone binding) regions and with this information designed
oligonucleotide probes whose sequences were likely to be conserved in the canary gene
(see Figure 2). Hybridization of these oligonucleotides to Southern blots of rat and
canary genomic DNA gave a pattern of bands, some of which are identical to bands seen
with the rat CDE probe (data not shown (dns)). I next reverse transcribed total RNA
from canary testis using random primer and pcr amplified using the oligonucleotides
("RT-PCR", see methods and Figure 2). When these reactions were separated on an
agarose gel, the reverse transcript of the canary testis RNA was the same size as the rat
cDNA clone (see Figure 3), as would be predicted given the expected conservation of this
functional domain. When Southern blotted and probe with the rAR cDNA, this one kb
band from the canary RNA was identical in size and thermal stability to both the rat
cDNA pcr and reverse transcribed rat testis RNA (dns), also consistent with the expected
conservation of this part of the coding sequence. When DNA from canary and rat is
probed with the pcr amplified product, a large number of the autoradiographic bands are
identical between the two species (see Figure 4). This is additional evidence supports
the hypothesis that the amplified product is the canary homolog of the rat androgen

receptor.
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Figure 2. PCR Cloning of the AR. Diagrammatic representation of the cloning
strategy for the canary androgen receptor. The locations of the "DNA Binding"
and "Steroid Binding" primers used to clone the canary androgen receptor are as

indicated (see methods for primer sequences).
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Cloning the Canary Androgen Receptor Using PCR

Testis RNA was reverse transcribed using pdN(6) and oligo's conserved
between rat and human were used to amplify the prescribed canary cONA.

Steroid Receptor :

RegionA/B - TAF? ~ DNA  Steroid Binding - TAF?

PCR Cloning Primers -> -

Expected Amplification Product

1082 bp



THE CANARY ANDROGEN RECEPTOR

Figure 3. RT-PCR for cAR. Negative image from a scan of a photograph of 2%
agarose gel stained with ethidium bromide. Canary testis total RNA (2 pg) was
reverse transcribed using either 0.6 g oligo dT or poly dN (highis 1 pg, low is
0.1 pg). These samples, one identical to the high pdN, without reverse
transcriptase, and 0.1 pg of the rat androgen receptor cDNA were separately PCR

amplified using the "C" and "E" primers.
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THE CANARY ANDROGEN RECEPTOR

Figure 4. Genomic Southern Blot for the Androgen Receptor. The amplified
product of the RT-PCR for the cAR (excised from a gel like in Figure 3) was used

to probe digested genomic DNA from rat and canary.

28



Genomic DNA: Rat Canary

Endonuclease:




THE CANARY ANDROGEN RECEPTOR

Cloning the Remainder of the AR

I next re-examined the DNA from the libraries screened earlier to determine
whether they contain the same molecule I cloned by pcr, and perhaps, the other parts of
the molecule not yet cloned. Although I failed to detect the CDE region in the original
direct screen, I was able to amplify this fragment of the receptor gene from the HVc and
non-forebrain libraries, but not the liver library. As it was for the direct screen, the signal
was very low for the amplification from the libraries relative to the 10 pg rAR cDNA (see
Figure 5). I tried to amplify the parts of the gene 5’ and 3’ to the pcr defined region of
the cAR using one of the specific oligonucleotides and a flanking vector primer, but was
unable to amplify any region other than that defined by the two original oligonucleotides
(see Figure 6).

I have attempted to isolate the part of the cDNA coding for A/B region of the
receptor by RT-PCR using the primer in the C region coupled with five different
degenerate oligos upstream (see Figure 7). Unfortunately, this amplification was
unsuccessful using canary RNA as template (see Figure 8). In addition, I have tried an
anchored pcr technique (RACE) (Frohman et al., 1988) which despite working for
controls, did not work for the canary androgen receptor. In subsequent experiments, it
has become clear that there are strong reverse transcriptase "stops" on the 5’ end of the C
region, which I have been unable to overcome using either methlymercury or higher

temperatures (dns).
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Figure 5. Amplification of cAR from Canary Libraries. 20 pg of cesium chloride
purified phage DNA was pcr amplified, separated on a 2% agarose gel, and
transferred onto a nylon membrane. The membrane was probed with the rAR
cDNA. F>R or C>E: 35 cycles. F>R, C>E: 35 cycles using F and R,
subsequently re-amplified 35 cycles using C and E. Primers: F, AGT10 forward;
R, AGT10 reverse; C, AR "C" region; E, AR "E" region. HVc, Non-Forebrain
(NF), and Liver phage libraries as described in methods.
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Primers:

--HVc-- |--NF-- | Liver

F>R

C>E

F>R, C>E
3>7

C>E

3>7, C>E

C>E
F>R

rAR

C>E

44
3.5
2.5

1.9

1.1
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Figure 6. PCR for cAR Ends. PCR amplification of the AGT10 HVc cDNA

library, as in Figure 5.

33



HVc
Template: Library

Primers:

C~E None
rAR

C>F
C>R
E>F
E>R
C=-E

.. 1l6856bp
B - 1018bp

— 500b
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Figure 7. RT-PCR for the 5’ End of the cAR. Top: Diagram of the structure of
androgen receptors. Bottom: Diagram of RT using a combination of oligo dT
and pdN,, followed by PCR using a variety of combinations of primers. Results
of the amplification (presence/absence of a band of the appropriate size by

Southern blot) listed on right. Primers as described in methods.
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wivining the 5' end of the canary Androgen
Receptor using RT-PCR

not cloned cloned (exon 2-8)

(exon 1) [ER SPT T

Region A/B - TAF? DNA  Steroid Binding - TAF?

RT 4 v 5 i S NNNNNN < TTTTTTI

PCR Canary  Rat
= < yes yes

o < no ND

— <+« 10 yes

e o no ND

S o no yes

. 0 yes

= g 0 yes

— - no yes