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The gonadal steroids, testosterone and estradiol, are known to be important 

modulators of neuronal functions and behaviors in most vertebrate species. These 

steroid hormones also elicit changes in neuropeptide synthesis and secretion, alter 

specific neurohormone receptor levels, and alter neuronal morphology and 

electrophysiology. Many of the actions of androgens and estrogen are mediated by 

specific intracellular receptors found in certain regions of the brain. But where are 

these neuronal targets for androgens and estrogen found? 

The research in this thesis investigates the neuroanatomical distribution of 

androgen and estrogen receptors in the brain of a urodele amphibian, the roughskin 

newt, Taricha granulosa. Using immunocytochemistry with antibodies against these 

receptors, the distribution of both androgen and estrogen receptor-immunoreactive 

cells is described in the brain of this species. This study found brain regions that 

contain immunoreactive androgen receptors that have not previously been reported in 

poikilothermic vertebrates using other techniques. 
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In addition, the distribution of estrogen receptor-immunoreactive cells in 

most brain areas, and the distribution of androgen receptor-immunoreactive cells in 

several brain areas, were found to be similar in this amphibian to those described in 

studies that employed in vivo autoradiographic techniques in other vertebrate species. 

This study suggests that the neuroanatomical distribution of gonadal steroid receptors 

is a relatively conserved trait in vertebrates. The widespread distribution of these 

receptors in the brain probably reflects the multiple functions that androgens and 

estrogen are known to have in the brain. 
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Neuroanatomical Distribution of Androgen and Estrogen Receptors 
in the Brain of the Roughskin Newt, Taricha granulosa 

CHAPTER I: GENERAL INTRODUCTION 

"Little to nothing is known about the mechanisms whereby gonadal hormones 
stimulate mating behavior. At the molecular level the likelihood that such 
information will be revealed in the near future is not great..." 

W. C. Young, 1961 

SOURCE OF ANDROGENS AND ESTROGENS IN THE VERTEBRATE 
BRAIN 

Among vertebrates, the gonadal steroids testosterone, 5a-dihydrotestosterone 

and 17B-estradiol are potent modulators of brain functions and behaviors. The 

androgenic steroid hormone testosterone is produced in response to pituitary 

gonadotropins from the steroid precursor androstenedione in Leydig cells of the 

testes and thecal and interstitial cells of the ovary in males and females respectively. 

In males, testosterone is then secreted into the blood by the testis and either acts 

directly upon target tissues or is metabolized in tissues to form alternative gonadal 

steroids. Testosterone may be aromatized to form 17B-estradiol, or reduced to form 

5a-dihydrotestosterone, by cells that contain the enzymatic complexes aromatase and 

5a-reductase respectively. These enzymatic complexes typically are located in cells 

of reproductive and peripheral tissues (Griffin and Ojeda, 1988). Due to the 

synthetic capability of several tissues, including the brain, to form the 
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aforementioned steroids, the brains of male vertebrate animals are exposed to both 

androgens and estrogens. 

In male mammals, androgen concentrations in the circulation are generally 

much higher than circulating estrogen concentrations. For example in rats, plasma 

testosterone concentrations are in the ng/ml range, while plasma estrogen 

concentrations are in the pg/ml range (McGinnis and Dreifuss, 1989). However, the 

brain of male mammals may be exposed to substantially higher estrogen levels than 

what is measured in the plasma because of the local conversion of testosterone to 

17B-estradiol in specific brain regions, including the preoptic area, hypothalamus, 

septum, amygdala and hippocampus (Cal lard et al., 1978; Balthazart and Foidart, 

1993). In contrast, males of many species of non-mammalian vertebrates have been 

shown to have significant concentrations of androgens and estrogens within the 

general circulation as demonstrated in songbirds, lizards, frogs, newts and fish 

(Varriale et al., 1986; Adkins-Regan et al., 1990; Feist et al., 1990; Zerani et al., 

1991; Ando et al., 1992). In addition, non-mammalian vertebrate brains contain 

high levels of aromatase and 5a-reductase enzyme activities, suggesting the brain is 

exposed to relatively high concentrations of androgens and estrogen in these species 

(Cal lard et al., 1978). 
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ANDROGEN AND ESTROGEN ACTIONS IN THE VERTEBRATE BRAIN 

Gonadal steroids within the brain elicit a variety of actions including 

neuroendocrine, behavioral and cellular responses. Testosterone and estradiol are 

well known to exert hormonal feedback effects on the hypothalamo-pituitary-gonad 

axis by altering the secretion of gonadotropin hormones from cells of the anterior 

pituitary (Summerville and Schwartz, 1981; Griffin and Ojeda, 1988; Fink et al., 

1991). In males, testosterone inhibits the production of serum gonadotropins 

(follicle stimulating hormone, FSH, and luteinizing hormone, LH). For example, 

castrated male rats implanted with testosterone capsules show suppressed serum 

levels of both FSH and LH compared to those implanted with cholesterol 

(Summerville and Schwartz, 1981). Testosterone is thought to exert inhibitory 

effects at both the hypothalamus and pituitary gland because castration in rats 

increases the frequency and amplitude of release for luteinizing hormone-releasing 

hormone (LHRH) from the hypothalamus as well as LH and FSH from the pituitary 

(Levine and Duffy, 1988). 

In females, estrogen has both inhibitory and stimulatory actions affecting 

plasma gonadotropin levels (Griffin and Ojeda, 1988). The ovulatory surge of LH 

associated with the final maturation of follicles within the ovary is due to positive 

feedback effects of estrogen. In rats, high levels of estrogen act within the brain to 

cause a surge of LHRH release from the hypothalamus and increases the pituitary's 

responsiveness to LHRH. The surge of LHRH release, stimulates the secretion of 
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LH and FSH from the pituitary resulting in the LH surge (reviewed in Fink et al., 

1991). It has also been demonstrated that estradiol enhances the synthesis of LHRH 

in the hypothalamus (Fink et al., 1991). It is interesting to note that although the 

distribution of androgen receptor-positive neurons in males and estrogen receptor-

positive neurons in females (see below) overlap anatomically with the distribution of 

LHRH neurons in the hypothalamus, neither steroid receptor has been shown to be 

colocalized with LHRH within the same neurons (Shivers et al., 1983; Huang and 

Harlan, 1993). This strongly suggests that in this system, gonadal steroids mediate 

their effects on LHRH neurons indirectly via interneurons (Fink et al., 1991). The 

above examples serve to illustrate two important points: 1) it is common for the 

`cellular targets' for gonadal steroids (i.e. neurons which contain androgen or 

estrogen receptors) to be distributed within brain regions known to be affected by 

testosterone and/or estrogen and 2) however, the receptors for testosterone or 

estrogen are not found within all neurons that are affected by gonadal steroids. 

Gonadal steroids acting in the brain also mediate changes in behaviors such 

as courtship, sexual and aggressive behaviors including those in humans (Cal lard, 

1983; Sachs and Meisel, 1988; Schlinger and Cal lard, 1990; Bagatell et al., 1994). 

The behavioral effects of testosterone and estradiol are transient, require the 

presence of the hormone, and because they activate neuronal systems already present 

in the adult brain, are often referred to as "activational effects" (reviewed in Arnold 

and Breedlove, 1985). For example, testosterone is required to maintain 

reproductive behaviors in most vertebrate males as demonstrated by the fact that 
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castration will generally abolish male sex behaviors while intracranial implants of 

low concentrations of androgens effectively maintain them. It is a general 

phenomena among most vertebrates that androgens implanted into the preoptic

hypothalamic region of the brain will restore or maintain male sex behaviors in 

castrates. This has been demonstrated in mammals, birds, reptiles and amphibians 

(Davidson, 1966; Wada and Gorbman, 1977a; Crews and Morgentaler, 1979; Tang 

and Sisk, 1991). These studies suggest that androgens act directly on this brain area 

to modulate such behaviors. 

When testosterone effectively restores sexual behaviors in castrates, it is not 

clear whether this effect is mediated by testosterone binding to the androgen receptor 

or by testosterone being converted to 5a-dihydrotestosterone or 1713-estradiol that 

then binds to the androgen or estrogen receptor respectively. Evidence for each 

possibility can be found in the literature. Estradiol by itself is effective in restoring 

most components of sexual behaviors in castrated rats, mice and quail (Larsson, 

1979; Sachs and Meisel, 1988; Balthazart and Surlemont, 1990). 

Dihydrotestosterone by itself is effective in restoring reproductive behaviors in 

rhesus monkeys, some strains of mice and guinea pigs (Larsson, 1979) whereas the 

administration of either estradiol or dihydrotestosterone effectively restores 

reproductive behaviors in castrated lizards (Crews and Morgentaler, 1979). A 

combination of dihydrotestosterone and estradiol administration is more potent in 

activating reproductive behaviors than either hormone alone in castrated rats and 

songbirds (Baum and Vreeburg, 1973; Harding et al., 1983). In other species, 
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testosterone is more effective than its metabolites alone or in combination. For 

example in amphibians, treatment of castrated newts of the genus Triturus or 

Taricha with testosterone will fully restore courtship behaviors, but 

dihydrotestosterone or dihydrotestosterone combined with estradiol (tested in 

Taricha) will only partially restore, and estradiol alone is relatively ineffective in 

restoring them (Andreoletti et al, 1983; Deviche and Moore, 1988). It is interesting 

to note that although estradiol or dihydrotestosterone alone are not effective in fully 

restoring courtship behaviors in castrated Taricha males, there is evidence that these 

steroids do influence the brain's responsiveness to other factors that modulate these 

behaviors in this species. For example, in Taricha, the neuropeptide arginine 

vasotocin (AVT) will significantly activate courtship behaviors when injected into 

intact males or castrated males that have intracranial implants of estradiol or 

dihydrotestosterone but not cholesterol (Moore and Miller, 1983). Together these 

studies illustrate that one cannot predict a priori whether one gonadal steroid is more 

important than another in modulating an animal's behavior and suggest that both 

androgen and estrogen receptors in the brain are involved in regulating certain 

behaviors. 

At the neuronal level, testosterone and estrogen have been shown to alter 

neuropeptide expression, regulate receptor synthesis and alter the density of 

receptors in discrete brain areas. Evidence for gonadal steroids affecting the 

expression of neuronal genes is suggested by recent studies described in several 

species. In adult rodents, castration has been shown to decrease the density of 
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vasopressin-immunoreactive fibers in the lateral septum and sexually dimorphic area 

of the hypothalamus in gerbils and rats. Castration also reduces oxytocin binding in 

the hypothalamic ventromedial nucleus, reduces proopiomelanocortin mRNA levels 

in the rostral arcuate nucleus, and increases estrogen receptor mRNA content of 

cells in the preoptic area and bed nucleus of the stria terminalis (BNST) in rats. 

Also, reduced levels of neurophysin II in mouse brains and substance P in hamster 

brains are observed following castration (de Vries et al., 1986; Mayes et al., 1988; 

Chowen-Breed et al., 1989; Tribollet et al., 1990; Crenshaw et al., 1992; Swann 

and Newman, 1992; Lisciotto and Morrell, 1993). In birds and amphibians, 

castration decreases vasotocin immunoreactivity in septal and diencephalic cells and 

fibers in canaries and decreases the concentration of putative vasotocin receptors in 

the amygdala of newts (Voorhuis et al., 1988; Boyd and Moore, 1991). 

Testosterone implants given to castrated males will maintain levels for many 

of the above peptides at intact levels, but again this leaves open the possibility of 

androgen or estrogen receptors as the mediators of such events. Some evidence 

suggests that estradiol induces synthesis of progestin receptors, oxytocin receptors, 

oxytocin, vasopressin and neurophysin II in discrete brain regions of mammals 

(Parsons et al., 1980; de Kloet et al, 1986; de Vries et al., 1986; Mayes et al., 

1988; Caldwell et al, 1989; Richard and Zingg, 1990; Tribollet et al, 1990; Brot et 

al., 1993), and dihydrotestosterone has been implicated in regulating vasopressin 

gene expression in the BNST of rats (Brot et al., 1993) but few of these studies are 

definitive. Testosterone (or one of its metabolites) also increases the density of 
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serotonin 5-HTIA receptors in medial preoptic areas of the rat (Mendelson and 

Mc Ewen, 1990). Although additional studies are needed to distinguish which 

testosterone responses are mediated by the androgen receptor and which by the 

estrogen receptor, it is clear that both receptor types are important regulators of 

neuronal peptide expression. 

Gonadal steroids also affect neuronal morphology, connectivity and 

electrophysiology in adult brains. For example, testosterone regulates dendritic 

length and soma size in a population of motoneurons that mediate male copulatory 

behavior in rats, and estradiol modulates the number and shape of dendritic spines 

on CA1 neurons within the hippocampus in rats (Kurz et al., 1986; Gould et al., 

1990). The motoneurons and CA1 neurons mentioned, also accumulate androgens 

and estrogen respectively, suggesting these changes may be due to direct genomic 

effects of these steroids (Gould et al., 1990). Estrogen also facilitates synapse 

formation in the septum, hypothalamus and midbrain of rats (reviewed in 

Matsumoto, 1991). Finally, testosterone and estradiol have inhibitory and excitatory 

effects on the firing rates of preoptic neurons depending upon the neuron being 

tested (Silva and Boulant, 1986). In these studies some neurons increased firing in 

response to estradiol while not being affected by testosterone, others increased firing 

in response to testosterone but were unaffected by estradiol or conversely, inhibited 

by one steroid but not affected by the other (Silva and Boulant, 1986). This rather 

lengthy description of steroid effects on neuronal actions is presented to emphasize 

the multiple effects that both testosterone and estrogen have in the brain but whose 
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actions, without the knowledge of which receptors are being activated, are difficult 

to discern from one another. 

MECHANISMS OF STEROID ACTION 

How do gonadal steroids regulate such diverse actions as described above 

while maintaining unique hormonal specificity? Although an answer to this central 

question concerning the mechanisms of steroid hormone action is incomplete, 

significant advances have been made in the last two decades. Many sex steroid-

dependent cellular events are mediated by specific intracellular steroid hormone 

receptors. The intracellular receptors for testosterone and estrogen are ligand 

dependent transcription factors that control gene expression. In the classical model 

for steroid-regulated gene expression, circulating steroids diffuse through the plasma 

membrane and bind to their specific intracellular receptors. These receptors 

undergo conformational changes in response to ligand binding. The conformational 

changes activate the receptors so that they interact with one another to form 

homodimers that bind to specific DNA sequences termed hormone response elements 

(HREs) (Truss and Beato, 1993). The HREs contain imperfect palindromic 

sequences separated by three base pairs which are recognized by the activated 

receptor/hormone complexes. The binding of the complex to the HRE is necessary 

but not sufficient to modulate gene expression. The receptor complex bound to its 

HRE is thought to alter the chromatin structure and allow regulatory transcription 
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factors (e.g. NF-I and OTF-1) to interact with promotor sequences upstream of the 

TATA box region, thereby modulating gene transcription (Beato, 1991; Truss and 

Beato; 1993). 

The HREs for the different gonadal steroid receptors are actually quite 

similar in sequence which may lead one to wonder how specificity is conferred to 

testosterone and estrogen actions. Regarding the HRE, position 3 of the half 

palindromic sequence is critical for discrimination between the androgen and 

estrogen receptors as is the spatial organization of the HRE (Truss and Beato, 1993). 

Also very important, is cellular specificity regarding which steroid hormone 

receptors and regulatory proteins are present within a given cell. 

Intracellular testosterone and estrogen receptors belong to a superfamily of 

nuclear receptor proteins which include those for androgen, estrogen, progesterone, 

glucocorticoid, mineralocorticoid, 1,25-dihydroxyvitamin D3, thyroid and retinoic 

acid receptors (Evans, 1988; Orti et al., 1992). These receptors share similar 

structural organization including each having three principle domains (reviewed in 

Beato, 1991; Wahli and Martinez, 1991; Orti et al., 1992). The C-terminal region, 

composed of 220-250 amino acids, contains the hormone-binding domain that is 

specific for a particular steroid ligand in each receptor (with the exception of the 

androgen receptor, see below). Separated from the hormone-binding domain by a 

short hinge region is a highly conserved DNA-binding domain composed of about 70 

amino acids. Eight of these amino acids are highly conserved cysteines that form 

two "zinc fingers" thought to aid in DNA sequence (HRE) recognition and receptor 
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dimerization. The N-terminal domain is the most hypervariable in length and 

composition and is consequently most often used for generating antibodies against 

each specific receptor (Carson-Jurica et al., 1990). Androgen and estrogen 

receptors differ from each other both in size (the androgen receptor is about 300 

amino acids longer than the estrogen receptor) and composition, which imparts the 

specific ability for each steroid to bind to its cognate receptor. It should be noted 

that a single androgen receptor is thought to bind both testosterone and 5a

dihydrotestosterone. The dihydrotestosterone/receptor complex is more stable than 

the testosterone/receptor complex and therefore 5a-dihydrotestosterone is thought to 

be the more 'potent' androgen of the two (Janne and Shan, 1991). 

The intracellular gonadal steroid receptors are kept inactivated (i.e. not 

bound to DNA) while not bound to their specific ligand. This is accomplished in 

part by being maintained in large, inactive heterooligomeric complexes ( 300 

Kdaltons) formed by noncovalent interactions between monomeric or dimeric 

receptors with heat shock (hsp90 and hsp70) and other proteins (Orti et al., 1992; 

Truss and Beato, 1993). It is not until the cell containing these receptors is exposed 

to the ligand (testosterone, 5a-dihydrotestosterone or estradiol) that the receptor is 

activated and can modulate gene expression. Because the presence of androgen or 

estrogen receptors is necessary for a steroid to have an effect upon a particular cell, 

the distribution of these receptors in the brain reveals the brain regions that respond 

to androgens and estrogen. 
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DISTRIBUTION OF ANDROGEN AND ESTROGEN RECEPTORS IN 
VERTEBRATE BRAINS 

The neuroanatomical distribution of androgen and estrogen receptors has 

been examined in all vertebrate classes, and a summary of some of these studies is 

presented in Table 1. Most of these studies used in vivo autoradiography to identify 

steroid-concentrating cells, although a few recent studies with birds and mammals 

employed in situ hybridization or immunocytochemical techniques (see discussion of 

techniques below). Based on autoradiography, some common vertebrate patterns 

regarding the distribution of these receptors across species were noted by Cal lard 

(1983) and others (Morrell and Pfaff, 1978). Accumulation of androgens and 

estrogen generally occurs in cells of the preoptic area, hypothalamus, limbic 

forebrain structures (septum and amygdala), various midbrain structures, sensory 

and motor nuclei (Cal lard, 1983). The similarities in the distributions of androgen-

and estrogen-concentrating cells have been explained by claims that both androgens 

and estrogen are involved in many gonadal steroid-mediated responses. This overlap 

is particularly apparent in preoptic, hypothalamic and septal regions. Authors often 

report that there are differences in autoradiographic results with the different 

steroids, mostly showing a greater intensity of label and more cells labeled with 3H

estradiol than with 3H-testosterone or 3H-dihydrotestosterone. Also, more forebrain 

regions such as the nucleus accumbens, amygdala and pallium are labelled with 

estradiol than with androgens (Table 1). 
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No major sex differences have been identified in the distribution of sex 

steroid receptors in vertebrate brains (see Table 1 for original references). Even 

among songbirds (e.g. zebra finches and canaries), where the areas of the brain 

controlling singing behavior are significantly larger in males than in females 

(Nottebohm and Arnold, 1976), sex differences in the overall distribution of 

estrogen receptor-immunoreactivity or 3H-testosterone-concentrating cells have not 

been observed; although the percentage of labeled cells in a given area is often 

greater in males (De Voogd, 1986; Gahr et al., 1993). 

Several brain regions containing putative androgen and estrogen receptors 

have been demonstrated to be important in the control of neuroendocrine and 

reproductive responses in these species. For example, the preoptic area and 

hypothalamus are important integration centers for sensory and motor information, 

neuroendocrine control of pituitary hormones, regulation of reproductive behaviors, 

as well as other functions in most vertebrates (Pfaff and Conrad, 1978; Ball, 1981; 

Sachs and Meisel, 1988). As discussed in the previous sections, testosterone and 

estradiol modulate several of these functions and the neuroanatomical data regarding 

the presence of receptors in these structures suggest these steroids are acting directly 

on neurons in the preoptic area and hypothalamus. There are, however, many 

unanswered questions concerning the neuroanatomical distribution of androgen and 

estrogen receptors, especially when asked within a comparative context. 
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A COMPARISON OF TECHNIQUES USED TO STUDY RECEPTOR 
DISTRIBUTION 

To compare the neuronal distribution of androgen and estrogen receptors 

across the different taxa represented in Table 1, it is worthwhile to point out the 

costs and benefits of each of the techniques used to study this distribution. The 

original technique used to identify specific cells containing steroid receptors was in 

vivo autoradiography. This technique involves using gonadectomized animals that 

are injected intraperitoneally with 3H-estradiol, 3H-testosterone or 3H

dihydrotestosterone. One to four hours later the animal is killed, the brain removed, 

frozen and sectioned ( < 15 Am) on a cryostat. The sections are picked up on 

emulsion-coated slides (in a darkroom) and stored for 2-12 months. The slides are 

then photographically developed and scanned for cells that concentrate radioactivity 

in the nucleus. Typically this means that the cells have at least five times the 

number of exposed silver grains compared to background (Morrell and Pfaff, 1978). 

Autoradiography, while greatly advancing the field of steroid receptor 

neurolocalization by identifying individually labeled cells, suffers from the high cost 

of tritiated ligands, long exposure times (months), relatively low signal to noise ratio 

and most serious, potential false positives and negatives. For example, cells 

identified as concentrating 3H-testosterone may in fact have aromatized this 

testosterone to 3H-estradiol, resulting in misidentification of the steroid receptor 

present. Also, a lack of labeling by autoradiography may reflect: the absence of 

receptors, too high a criteria to accept the labeling as 'real', or the labeled ligand 
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(e.g. dihydrotestosterone) may be metabolized in the body too quickly to be 

accumulated by neuronal cells. 

The distribution of androgen and estrogen receptors in fish, amphibian and 

reptile brains have only been investigated using autoradiography, so a direct 

comparison with the data from bird and mammal brains may be misleading for the 

reasons stated above. In the most recent studies, autoradiography has largely been 

replaced by the development of in situ hybridization and immunocytochemistry 

techniques (see Table 1 for references) however, these techniques are not without 

disadvantages as well. 

In situ hybridization (ISH) techniques use radiolabeled complementary DNA 

(cDNA) sequences to label mRNA encoding the androgen or estrogen receptor. 

This technique can be very specific for distinguishing between androgen and 

estrogen receptors provided the cDNA probe does not cross-react to other mRNAs. 

ISH may also 'miss' cells that contain gonadal steroid receptors (false negatives) if 

those cells expressing them have very small copy numbers of the mRNA being 

screened. Due primarily to lack of information about the receptor sequences in most 

non-mammalian or non-avian vertebrates, this technique has not yet been fully 

developed (or at least not published) in these species. 

Immunocytochemistry techniques (ICC, see Chapter 2 for a complete 

description) have the advantages of detecting cells containing few steroid receptors, 

have a high signal to background ratio, are relatively quick to process and are highly 

specific for labeling androgen or estrogen receptor-containing cells. ICC is 
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primarily limited by the availability of antibodies specific for the androgen or 

estrogen receptor in the species being studied. Most steroid receptor antibodies 

available today were generated against mammalian forms (usually human or rat) of 

the androgen and estrogen receptors. These antibodies may not recognize and bind 

to the receptors or may cross-react with other antigens present when used in non-

mammalian species. 

In conclusion, while each of the techniques discussed above has certain 

drawbacks associated with it, together these techniques are powerful tools in studing 

the neuroanatomical distribution of gonadal steroid receptors. Each technique 

provides an independent observation of the distribution of these receptors, so the 

results obtained from one acts to complement the other. Through these multiple 

approaches it is possible to pinpoint the true location of both androgenic and 

estrogenic targets in the vertebrate brain. 

THESIS PROBLEM AND UNANSWERED QUESTIONS 

Are the neuroanatomical distributions of androgen and estrogen receptors 

evolutionarily conserved? Do ancestral vertebrates have androgen and/or estrogen 

receptors in unique brain regions compared to birds and mammals? Are gonadal 

steroid receptors in the urodele amphibian brain associated with areas involved in 

reproductive function? Are they distributed exclusively in reproductive control areas 

or more generally throughout the brain? Does the distribution of androgen receptors 
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overlap with that for estrogen receptors or other neuropeptides for which we know 

their distribution? Can the use of immunocytochemistry to study the localization of 

gonadal steroid receptors in an amphibian identify novel brain regions which contain 

these receptors? 

These questions will be addressed in this thesis. We have been fortunate 

enough to obtain antibodies against the androgen and estrogen receptors that label 

these receptors in the urodele amphibian brain. The research presented in Chapter II 

uses immunocytochemical techniques to identify the neuroanatomical localization of 

both androgen and estrogen receptors in the brain of the male roughskin newt, 

Taricha granulosa. It is the first study to describe the distribution of these gonadal 

steroid receptors in a urodele amphibian, and the first to use immunocytochemistry 

to describe this distribution in a non-mammalian or non-avian vertebrate. The 

information obtained from this study in Taricha is important because it adds to a 

wealth of information about the neuroendocrine control of reproductive behaviors 

and brain functions in this species (see Moore, 1983; 1990; Moore et al., 1994 for 

reviews). 
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Table I.1. Survey of putative estrogen and androgen receptors in the brain of representative

species from each of the major vertebrate classes as determined by in vivo autoradiographic,
 
immunocytochemical or in situ hybridization techniques.
 
E = 31-1-estradiol concentrating neurons; T = 3H-testosterone concentrating neurons; DHT = 'H-dihydrotestosterone
 
concentrating neurons; ER = estrogen receptor immunolabeled cells; AR = androgen receptor immunolabeled cells; 
ER-ISH = estrogen receptor rnRNA in situ hybridization; AR-ISH = androgen receptor mRNA in situ
hybridization. 

Brain Fish Amphibian Reptile Bird Mammal 
region (teleost) (frog) (lizard) (dove, quail) (rat) 

(1,23,4) (5,6.7,8,9) (10) (11,12,13,14) (15,16,17,18,19) 

olfactory bulb T E, T. AR-ISH 

septum E E E. T. DHT E, T, DHT, ER E, T. ER. AR, 
ER -ISH. AR-ISH 

nucleus 
accumbens 

E, T E ER 

hippocampus 
(pallium) 

E E, ER E. T, AR. ER
ISH. AR-ISH 

striatum E, T ER 

amygdala 
(nucleus taeniae) 

E E, T. DHT E, ER E, T. ER, AR, 
ER-ISH, AR-ISH 

preoptic area E, T E, T E. T, DHT E, ER, AR E, T. ER. AR, 
ER-ISH, AR-ISH 

hypothalamus E, T E, T E. T, DHT E, ER, AR E, T, ER. AR, 
ER-ISH, AR-ISH 

thalamus E E, DHT E, ER E, I, AR, 
ER-ISH. AR-ISH 

habenula E, T, ER-ISH, 
AR-ISH 

superior colliculus 
(tectum) 

E E, T T, DHT E, T, ER-ISH, 
AR-ISH 

inferior colliculus 
(torus semicircularis) 

E E, T. DHT E. T. DHT AR-ISH 

tegmentum E, T, DHT T AR, AR-ISH 

cerebellum E, T, ER-ISH, 
AR-ISH 

motor nuclei T, DHT E ER-ISH, AR-ISH 

(1) Davis et al., 1977; (2) Kim et al., 1978; (3) Morrell and Pfaff, 1978; (4) Fine et al., 1990; (5) Kelley et al., 
1975; (6) Morrell et al., 1975; (7) Kelley et al., 1978; (8) Kelley, 1981; (9) DiMeglio et al., 1987; (10) Morrell 
et al, 1979; (11) Kim et al., 1978; (12) Balthazart et al., 1989; (13) Balthazart et al., 1992; (14) Gahr and 
Hutchinson, 1992; (15) Pfaff, 1968; (16) Simerly et al., 1990; (17) Clancy et al., 1992; (18) Menard and Harlan, 
1993; (19) Clancy and Michael, 1994. 



19 

CHAPTER II: NEUROANATOMICAL DISTRIBUTION OF ANDROGEN
 
AND ESTROGEN RECEPTOR-IMMUNOREACTIVE CELLS IN THE BRAIN
 

OF THE MALE ROUGHSKIN NEWT. 

ABSTRACT 

Immunocytochemistry was used to investigate the neuroanatomical 

distribution of androgen and estrogen receptors in brains of adult male roughskin 

newts, Taricha granulosa, collected during the breeding season Immunoreactive 

cells were found distributed throughout the brain of this urodele amphibian. 

Androgen receptor-immunoreactive (AR-ir) cells were observed in the olfactory 

bulbs, habenular nuclei, pineal body, preoptic areas, hypothalamic nuclei, 

interpeduncular nucleus, area acusticolateralis, cerebellum and motor nuclei of the 

medulla oblongata. Estrogen receptor-immunoreactive (ER-ir) cells were found in 

the lateral septum, lateral amygdala, pallium, preoptic area, hypothalamus and 

dorsal mesencephalic tegmentum. The immunocytochemical distribution of these 

steroid receptors in the newt reveals novel brain regions that have not been 

previously reported to contain these receptors in non-mammalian vertebrates. 

Additionally, many of the brain areas containing these receptors in the newt have 

also been described in other species providing new evidence that the distribution of 

sex steroid receptor-containing neurons in some brain regions is relatively conserved 

among vertebrates. 
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INTRODUCTION 

Among vertebrates, gonadal steroids are potent modulators of neuronal 

function. Testosterone and estrogen act on specific target cells within the brain to 

alter certain behavioral and neuroendocrine events. The cellular events mediating 

such changes appear to involve modulating the expression of specific genes within 

the brain (Mc Ewen, 1991; Mc Ewen et al., 1991). For example, testosterone and 

estradiol are thought to regulate arginine vasopressin, oxytocin and 

proopiomelanocortin messenger RNA (mRNA) levels in specific brain regions 

(Caldwell et al., 1989; Chowen-Breed et al., 1989; Brot et al., 1993; Crowley and 

Amico, 1993). These gonadal steroids also affect the secretion of gonadotropins 

(Summerville and Schwartz, 1981; Fink et al., 1991), regulate receptor synthesis 

and density in discrete brain areas (Parsons et al., 1980; de Kloet et al., 1986; 

Mc Ewen et al., 1991), affect neuronal morphology (Kurz et al., 1986; Gould et al., 

1990; Matsumoto, 1991) and alter neuronal electrophysiology (Pfaff, 1981; 

Nabekura et al., 1986). 

The target cells for testosterone and estrogen contain receptors that 

specifically bind to androgens (mainly testosterone and 5a-dihydrotestosterone) and 

estradiol to mediate changes in gene expression (Truss and Beato; 1993). Thus, 

certain neuronal cells contain androgen receptors that are thought to bind to 

testosterone and its reduced metabolite, 5a-dihydrotestosterone (DHT), and certain 

cells have estrogen receptors that bind to 1713-estradiol. By identifying the neurons 

that possess these receptors we can identify the brain regions that are presumably 
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modulated by androgens or estrogens. The distribution of steroid receptor-

containing neurons has been studied by several different techniques in mammals, but 

identification of this distribution in reptiles, amphibians and fish has been limited to 

in vivo autoradiographic methods. 

In vivo autoradiographic studies describing the neuroanatomical localization 

of sex steroid concentrating neurons have been conducted in representative species 

from all major vertebrate classes (Kelley, 1978; Kim et al., 1978; Morrell and 

Pfaff, 1978 for reviews). Testosterone- and 17B-estradiol-concentrating neurons 

have been identified in limbic forebrain nuclei, preoptic and hypothalamic areas, 

various midbrain regions and motor nuclei within the hindbrain in most species 

examined (reviewed in Morrell and Pfaff, 1978; Cal lard, 1983). However, when 

testosterone-concentrating cells are observed, androgen receptors are not necessarily 

present in these cells because of the possibility that 3H-testosterone can be 

aromatized to 17B-estradiol in those cells. In this case the radioactivity observed on 

the autoradiograms may actually be due to 17B-estradiol-concentration in those cells 

(Kelley, 1981). Autoradiographic studies using 3H-DHT (a nonaromatizable 

androgen) in frogs have not resolved the problem because these studies find many 

fewer brain regions with DHT-concentrating neurons than testosterone- or estradiol

concentrating neurons (Kelley, 1981). 

Immunocytochemical techniques circumvent the problems associated with 

specifically labeling androgen and estrogen receptors in in vivo autoradiography. 

Recently, antibodies generated against mammalian androgen and estrogen receptors 
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have allowed investigators to immunocytochemically label these receptors in specific 

cells in avian and mammalian brains (Balthazart et al., 1992; Choate and Resko, 

1992; Clancy et al., 1992; Gahr et al., 1993; Clancy and Michael, 1994; Clancy et 

al., 1994). However, immunocytochemistry has not been previously used to label 

androgen and estrogen receptors in the brain of a non-mammalian or non-avian 

species. 

Surprisingly, the distribution of gonadal steroid receptors in the brain has not 

been examined in any urodele amphibian. A large database of information has been 

amassed concerning the role of steroids and neuropeptides in controlling behaviors in 

these amphibians; owing in part to the relative simplicity of the amphibian brain and 

the evolutionarily conserved features of neurochemicals in vertebrate brains. 

(Moore, 1983; 1990; Moore et al., 1994). As in most male vertebrates, castration 

of adult amphibians suppresses male reproductive behaviors, and testosterone 

implants in castrates restore these behaviors (Andreoletti et al., 1983; Deviche and 

Moore, 1988). Other factors such as the peptide hormone, arginine vasotocin, have 

also been demonstrated to synergize with gonadal steroids in controlling reproductive 

behaviors in newts (Moore and Miller, 1983; reviewed in Moore et al., 1994). 

The present study was undertaken to discover the neuroanatomical 

distribution of androgen and estrogen receptors in the brain of male roughskin 

newts, Taricha granulosa. This study used androgen receptor antibodies, AR-1711, 

generated against a portion of the N-terminal region of the human androgen receptor 

(Choate and Resko, 1992), and estrogen receptor antibodies, ER 21, generated 
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against the N-terminus of the mammalian estrogen receptor (Blaustein, 1993) to 

immunocytochemically label these receptors in the newt brain. The distribution of 

immunoreactive androgen and estrogen receptors in T. granulosa is the first 

information available on androgen and estrogen receptor distribution in a urodele 

amphibian, and is the first to use immunocytochemistry to study this distribution in a 

poikilothermic vertebrate. The results from this study provide independent 

observations of gonadal steroid receptor distribution to complement prior in vivo 

autoradiographic data in other vertebrate animals. 

MATERIALS AND METHODS 

Adult male roughskin newts (Taricha granulosa) weighing 15-21 g were 

collected locally in Benton County, OR in mid April (for androgen receptor work) 

or early March (for estrogen receptor work) and transported to the laboratory. 

Animals were maintained in a flow-through tank containing dechlorinated water 

(15 °C) at ambient photoperiod for two to four days. All newts used in this study 

were in full breeding condition, with fully developed male secondary sex 

characteristics. 

Animals were killed by rapid decapitation, and the brains quickly removed 

and immersed in fixative containing 4% paraformaldehyde, 3% sucrose, 7.5% picric 

acid in 0.1 M sodium phosphate buffer. Brains were then sequentially washed twice 

in 0.1 M sodium phosphate buffer for 12 hours and subsequently stored in 0.1 M 
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sodium phosphate buffer containing 30% sucrose and 0.1% sodium azide at 4 °C 

prior to immunocytochemical processing. 

Androgen Receptor Antibody and hmnunocytochemistry (ICC) 

The antiserum (AR-1711) used to detect androgen receptor-immunoreactive 

(AR-ir) cells was a rabbit polyclonal antibody directed against a portion of the N-

terminal region of the human androgen receptor (Choate and Resko, 1992) 

(generously provided by J. Choate and J. Resko, Oregon Health Sciences 

University). This antiserum was generated against a synthetic peptide sequence, 

designated ARP 200, based on amino acids 201-222 of the androgen receptor, a 

sequence unique to this receptor (Choate and Resko, 1992). 

Immunocytochemical processing of the brains utilized an avidin-biotin

peroxidase method (Vectastain ABC Kit, Vector Laboratories, Burlingame, CA). 

Brains (n = 7) previously fixed for 24 hours were embedded in Tissue-Tek O.C.T. 

compound (Baxter Diagnostics Inc., Redmond, WA), frozen and sectioned at 20 pan 

in the transverse plane in a cryostat maintained at -16 °C. Sections were serially 

thaw mounted onto sets of gelatin-coated slides and stored desiccated at -20 °C until 

immunostained. For immunostaining, sections were brought to room temperature, 

washed in phosphate buffered saline (PBS), treated with 1% H202 in PBS to block 

endogenous peroxidase and then blocked with 10% goat serum in 0.5 % Triton X

100 in PBS to decrease nonspecific staining. Sections were incubated overnight in 

primary antiserum diluted to 5 µg /ml followed by sequential exposure to 
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biotinylated goat anti-rabbit IgG and ABC reagent according to kit instructions 

including PBS rinses between steps. The immunoreactive androgen receptors were 

visualized using a 0.025% or 0.05% diaminobenzidine solution (DAB; Sigma 

Chemicals, St. Louis, MO) intensified with 0.04% NiC12 as the chromogen. The 

sections were incubated for 6-20 minutes in this solution, followed by two washes in 

distilled water. All incubations were done at room temperature save for the primary 

antibody incubation which was done at 4 °C. Sections from one animal were 

counterstained with methyl green to aid in the neuroanatomical description of AR-ir 

cells. Finally, slides were dehydrated in alcohol and mounted with cover slips. 

Estrogen Receptor Antibody and Immunocytochemistry 

The primary antiserum (ER 21) used to detect estrogen receptor

immunoreactive (ER-ir) cells was a rabbit polyclonal antibody made against the 21 

amino acid N-terminus of the human/rat estrogen receptor (Blaustein, 1993) (a gift 

from G. Greene, University of Chicago). Based on a search of nearly 130,000 

sequences in the PDB, Swiss Prot, SPupdate, PIR, GenPept and GPupdate databases, 

the synthetic peptide used to generate the ER 21 antiserum does not share sequence 

homology with other known hormone receptors. 

The immunocytochemical techniques developed for estrogen receptor 

neurolocalization were similar to that described for androgen receptors, but 

substituted the ER 21 antiserum at a concentration of 3µg /ml for the primary 

antibody. Additionally, the following modifications were made to optimize the 
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estrogen receptor signal and/or reduce background staining. Fixation time for the 

brains (n = 8) was reduced to five hours, which resulted in greater ER-ir staining 

compared to longer fixation times. The concentrations of H202 and Triton X-100 

were changed to 2% and 0.3% respectively. An avidin/biotin blocking kit (Vector 

Laboratories, Inc., Burlingame, CA) was used as per kit instructions to reduce 

background staining. The DAB concentration was 0.05% and chromogen reaction-

time was 20-23 minutes for all brains. 

Controls 

To evaluate the specificity of staining by the primary antibodies, AR-1711 

and ER 21, control experiments were run in parallel with adjacent brain sections 

processed for normal immunocytochemistry. Controls included omission of the 

primary antibodies, omission of the secondary antibodies, or preabsorption of the 

primary antibodies with the peptide from which they were produced. For androgen 

receptor ICC, preabsorption of the AR-1711 antibody was done with a 10 or 1 ,uM 

solution of ARP 200 (a gift from J. Choate and J. Resko, Oregon Health Sciences 

University). Estrogen receptor preabsorption controls were accomplished by 

incubating the ER 21 antibody with a 4/../M solution of the HER21 peptide (peptide 

provided by G. Greene, University of Chicago). In all control procedures, all 

androgen or estrogen receptor-like immunostaining was eliminated. 

Immunopositive cells were identified in brain sections under brightfield 

microscopy and representative sections indicating the location of immunoreactive 
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cells were drawn aided by a camera lucida. The schematic drawings indicate the 

composite distribution of AR-ir and ER-ir cells from a single representative section 

taken from the androgen and estrogen receptor studies. Nomenclature and 

identification of neuroanatomical areas are based on the descriptions of Herrick 

(1948) and Northcutt and Kicliter (1980) for the urodele brain. 

RESULTS 

Evaluation of Immunocytochemistry 

Androgen and estrogen receptor-immunoreactive cells were identified by the 

presence of dark grey to black nickel-enhanced DAB product in the cell nucleus 

(Fig. II.3A). In urodele amphibians, the nucleus in neurons occupies most of the 

cell soma. The intensity of the immunoreactive staining was uniform within a 

particular brain area but varied in intensity between brain regions. Immunoreactive 

staining was restricted to the cell soma in both androgen receptor and estrogen 

receptor immunocytochemistry, with androgen receptor immunoreactivity localized 

to the nucleus only while some estrogen receptor immunoreactivity extended to the 

thin perikaryal region. 

An overview of the neuroanatomical distribution of androgen receptor- and 

estrogen receptor-immunoreactive neurons is shown in Fig. 11.2. The location of 

immunoreactive cells indicated on the drawings were similar to those found in the 

majority of animals studied. Some animals had additional staining, but these areas 
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are not indicated on the figures due to inconsistency of the staining among animals. 

Androgen receptor-immunoreactive cells were observed in most major regions of the 

newt brain, with the most intensely stained cells located within the ventral preoptic 

area, ventral infundibular hypothalamus, habenula and area acusticolateralis. 

Estrogen receptor-immunoreactive cells were observed primarily in the telencephalon 

(lateral septum, amygdala and pallium), preoptic area and infundibular 

hypothalamus. 

Immunoreactive staining was absent in control slides run with the omission of 

either the primary or secondary antibodies. Additionally, preincubation of the 

primary antiserum with the synthetic peptide from which it was generated, 

eliminated immunoreactive staining in both the AR-1711 and ER 21 antibody studies 

(Fig. 11.2). 

Distribution of AR-ir Cells 

Olfactory bulb 

AR-ir cells were present in multiple cell layers within the olfactory bulbs 

(Fig. II.2A, II.3a). At their most rostral extent, labeled cells were found primarily 

at the dorsal border of the mitral cell layer. From this region, a band of intensely 

stained cells extended caudally along the lateral margins of the bulbs. In caudal 

regions of the olfactory bulbs, at the level of the lateral ventricles, immunopositive 

cells were observed to extend to both the internal granular and mitral cell layers. 
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Scattered labeled cells were also observed in the external plexiform layer adjacent to 

the glomerular layer. This group of cells did not extend caudally into the pallial 

structures. 

Telencephalon 

Few AR-ir cells were found in telencephalic regions. These were limited to 

the posterior extent of the telencephalic hemispheres. A few animals were also 

observed to contain scattered labeled cells throughout the medial pallium (not 

illustrated due to inconsistent staining among animals). 

Diencephalon 

The diencephalon contained the highest density of AR-ir cells. These cells 

were also among those most intensely labeled (Fig. II.4B-E) Immunopositive cell 

groups were found in the habenula, pineal organ, preoptic area, dorsal and ventral 

hypothalamus. Dorsally, AR-ir cells observed in the habenula were the most 

numerous and intensely stained of all brain areas. In most animals, these cells 

began anterior to the habenular commisure and continued caudally the entire length 

of the habenula, becoming most numerous ventral to the pineal organ just anterior to 

the mesencephalon (Fig. II.4B). Scattered AR-ir cells were also observed in the 

pineal organ, but in fewer number than in habenular areas. 
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Ventrally in the diencephalon, cells were observed in the preoptic area 

(POA). Androgen receptor-immunoreactive cells were consistently found in the 

ventral portion of the preoptic nucleus. These labeled cells first appear in caudal 

regions of the anterior POA, slightly posterior to the opening of the third ventricle. 

Labeled cells were observed to continue caudally into the posterior POA culminating 

in many darkly labeled cells along the most ventral aspect of the posterior POA at 

the level of the optic nerve (Fig. II.4D). 

Within hypothalamic areas, the dorsal hypothalamus was consistently found 

to contain one or two AR-ir cells in the rostral regions. Similarly, within the 

ventral hypothalamus, a few labeled cells were observed periventricularly in the 

rostral regions. More caudally in the ventral hypothalamus, numerous AR-ir cells 

were found. This labeled cell group continued into the infundibular hypothalamus 

where labeled androgen receptors were observed in neurons of the ventromedial as 

well as dorsolateral regions (Fig. 11.21). 

Mesencephalon and Hindbrain 

AR-ir cells in the midbrain included a small group (usually 2-5 cells) of 

labeled cells located ventrally and lying close to the third ventricle. These cells of 

the interpeduncular nucleus (IPN) were often located in the dorsal margin of this 

nucleus where the IPN merges with the isthmic tegmentum at the level of the sulcus 

isthmi. A large concentration of AR-ir cells (inferior in number only to that of the 

habenula) was observed along the dorsolateral region of the hindbrain in the area 
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acusticolateralis (AAC). This large group of darkly stained cells was observed to 

extend continuously along the AAC beginning at a level ventral to the posterior 

nucleus of the tectum (NPT) and extending caudally along the lateral margins of the 

medulla oblongata (Fig. II.2J-L). Within the cerebellum, a cluster of AR-ir cells 

was found at the lateral margins (Fig. II.5B). Finally, androgen receptor 

immunostaining was observed in the large cells of the dorsomedial region of the 

medulla termed the motor nucleus of trigeminus by Herrick (1948); designated MN 

in the figures (Fig. II.2K-L). 

Distribution of ER-ir Cells 

Telencephalon 

Within the newt brain, fewer labeled cells were observed with estrogen 

receptor immunocytochemistry than with androgen receptor immunocytochemistry. 

The anteriormost ER-ir cell group was observed in the lateral septum just ventral to 

the medial pallium. This subpallial cell group began at the level of the nucleus 

accumbens and extended caudally to the level of the medial amygdala where the left 

and right lateral ventricles have merged. In the caudal amygdala pars lateralis, a 

small group of ER-ir cells was found along the lateral margins of the lateral 

ventricles. A few immunoreactive cells were observed at the border between the 

medial and dorsal pallium. These cells were restricted rostro-caudally to the level of 

the anterior POA. 
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Diencephalon 

Immunoreactive cells in the POA were located medially along the border of 

the ventral portion of the third ventricle and were confined to the anterior portion of 

the POA. These cells did not extend caudally into the AR-containing cell areas of 

the POA. Within the hypothalamus, ER-ir cells were found in the dorsal 

hypothalamus. These immunoreactive cells first appeared at the level of the nucleus 

tuberculi posterioris (peduncle) and extended caudally within the dorsal 

hypothalamus into the lateral infundibular hypothalamus. The immunostaining of the 

cells in the diencephalon was characterized by a thin ring of perikaryal staining 

surrounding the nucleus which was also lightly stained (Fig. II.6F). 

Mesencephalon and Hindbrain 

Within the midbrain, ER-ir cells were restricted to a few large, presumably 

motor, neurons within the dorsal mesencephalic tegmentum ventral to the tectum 

(Fig. 11.7). Estrogen receptor-immunoreactive cells were not observed in the 

hindbrain of the newt. 

DISCUSSION 

This immunocytochemical study used polyclonal antibodies generated against 

the androgen and estrogen receptors, to reveal the distribution of androgen and 

estrogen receptor-containing neurons in the brain of a urodele amphibian for the first 
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time. A synthetic peptide based on a portion of the N-terminal region of the human 

androgen receptor was used as the immunogen to generate the AR-1711 antiserum 

used in this study (Choate and Resko, 1992). This peptide does not share sequence 

homology with other known proteins. It has previously been shown that polyclonal 

antibodies made against this region of the androgen receptor do not cross-react with 

human estrogen, progesterone or glucocorticoid receptors (Choate and Resko, 1992; 

van Laar et al., 1989). The AR-1711 antiserum has been used previously to localize 

androgen receptors in the guinea pig (Choate and Resko, 1992). AR

immunostaining in the newt brain was restricted to cell nuclei and was eliminated by 

preincubation of the AR antibody with ARP 200 or by omitting the primary or 

secondary antibodies. 

Similarly, the peptide used to generate the estrogen receptor polyclonal 

antibody was based on the 21 amino acid N-terminus of the estrogen receptor 

(Blaustein, 1992) and does not share sequence homology with other known hormone 

receptors. The ER 21 antiserum has been used previously with 

immunocytochemistry to localize estrogen receptors in the rat (Blaustein, 1992, 

1993). ER-immunostaining was primarily nuclear but also included staining in the 

perikaryal cytoplasm of cells in the diencephalon. ER-immunoreactivity was 

eliminated by preincubation of the ER antibody with the peptide from which it was 

generated or by omitting the primary or secondary antibodies. This combined with 

the discrete distribution of immunoreactive cells is consistent with the idea that our 
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results reflect specific immunostaining of androgen and estrogen receptor-positive 

neurons in the newt brain. 

The results presented in this study are the first to reveal 

immunocytochemically, the distribution of androgen and estrogen receptors in the 

brain of a non-mammalian or non-avian species. Several of the specific brain 

regions containing these receptors in this amphibian have not been described 

previously in non-mammalian vertebrates. In addition, this study found 

immunoreactive gonadal steroid receptors in many of the brain regions that had been 

previously described as concentrating androgens or estrogen using in vivo 

autoradiographic studies conducted in fish, anuran amphibians, reptiles, birds and 

mammals (Pfaff, 1968; Morrell et al, 1975; Kelley et al., 1975; Kelley et al., 1978; 

Kim et al., 1978; Morrell et al., 1979; Di Meglio et al., 1987) These observations 

provide anatomical support to the idea that the immunocytochemical labeling 

reported in the present study is specific for the receptors examined, and the 

techniques employed are perhaps more sensitive in identifying androgen or estrogen 

receptors than autoradiography. 

Pattern of AR Localization 

This is the first study to observe androgen receptor positive neurons 

throughout the olfactory bulbs of a non-mammalian species. In Taricha, AR-ir 

staining was found in cells of the mitral and internal granule cell layers, external 

plexiform layer and presumed accessory olfactory bulbs. Androgen receptor 
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concentrating cells have been reported in the granule cell layer of the olfactory bulb 

of another amphibian, Rana esculenta, using testosterone autoradiography, although 

labeled cells were found in only one animal used in that study (Di Meglio et al., 

1987). In mammals, an early autoradiography study of the rat brain, found 31-I

testosterone concentrated in cells of the granule as well as mitral cell layers of the 

olfactory bulb in the rat (Pfaff, 1968). The interpretation of these earlier results is 

confounded however, by the fact that testosterone is aromatized in vivo to estradiol 

in many brain areas (Cal lard et al., 1978), leaving open the possibility that the cells 

described above concentrate 3H-estradiol instead of or in addition to 3H-testosterone. 

Simerly and colleagues have recently described AR-labeling in several olfactory 

areas using in situ hybridization techniques for AR-mRNA in the rat brain. These 

areas included cells of the mitral cell layer, the accessory olfactory bulb and the 

anterior olfactory nucleus (Simerly et al., 1990). Our results reflect a similar 

pattern of AR-containing cells in olfactory structures in the newt brain suggesting a 

possible role of androgens in olfactory processing which has been shown to be an 

important component of reproductive behaviors in vertebrates (Malacarne and 

Vellano, 1982; Sachs and Meisel, 1988). 

In the diencephalon, many intensely labeled AR-ir cells were found in the 

habenular nuclei of the epithalamus in the newt brain. Neither androgen or estrogen 

receptors have been reported in the habenula of a non-mammalian vertebrate before. 

Androgen receptors have been identified in cells of the medial habenula of the rat 

using in vivo testosterone autoradiography and in situ hybridization techniques 
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(Pfaff, 1968; Simerly et al., 1990). In frog brains, the habenular nuclei have been 

reported to be larger in the spring than in the winter (Kemali et al., 1990). These 

authors speculated that hormones responsible for reproduction affect the habenular 

size (Kemali et al., 1990). It is reasonable to hypothesize that androgen receptors 

may be the mediators of such events in amphibians. In the avian brain, there are 

male sex-dependent bilateral asymmetries reported for the medial habenular nucleus 

in chickens (Gurusinghe and Ehrlich, 1985) and the habenular nuclei of amphibians 

are one of the few brain regions known to exhibit bilateral asymmetry (Braitenberg 

and Kemali, 1970). In light of this, it is interesting to note that in this 

immunocytochemical study, strong asymmetries were observed in AR-ir cell staining 

in the dorsal habenulae of some animals examined (Fig. II.4B). 

The present study identified AR-ir cells in the pineal body in Taricha. 

Previous localization studies have not reported androgen receptors in this organ in 

other vertebrates. However, biochemical assays with rat pineals have demonstrated 

the presence of dihydrotestosterone (DHT) receptors (which are thought to bind 

DHT and testosterone) (Gupta et al., 1993). It is interesting that studies in the rat 

pineal suggest that androgen receptor levels in this organ are regulated in part by the 

presence of androgens themselves; declining following castration or administration 

of antiandrogens (Gupta et al., 1993). Although we do not know the function of 

these receptors in the pineal, it is well established that the pineal receives 

environmental information concerning photoperiod and conveys information about 
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changes in daylength to the reproductive system in seasonally reproducing animals 

(Ralph, 1978; Tamarkin et al., 1985). 

AR-ir cells in the limbic structures in the newt brain were found in the POA, 

hypothalamus and in a few animals, scattered labeled cells throughout the medial 

pallium (not illustrated due to inconsistent staining among animals). The presence 

of putative androgen receptors in cells of the POA and hypothalamus is a feature 

common to all vertebrate groups yet examined (Morrell and Pfaff, 1978; Kelley et 

al., 1978; Morrell et al., 1979; Di Meglio et al., 1987; Lisciotto and Morrell, 1990; 

Simerly et al., 1990; Balthazart et al., 1992; Choate and Resko, 1992; Clancy et al., 

1992; Clancy et al., 1994; Zhou et al., 1994). However, the studies in fish, 

amphibians and reptiles have all exclusively used steroid accumulation techniques (in 

vivo autoradiography) to localize these receptors. As mentioned, 3H-testosterone 

concentration may actually reflect estradiol concentration. When the non

aromatizable androgen, 3H-DHT, was used in frogs and lizards, only the lizard was 

shown to have DHT concentrating neurons in the POA and hypothalamus (Morrell et 

al., 1979; Kelley, 1981). The results from the present study show that androgen 

receptors are present in the newt POA and hypothalamus similar to that described in 

reptiles, birds and mammals (Morrell et al., 1979; Balthazart et al., 1992; Clancy et 

al., 1992). 

Structurally, the POA in urodele amphibians is a large, well-defined 

hypothalamic nucleus extending posteriorly from the anterior commissure to the 

optic chiasm where it merges with the ventral hypothalamus (Herrick, 1948). The 
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POA of amphibians is well documented to function in the control of male 

reproductive behaviors as well as to have neuroendocrine and integrative functions 

(Schmidt, 1968; Wada and Gorbman, 1977a, b; Malacarne and Giacoma, 1980; 

Schmidt, 1984; reviewed in Urano, 1988). Lesions to the rostral POA in frogs and 

newts (genus Triturus) results in significant impairment of male courtship behavior. 

Furthermore, testosterone implanted in the rostral preoptic nucleus in castrated Rana 

pipiens restores male sex behaviors (Schmidt, 1968; Wada and Gorbman, 1977a; 

Malacarne and Giacoma, 1980). The location of the AR-ir neurons found in the 

present study is similar to the tractus preopticus described by Herrick (1948). These 

cells, located in the ventral border of the anterior POA, send axons caudally along 

the floor of the preoptic recess then curve dorsally, anterior to the optic chiasm and 

spread among the dendrites of the neurosecretory cells of the magnocellular preoptic 

nucleus (mPON) (Herrick, 1948). Additionally, the ventral location of AR-ir cells 

in the POA of the newt is reminiscent of areas in the frog brain that are most 

sensitive to electrical and mechanical stimulation of male mate calling (Schmidt, 

1984). 

AR-ir cells were also found posterior to the preoptic area in the dorsal, 

ventral and infundibular hypothalamic nuclei; the greatest density of labeled cells 

occurring in the infundibular regions. Autoradiographic studies have demonstrated 

testosterone concentrating neurons in the ventral infundibular hypothalamus of most 

vertebrates (see Morrell and Pfaff, 1978; Cal lard, 1983 for reviews). More recently 

AR-ir cells have been described in this region in songbird, quail, guinea pig, rat, 
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monkey and hamster brain (Balthazart et al., 1992; Choate and Resko, 1992; Clancy 

et al., 1992; Menard and Harlan, 1993; Clancy et al., 1994). 

This study also revealed labeled AR-ir cells at the dorsal borders of the 

interpeduncular nucleus (IPN). These cells were few but consistently present in 

Taricha brains. The IPN receives major afferent connections via the fasciculus 

retroflexus from the habenula (Herrick, 1948; Kemali et al., 1980; Clairambault et 

al., 1986; Yafiez and Anadon, 1994) which contained a high density of AR-ir cells. 

Androgen receptors have not been reported previously in this region in fish or 

amphibians, but DHT concentrating cells have been described in the lizard, Anolis 

carolinensis, as extending ventrally from the mesencephalic tegmental area to the 

interpeduncular nucleus (Morrell et al., 1979). In mammals, AR mRNA-containing 

cells have been observed in the rat IPN (Simerly et al., 1990). 

Staining in the hindbrain was dominated by a dense population of intensely 

immunoreactive cells in the area acusticolateralis along its rostral-caudal extent. 

This brain region receives afferent projections from the lateral-line and inner ear 

systems in most non-plethodontid urodeles (Herrick, 1948; Fritzsch, 1988). It is 

thought that the acusticolateralis region in urodeles represents a primitive sensory 

region of the brain that receives mechanoreceptive and possibly electroreceptive 

information from the lateral line organs monitoring the external environment 

(Herrick, 1948; Fritzsch, 1988). This region may be the phylogenetic precursor to 

auditory nuclei found in anuran amphibian brains (reviewed in Fritzsch, 1988). The 
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dense labeling of AR-ir cells in this area in the newt suggests that androgens may 

modulate the sensory information received by this region. 

There were also AR-ir cells found in the lateral regions of the cerebellum. 

Testosterone concentrating cells as well as AR mRNA expression have also been 

reported in the cerebellum of the rat (Pfaff, 1968; Simerly et al., 1990), but not in 

any non-mammalian vertebrate brain. Additional AR-ir cells were observed in the 

medulla of the newt. These were located in the area acusticolateralis and motor 

nuclei cells. In Xenopus brains, DHT concentrating and AR mRNA expressing 

motor neurons of cranial nerves IX-X have been described (Kelley, 1981; Fischer 

and Kelley, 1991) which may be homologous to the AR-ir motor neurons observed 

in the present study. 

Pattern of ER Localization 

Brain regions containing both ER-ir and AR-ir cells 

The preoptic area and hypothalamus were found to contain ER-ir cells in the 

newt brain as has been observed in all other vertebrate species examined using 

estradiol in vivo autoradiography or immunocytochemistry (in birds and mammals) 

(Kim et al., 1978; Morrell and Pfaff, 1978; Di Meglio et al., 1987; Gahr et al., 

1993; Clancy and Michael, 1994). In the newt, ER-ir neurons in these regions were 

more lightly labeled than in other areas possibly due to labeling in both the nucleus 

and cytoplasm. ER-ir cells in the POA were observed only around the ventral end 
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of the third ventricle while in anuran amphibians, investigators have described 

estradiol-concentrating cells throughout the dorsal-ventral extent of the POA 

(Morrell et al., 1975; Kelley et al., 1978). The ER-ir cells and AR-ir cells did not 

overlap anatomically in the ventral preoptic area in the newt brain. The ER-ir cells 

were fewer in number and located more rostrally than were the AR-ir cells. 

More caudally, ER-ir cells were found in the dorsal and infundibular 

hypothalamic nuclei. These were present in the same level of the brain as were AR-

it cells and presumably may overlap with AR-ir cells, particularly in the lateral 

margins of the infundibular hypothalamus. In the dorsal hypothalamus, ER-ir cells 

(and AR-ir cells) were found slightly adjacent to the presumed paraventricular organ 

(PVO) (Muske, 1993). The cells of the PVO of non-mammalian species include 

monoaminergic neurons and in Taricha, a dense cluster of immunoreactive 

gonadotropin releasing hormone (GnRH) cells (Dube et al., 1990; Muske and 

Moore, 1994). It is conceivable that estrogen and androgens may modulate PVO 

neurons, as the highest monoamine levels in fibers from the PVO are observed 

during reproductive periods in frogs (reviewed in Dube et al., 1990). In the lateral 

infundibular hypothalamus, ER-ir cells were observed in similar regions as were 

found for AR-ir cells. Estradiol concentrating neurons have also been described in 

this region in fish, amphibians and reptiles (Morrell et al., 1975; 1979; Davis et al., 

1977), and described immunocytochemically in birds and mammals (Gahr et al., 

1993; Clancy and Michael, 1994). The infundibular hypothalamus, which also 
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contains immunoreactive GnRH in the newt, is thought to be a GnRH control center 

in amphibians and other vertebrates (reviewed in Ball, 1981; Muske and Moore, 

1987). 

Brain regions containing ER-ir cells only 

In limbic structures of the newt brain, the lateral septum, lateral amygdala 

and pallium all were found to have ER-ir cells. Similar observations have been 

made in these limbic and pallial regions in other vertebrates, based on estradiol 

concentrating or ER-ir neurons. (Kim et al., 1978; Gahr et al., 1993; Clancy and 

Michael, 1994). The septal and amygdaloid nuclei in urodeles are likely 

homologous to those in other vertebrates, and based on connectivity, are centers for 

integration of sensory, especially olfactory, information (Herrick, 1948; Northcutt 

and Kicliter, 1980). ER-ir cells in the pallium (border between dorsal and medial 

pallium) were few but nonetheless consistently present in the newt brain. Estrogen 

concentrating neurons have been described in the pallium of lizards and the 

hippocampus of rats as well as ER-ir cells found in the hippocampus of birds (in 

birds and mammals, the hippocampus is thought to be the homolog of the medial 

pallium; Northcutt and Kicliter, 1980) (Pfaff, 1968; Morrell et al., 1979; Gahr et 

al., 1993). The dorsal and medial pallial structures receive olfactory, thalamic and 

telencephalic projections in amphibians (Northcutt and Kicliter, 1980; Parent, 1986). 

In the mesencephalon, the present study found a few ER-ir cells in the dorsal 

tegmentum. Di Meglio et al., (1987) found estradiol concentrating neurons in the 
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dorsal tegmental area of the medulla, but the ER-ir cells in the newt brain were 

located more rostrally than this area; lying ventral to the tectum. In addition, the 

tegmental area of the mesencephalon was reported to contain a few, scattered 

estradiol concentrating neurons in the lizard, Anolis (Morrell et al, 1979). Herrick 

described the dorsal tegmentum in Ambystoma as containing important components 

for sensory-motor adjustments (Herrick, 1948). 

Conclusions 

The present immunocytochemical study reveals that androgen and estrogen 

receptors in the newt occur in more brain regions than has been previously reported 

using in vivo autoradiography with other amphibian species. For example, this is 

first study to observe immunoreactive androgen receptors in the olfactory bulbs, 

habenula, pineal, interpeduncular nucleus and cerebellum of a non-mammalian 

vertebrate. Earlier autoradiographic studies relied on the uptake and concentration 

of testosterone, DHT or estradiol. The usefulness of autoradiographic techniques in 

identifying androgen and estrogen receptors is limited by the lack of specificity of 

the testosterone ligand for labeling exclusively androgen receptors, and by the rate 

of metabolism in vivo of the administered ligand. The immunocytochemical 

techniques employed in the present study are specific enough to separately identify 

androgen from estrogen receptors. The neuroanatomical distribution of these steroid 

receptors reveals the target neurons for androgens and estrogen in the newt brain. 

This distribution reflects the diversity of functions that androgens and estrogen are 
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thought to mediate in amphibians; including regulation of neuropeptides, modulation 

of sensory-motor processing and control of reproductive behaviors. 
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Table ILL Abbreviations of brain regions in Taricha granulosa 

AAC area acusticolateralis 
APL amygdala pars lateralis 
CB cerebellum 
DHYP dorsal hypothalamus 
DP dorsal pallium 
DT dorsal thalamus 
DTEG dorsal tegmentum 
EPL external plexiform layer of olfactory bulb 
GL glomerular layer of olfactory bulb 
H habenula 
HYP hypothalamus 
IGL internal granular layer of olfactory bulb 
INF infundibulum of hypothalamus 
IPN interpeduncular nucleus 
IST isthmic tegmentum 
LP lateral pallium 
LS lateral septum 
MED medulla oblongata 
ML mitral layer of olfactory bulb 
MN motor zone nucleus 
MP medial pallium 
MPOA magnocellular preoptic area 
MS medial septum 
NPT nucleus posterior tecti 
NTP nucleus tuberculi posterioris (peduncle) 
OB olfactory bulb 
ON optic nerve 
PB pineal body 
POA preoptic area 
ST striatum 
T optic tectum 
TEG V & VII tegmentum trigemini and facialis 
TH telencephalic hemisphere 
VHYP ventral hypothalamus 
VT ventral thalamus 
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Fig. H.1. Schematic illustration of the brain of the roughskin newt, Taricha 
granulosa. Scale bar = 1 mm. 
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Fig. 11.2. Camera lucida drawings of a series of transverse sections (20 Am) 
illustrating the distribution of AR-ir neurons and ER-ir neurons in the brain of 
Taricha granulosa. AR-ir cells are represented by open circles and ER-ir cells are 
represented by X's on the right half of the drawings. Brain regions are labeled on 
the left half of the drawings. Sections A-L correspond to levels A-L in Fig. II.1. 
Scale bar = 1 mm 
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Figure 11.2, Continued. 
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Figure II.2, Continued. 
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Figure 11.2, Continued. 
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Fig. 11.3. Control experiment demonstrating the staining intensity and specificity of 
the AR-1711 antibody. A. Staining of AR-ir cells in the ventral POA treated 
normally for immunocytochemistry. B. Adjacent section through the POA where 
the AR-1711 antibody was preabsorbed with 10 AM peptide from which it was 
produced. Scale bar = 0.1 mm. 
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Figure 11.3. 
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Fig. 11.4. Androgen receptor-immunoreactive cells in forebrain regions of the 
roughskin newt. A. Androgen receptor-immunoreative cells in the dorsal mitral cell 
layer of the olfactory bulb. B. AR-ir cells in the habenula ventral to the pineal body. 
Note the lateralization of staining in this section where numerous labeled cells are 
present on the right half but none are present on the left side of the brain. C. AR-ir 
cells within the pineal body, dorsal to the habenula. D. AR-ir cell bodies located in 
the ventral portion of the POA at the level of the optic nerve. E. AR-ir cells in the 
anterior ventral hypothalamus at the level of the NTP. Scale bar = 0.1 mm. 
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Figure 11.4. 
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Figure 11.5. Androgen receptor-immunoreactive cells in mid- and hindbrain regions 
of the roughskin newt. A. Androgen receptor immunoreactive staining in five cells 
of the interpeduncular nucleus ventral to the tectum in the mesencephalon. B. AR-ir 
in the lateral aspect of the cerebellum. C. Numerous AR-ir cells found in the area 
acusticolateralis ventral to the cerebellum. D. AR-ir cells in the area acusticolateralis 
as it extends into the medulla oblongata. Note also the presence of large AR-ir cells 
in the motor zone nuclei in this region. Scale bar = 0.1 mm. 
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Figure 11.5. 
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Figure 11.6. Estrogen receptor- immunoreactive cells in forebrain regions of the 
roughskin newt. A. ER-ir cells in the lateral septum rostral to the region where the 
lateral ventricles have come together. B. ER-ir cells in the lateral septum caudal to 
the level in A where the lateral ventricles have merged. C. ER-ir cells in the lateral 
caudal amygdala pars lateralis. D. Three lightly stained ER-ir cells in the ventral 
portion of the anterior POA. E. Four ER-ir cells slightly ventral to the 
paraventricular organ in the dorsal hypothalamus. F. Staining of ER-ir cells in the 
infundibular hypothalamus. Note the cytoplasmic staining in sections D, E and F. 
Scale bar = 0.1 mm. 
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Figure II.6. 



60 

Fig. 11.7. Estrogen receptor-immunoreactive cells in the midbrain of the roughskin 
newt. Three intensely labeled ER-ir cells found in the dorsal mesencephalic 
tegmentum ventral to the tectum. Scale bar = 0.1 mm. 
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Figure 11.7. 
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CHAPTER HI: CONCLUSIONS 

SUMMARY 

The original research contained in this thesis explored the distribution of 

androgen and estrogen receptor-immunoreactive cells in the brain of the male 

roughskin newt, Taricha granulosa. This is the first study to describe the 

distribution of these receptors in a urodele amphibian and the first to use 

immunocytochemistry to examine gonadal steroid receptor distribution in a non-

mammalian or non-avian species. The major findings from this research can be 

summarized as follows: Androgen receptor-containing neurons in this species are 

more widespread than had been previously reported in amphibians. Previous in vivo 

autoradiographic studies in frogs had reported that 31-1-dihydrotestosterone 

concentrating cells were limited to the ventral thalamus, torus semicircularis, 

brainstem tegmentum and specific sensory and motor nuclei of the cranial nerves 

(Kelley, 1981). We have shown immunocytochemically that, in the urodele brain, 

androgen receptors are present in cells of the olfactory bulbs, habenula, pineal body, 

preoptic area, hypothalamus, interpeduncular nucleus, area acusticolateralis, 

cerebellum and some brainstem motor nuclei. This distribution more closely 

resembles that described in mammals using immunocytochemical and in situ 

hybridization techniques as well as that for lizards using dihydrotestosterone 

autoradiography (Morrell et al., 1979; Simerly et al., 1990; Clancy et al., 1992). 
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These results suggest that the neuroanatomical distribution of androgen receptors is a 

phylogenetically conserved trait in vertebrates. 

The distribution of estrogen receptor-containing cells in the newt brain as 

revealed in this immunocytochemical study is similar in this species to that described 

using in vivo autoradiography for other amphibians, reptiles, birds and mammals 

(Pfaff, 1968; Morrell et al., 1975; 1979; Kim et al., 1978; Di Meglio et al., 1987). 

Estrogen receptor-immunoreactive cells were found in the lateral septum, lateral 

amygdala, pallium, preoptic area, hypothalamus and mesencephalic dorsal 

tegmentum of the newt brain. This study complements those earlier studies by 

revealing this distribution in a urodele amphibian using this alternative technique. 

Several of the brain regions found to contain androgen or estrogen receptors 

in the newt are thought to be important for eliciting courtship and reproductive 

behaviors in urodeles; particularly the preoptic area, hypothalamus, olfactory and 

habenular regions (Malacarne et Giacoma, 1980; Malacarne and Vellano, 1982). 

Lesion studies ablating these regions (or plugging the nostrils) show that male 

courtship behavior is negatively affected by these procedures (see previous 

references). 

Androgen receptor-containing cells were more numerous and found in more 

brain areas than were estrogen receptor-containing cells. This is consistent with the 

idea that androgens are the predominant sex steroid hormones which modulate male 

courtship and reproductive behaviors in amphibians. It has been hypothesized by 

others that androgens are the chief activators of these behaviors in both anuran and 
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urodele amphibians based on their efficacy to elicit or restore them in intact or 

castrated animals. For example, in the clawed frog, Xenopus laevis, DHT is the 

most effective sex steroid in masculinizing the larynx and activating mate calling 

behavior in males, while a role for estrogen in this behavioral model has not been 

identified (Fischer and Kelley, 1991). Similarly, in newts of the genus Cynops, 

Triturus or Taricha, testosterone fully restores, and DHT partially restores courtship 

behaviors in castrated males, whereas estradiol has very limited success in doing so 

(Andreoletti et al., 1983; Deviche and Moore, 1988; Toyoda et al., 1993). 

So what role do androgen and estrogen receptors play in the newt brain? 

One of many possibilities is that gonadal steroid receptors selectively regulate the 

synthesis of specific neuropeptides and transmitters within the brain. As mentioned 

in the introduction to this thesis, androgens and estrogens are thought to induce the 

synthesis of various hormonal peptides and receptors in the brain of several species. 

Future studies are needed to address this possibility in the newt. Unpublished 

studies in our lab (Lowry and Moore) demonstrate that the neuroanatomical 

distributions of the peptide hormones, mesotocin and vasotocin, overlap with 

androgen and/or estrogen receptor-containing cells in the newt brain. It is 

conceivable that these neuropeptide and steroid systems interact in these areas. The 

results of the research presented in this thesis add to a growing body of information 

about the neuroendocrine control of brain functions in this species and illustrate that 

this amphibian model will continue to offer challenges and insights into the steroidal 

control of reproductive and neuroendocrine functions. 



65 

BIBLIOGRAPHY
 

Adkins-Regan, E., M. Abdelnabi, M. Mobarak and M.A. Ottinger (1990). Sex 
steroid levels in developing and adult male and female zebra finches (Poephila 
guttata). Gen. Comp. Endocr. 78: 93-109. 

Ann, S., G. Ciarci, M.L. Panno, E. Imbrogno, G. Tarantino, M. Buffone, E. 
Beraldi, F. Angelini and V. Botte (1992). Sex steroid levels in the plasma and testis 
during the reproductive cycle of lizard Podarcis s. sicula Raf. Gen. Comp. Endocr. 
85: 1-7. 

Andreoletti, G.E., G. Malacarne and C. Vellano (1983). Androgen control of male 
sex behavior in the crested newt (Triturus cristatus carnifex Laur.): castration and 
sex steroid administration. Hor. Behay. 17: 103-110. 

Arnold, A.P. and S.M. Breedlove (1985). Organizational and activational effects of 
sex steroids on brain and behavior: a reanalysis. Hor. Beh. 19: 469-498. 

Bagatell, C.J., J.R. Heiman, J.E. Rivier and W.J. Bremner (1994). Effects of 
endogenous testosterone and estradiol on sexual behavior in normal young men. J. 
Clin. Endocr. Metab. 78: 711-716. 

Ball, J.N. (1981). Hypothalamic control of the pars distalis in fishes, amphibians, 
and reptiles. Gen. Comp. Endocr. 44: 135-170. 

Balthazart, J. and A. Foidart (1993). Brain aromatase and the control of male sexual 
behavior. J. Steroid Biochem. Molec. Biol. 44(4-6): 521-540. 

Balthazart, J., A. Foidart, E. M. Wilson and G.F. Ball (1992). 
Immunocytochemical localization of androgen receptors in the male songbird and 
quail brain. J. Comp. Neurol. 317: 407-420. 

Balthazart, J., M. Gahr and C. Surlemont (1989). Distribution of estrogen receptors 
in the brain of the Japanese quail: an immunocytochemical study. Br. Res. 501: 205
214. 

Balthazart, J. and C. Surlemont (1990). Androgen and estrogen action in the 
preoptic area and activation of copulatory behavior in quail. Physiol. Behay. 48: 
599-609. 

Baum, M.J. and J.T.M. Vreeburg (1973). Copulation in castrated male rats 
following combined treatment with estradiol and dihydrotestosterone. Science 182: 
283-284. 



66 

Beato, M. (1991). Transcriptional control by nuclear receptors. FASEB J. 5: 2044
2051. 

Blaustein, J.D. (1992). Cytoplasmic estrogen receptors in rat brain: 
immunocytochemical evidence using three antibodies with distinct epitopes. Endocr. 
131: 1336-1342. 

Blaustein, J.D. (1993). Estrogen receptor immunoreactivity in rat brain: rapid 
effects of estradiol injection. Endocr. 132: 1218-1224. 

Boyd, S.K. and F.L. Moore (1991). Gonadectomy reduces the concentrations of 
putative receptors for arginine vasotocin in the brain of an amphibian. Br. Res. 541: 
193-197. 

Braitenberg, V. and M. Kemali (1970). Exceptions to bilateral symmetry in the 
epithalamus of lower vertebrates. J. Comp. Neurol. 138: 137-146. 

Brot, M.D., G.J. De Vries and D.M. Dorsa (1993). Local implants of testosterone 
metabolites regulate vasopressin mRNA in sexually dimorphic nuclei of the rat 
brain. Peptides 14: 933-940. 

Caldwell, J.D., P.J. Brooks, G.F. Jirikowski, A.S. Barakat, P.K. Lund and C.A. 
Pedersen (1989). Estrogen alters oxytocin mRNA levels in the preoptic area. J. 
Neuroendocr. 1(4): 273-278. 

Cal lard, G.V. (1983). Androgen and estrogen actions in the vertebrate brain. Amer. 
Zool. 23: 607-620. 

Cal lard, G.V., Z. Petro and K.J. Ryan (1978). Conversion of androgen to estrogen 
and other steroids in the vertebrate brain. Amer. Zool. 18: 511-523. 

Carson-Jurica, M.A., W.T. Schrader and B.W. O'Malley (1990). Steroid receptor 
family: structure and functions. Endocr. Rev. 11(2): 201-219. 

Choate, J.V.A. and J.A. Resko (1992) Androgen receptor immunoreactivity in intact 
and castrate guinea pig using antipeptide antibodies. Brain Res. 597:51-59. 

Chowen-Breed, J.A., D.K. Clifton and R.A. Steiner (1989). Regional specificity of 
testosterone regulation of proopiomelanocortin gene expression in the arcuate 
nucleus of the male rat brain. Endocr. 124: 2875-2881. 

Clairambault, P., C. Pairault and A. Faso lo (1986). Habenular connections in the 
brain of the newt, Triturus cristatus carnifex Laurenti. J. Hirnforsch. 27: 111-119. 



67 

Clancy, A.N., R.W. Bonsall and R.P. Michael (1992). Immunocytochemical 
labeling of androgen receptors in the brain of rat and monkey. Life Sci. 50(6): 409
417. 

Clancy, A.N. and R.P. Michael (1994). Effects of testosterone and aromatase 
inhibition on estrogen receptor-like immunoreactivity in male rat brain. 
Neuroendocr. 59: 552-560. 

Clancy, A.N., C. Whitman, R.P. Michael and H.E. Albers (1994). Distribution of 
androgen receptor-like immunoreactivity in the brains of intact and castrated male 
hamsters. Br. Res. Bull. 33: 325-332. 

Crenshaw, B.J., G.J. deVries and P. Yahr (1992). Vasopressin innervation of 
sexually dimorphic structures of the gerbil forebrain under various hormonal 
conditions. J. Comp. Neurol. 322: 589-598. 

Crews, D. and A. Morgentaler (1979). Effects of intracranial implantation of 
oestradiol and dihydrotestosterone on the sexual behaviour of the lizard Anolis 
carolinensis. J. Endocr. 82: 373-381. 

Crowley, R.S. and J.A. Amico (1993). Gonadal steroid modulation of oxytocin and 
vasopressin gene expression in the hypothalamus of the osmotically stimulated rat. 
Endocr. 133: 2711-2718. 

Davidson, J.M. (1966). Activation of the male rat's sexual behavior by intracerebral 
implantation of androgen. Endocr. 79: 783-794. 

Davis, R.E., J.I. Morrell and D.W. Pfaff (1977). Autoradiographic localization of 
sex steroid-concentrating cells in the brain of the teleost Macropodus opercularis 
(Osteichthyes: Belontiidae). Gen. Comp. Endocr. 33: 496-505. 

De Kloet, E.R., D.A.M. Voorhuis, Y. Boschma and J. Elands (1986). Estradiol 
modulates density of putative `oxytocin receptors' in discrete rat brain regions. 
Neuroendocr. 44: 415-421. 

Deviche, P. and F.L. Moore (1988). Steroidal control of sexual behavior in the 
rough-skinned newt (Taricha granulosa): effects of testosterone, estradiol, and 
dihydrotestosterone. Hor. Behay. 22: 26-34. 

De Voogd, T.J. (1986). Steroid interactions with structure and function of avian song 
control regions. J. Neurobiol. 17(3): 177-201. 



68 

De Vries, G.J., W. Duetz, R.M. Buijs, J.V. Heerikhuize and J.T.M. Vreeburg 
(1986). Effects of androgens and estrogens on the vasopressin and oxytocin 
innervation of the adult rat brain. Br. Res. 399: 296-302. 

Di Meglio, M., J.I. Morrell and D.W. Pfaff (1987). Localization of steroid-
concentrating cells in the central nervous system of the frog Rana esculenta. Gen. 
Comp. Endo. 67: 149-154. 

Dube, L., P. Clairambault and G. Malacarne (1990). Striatal afferents in the newt 
Triturus cristatus. Br. Behay. Evol. 35: 212-226. 

Evans, R.M. (1988). The steroid and thyroid hormone receptor superfamily. Science 
240: 889-895. 

Feist, G., C.B. Schreck, M.S. Fitzpatrick and J.M. Redding (1990). Sex steroid 
profiles of coho salmon (Oncorhynchus kisutch) during early development and sexual 
differentiation. Gen. Comp. Endocr. 80: 299-313. 

Fine, M.L., D.A. Keefer and H. Russel-Mergenthal (1990). Autoradiographic 
localization of estrogen-concentrating cells in the brain and pituitary of the oyster 
toadfish. Br. Res. 536: 207-219. 

Fink, G., R. Rosie, W.J. Sheward, E. Thomson and H. Wilson (1991). Steroid 
control of central neuronal interactions and function. J. Steroid Biochem. Molec. 
Biol. 40: 123-132. 

Fischer, L.M. and D.B. Kelley (1991). Androgen receptor expression and sexual 
differentiation of effectors for courtship song in Xenopus laevis. Seminars in The 
Neurosciences 3: 469-480. 

Fritzsch, B. (1988). The lateral-line and inner-ear afferents in larval and adult 
urodeles. Br. Beh. Evol. 31: 325-348. 

Gahr, M., H.R. Giittinger and D.E. Kroodsma (1993). Estrogen receptors in the 
avian brain: survey reveals general distribution and forebrain areas unique to 
songbirds. J. Comp. Neurol. 327: 112-122. 

Gahr, M. and J.B. Hutchison (1992). Behavioral action of estrogen in the male dove 
brain: area differences in codistribution of aromatase activity and estrogen receptors 
are steroid-dependent. Neuroendocr. 56: 74-84. 

Gould, E., C.S. Woolley, M. Frankfurt and B.S. Mc Ewen (1990). Gonadal steroids 
regulate dendritic spine sensity in hippocampal pyramidal cells in adulthood. J. 
Neurosci. 10(4): 1286-1291. 



69 

Griffin, J.E. and S.R. Ojeda (1988). In: Textbook of Endocrine Physiology (ed. by 
J.E. Griffin and S.R. Ojeda), Oxford University Press. pp. 129-185. 

Gupta, D., C. Haldar, M. Coeleveld and J. Roth (1993). Ontogeny, circadian 
rhythm pattern, and hormonal modulation of 5a-dihydrotestosterone receptors in the 
rat pineal. Neuroendocr. 57: 45-53. 

Gurusinghe, C.J. and D. Ehrlich (1985). Sex-dependent structual asymmetry of the 
medial habenular nucleus of the chicken brain. Cell Tissue Res. 240: 149-152. 

Harding, C.F., K. Sheridan and M.J. Walters (1983). Hormonal specificity and 
activation of sexual behavior in male zebra finches. Hor. Behay. 17: 111-133. 

Herrick, C.J. (1948). The Brain of the Tiger Salamander Ambystoma tigrinum. The 
University of Chicago Press, Chicago. 

Huang, X. and R.E. Harlan (1993). Absence of androgen receptors in LHRH 
immunoreactive neurons. Br. Res. 624: 309-311. 

Janne, O.A. and L.X. Shan (1991). Structure and function of the androgen receptor. 
Ann. N.Y. Acad. Sci. 626: 81-91. 

Kelley, D.B. (1978). Neuroanatomical correlates of hormone sensitive behaviors in 
frogs and birds. Amer. Zool. 18: 477-488. 

Kelley, D.B. (1981). Locations of androgen-concentrating cells in the brain of 
Xenopus laevis: autoradiography with 3H- dihydrotestosterone. J. Comp. Neurol. 
199: 221-231. 

Kelley, D.B., I. Lieberburg, B.S. Mc Ewen and D. Pfaff (1978). Autoradiographic 
and biochemical studies of steroid hormone-concentrating cells in the brain of Rana 
pipiens. Br. Res. 140: 287-305. 

Kelley, D.B., J.I. Morrell and D.W. Pfaff (1975). Autoradiographic localization of 
hormone-concentrating cells in the brain of an amphibian, Xenopus laevis I. 
Testosterone. J. Comp. Neurol. 164: 47-62. 

Kemali, M., V. Guglielmotti and L. Fiorino (1990). The asymmetry of the 
habenular nuclei of female and male frogs in spring and in winter. Br. Res. 517: 
251 -255. 

Kemali, M., V. Guglielmotti and D. Gioffre (1980). Neuroanatomical identification 
of the frog habenular connections using peroxidase (HRP). Exp. Br. Res. 38: 341
347. 



70 

Kim, Y.S., W.E. Stumpf, M. Sar and M.C. Martinez-Vargas (1978). Estrogen and 
androgen target cells in the brain of fishes, reptiles and birds: phylogeny and 
ontogeny. Amer. Zool. 18: 425-433. 

Kurz, E.M., D.R. Sengelaub and A.P. Arnold (1986). Androgens regulate the 
dendritic length of mammalian motoneurons in adulthood. Science 232: 395-398. 

Larsson, K. (1979). Features of the neuroendocrine regulation of masculine sexual 
behavior. In: Endocrine control of sexual behavior (ed. by C. Beyer), Raven Press, 
New York, pp. 77-163. 

Levine, J.E. and M.T. Duffy (1988). Simultaneous measurement of luteinizing 
hormone (LH)-releasing hormone, LH, and follicle-stimulating hormone release in 
intact and short-term castrate rats. Endocr. 122: 2211-2221. 

Lisciotto, C.A. and J.I. Morrell (1990). Androgen-concentrating neurons of the 
forebrain project to the midbrain in rats. Br. Res. 516: 107-112. 

Lisciotto, C.A. and J.I. Morrell (1993). Circulating gonadal steroid hormones 
regulate estrogen receptor mRNA in the male rat forebrain. Mol. Br. Res. 20: 79
90. 

Malacarne, G. and C. Giacoma (1980). Effects of lesions to the rostral preoptic area 
on courtship behaviour in the male crested newt Triturus cristatus carrufex (Laur.). 
Monit. Zool. Ital. 14: 9-17. 

Malacarne, G. and C. Vellano (1982). Effects of nostril plugging and of 
habenulectomy on sexual behaviour in the male crested newt. Behay. Proc. 7: 307
317 . 

Matsumoto, A. (1991). Synaptogenic action of sex steroids in developing and adult 
neuroendocrine brain. Psychoneuroendocr. 16: 25-40. 

Mayes, C.R., A.G. Watts, J.K. McQueen, G. Fink and H.M. Charlton (1988). 
Gonadal steroids influence neurophysin II distribution in the forebrain of normal and 
mutant mice. Neurosci. 25(3): 1013-1022. 

Mc Ewen, B.S. (1991). Our changing ideas about steroid effects on an ever-changing 
brain. Seminars in the Neurosci. 3: 497-507. 

Mc Ewen, B.S., H. Coirini, A. Danielsson, M. Frankfurt, E. Gould, S. Mendelson, 
M. Schumacher, A. Segarra and C. Woolley (1991). Steroid and thyroid hormones 
modulate a changing brain. J. Steroid Biochem. Molec. Biol. 40: 1-14. 



71 

McGinnis, M.Y. and R.M. Dreifuss (1989). Evidence for a role of testosterone-
androgen receptor interactions in mediating masculine sexual behavior in male rats. 
Endocr. 124: 618-626. 

Menard, C.S. and R.E. Harlan (1993). Up-regulation of androgen receptor 
immunoreactivity in the rat brain by androgenic-anabolic steroids. Br. Res. 622: 
226-236. 

Mendelson, S.D. and B.S Mc Ewen (1990). Testosterone increases the concentration 
of [3H]8- hydroxy- 2- (di -n- propylamino) tetralin. Binding at 5-HTIA receptors in the 
medial preoptic nucleus of the castrated male rat. Eur. J. Phar. 181: 329-331. 

Moore, F.L. (1983). Behavioral endocrinology of amphibian reproduction. BioSci. 
33(9): 557-561. 

Moore, F.L. (1990). Amphibian model system for problems in behavioral 
neuroendocrinology. J. Exp. Zool. Suppl. 4: 157-158. 

Moore, F.L., C.A. Lowry and J.D. Rose (1994). Steroid-neuropeptide interactions 
that control reproductive behaviors in an amphibian. Psychoneuroendocr. 19(5-7): 
581 -592. 

Moore, F.L. and L.J. Miller (1983). Arginine vasotocin induces sexual behavior of 
newts by acting on cells in the brain. Peptides 4: 97-102. 

Morrell, J.I., D. Crews, A. BallM, A. Morgentaler and D.W. Pfaff (1979). 3H
estradiol, 3H-testosterone and 3H-dihydrotestosterone localization in the brain of the 
lizard Anolis carolinensis: an autoradiographic study. J. Comp. Neurol. 188: 201
224. 

Morrell, J.I., D.B. Kelley and D.W. Pfaff (1975). Autoradiographic localization of 
hormone-concentrating cells in the brain of an amphibian, Xenopus laevis II. 
Estradiol. J. Comp. Neurol. 164: 63-78. 

Morrell, J. and D. Pfaff (1978). A neuroendocrine approach to brain function: 
localization of sex steroid concentrating cells in vertebrate brains. Amer. Zool. 18: 
447-460. 

Muske, L.E. (1993). Evolution of gonadotropin-releasing hormone (GnRH) neuronal 
systems. Br. Behay. Evol. 42: 215-230. 

Muske, L.E. and F.L. Moore (1987). Luteinizing hormone-releasing hormone
immunoreactive neurons in the amphibian brain are distributed along the course of 
the nervus terminalis. Ann. N.Y. Acad. Sci. 519: 433-446. 



72 

Muske, L.E. and F.L. Moore (1994). Antibodies against different forms of GnRH 
distinguish different populations of cells and axonal pathways in a urodele 
amphibian, Taricha granulosa. J. Comp. Neurol. 345: 139-147. 

Nabekura, J., Y. Oomura, T. Minami, Y. Mizuno and A. Fukuda (1986). 
Mechanism of the rapid effect of 17B-estradiol on medial amygdala neurons. Science 
233: 226-228. 

Northcutt, R.G. and E. Kicliter (1980). Organization of the amphibian 
telencephalon. In: Comparative neurology of the telencephalon (ed. by S.O.E. 
Ebbesson), Plenum Press, New York. pp. 203-255. 

Nottebohm, F. and A.P. Arnold (1976). Sexual dimorphism in vocal control areas 
of the songbird brain. Science 194: 211-213. 

Orti, E., J.E. Bodwell and A. Munck (1992). Phosphorylation of steroid hormone 
receptors. Endocr. Rev. 13(1): 105-128. 

Parent, A. (1986). Telencephalic organization in amphibians. In: Comparative 
neurobiology of the basal ganglia, John Wiley & Sons, New York. pp. 39-68. 

Parsons, B., N.J. MacLusky, L. Krey, D.W. Pfaff and B.S. Mc Ewen (1980). The 
temporal relationship between estrogen-inducible progestin receptors in the female 
rat brain and time course of estrogen activation of mating behavior. Endocrin. 
107(3): 774-779. 

Pfaff, D.W. (1968). Autoradiographic localization of radioactivity in rat brain after 
injection of tritiated sex hormones. Science 161: 1355-1356. 

Pfaff, D.W. (1981). Electrophysiological effects of steroid hormones in brain tissue. 
In: Neuroendocrinology of reproduction physiology and behavior (ed. by N.T. 
Adler), Plenum Press, New York and London. pp. 533-544. 

Pfaff, D.W. and L.C.A. Conrad (1978). Hypothalamic neuroanatomy: steroid 
hormone binding and patterns of axonal projections. Int. Rev. Cytol. 54: 245-265. 

Ralph, C.L. (1978). Pineal control of reproduction: nonmammalian vertebrates. 
Prog. Reprod. Biol. 4: 30-50. 

Richard, S. and H.H. Zingg (1990). The human oxytocin gene promotor is regulated 
by estrogens. J. Biol. Chem. 265(11): 6098-6103. 



73 

Sachs, B.D. and R.L. Meisel (1988). The physiology of male sexual behavior. In: 
The physiology of reproduction (ed. by E. Knobil and J. Neill), Raven Press, Ltd., 
New York. pp. 1393-1485. 

Schlinger, B.A. and G.V. Cal lard (1990). Aggressive behavior in birds: an 
experimental model for studies of brain-steroid interactions. Comp. Biochem. 
Physiol. 97(A): 307-316. 

Schmidt, R.S. (1968). Preoptic activation of frog mating behavior. Behay. 30: 239
257. 

Schmidt, R.S. (1984). Neural correlates of frog calling: preoptic area trigger of 
`mating calling'. J. Comp. Physiol. A. 154: 847-853. 

Shivers, B.D., R.E. Harlan, J.I. Morrell and D.W. Pfaff (1983). Absence of 
oestradiol concentration in cell nuclei of LHRH-immunoreactive neurones. Nature 
304: 345-347. 

Silva, N.L. and J.A. Boulant (1986). Effects of testosterone, estradiol, and 
temperature on neurons in preoptic tissue slices. Am. J. Physiol. 250: R625-R632. 

Simerly, R.B., C. Chang, M. Muramatsu and L.W. Swanson (1990). Distribution 
of androgen and estrogen receptor mRNA-containing cells in the rat brain: an in situ 
hybridization study. J. Comp. Neurol. 294: 76-95. 

Summerville, J.W. and N.B. Schwartz (1981). Suppression of serum gonadotropin 
levels by testosterone and porcine follicular fluid in castrate male rats. Endocr. 109: 
1442 -1447. 

Swann, J.M. and S.W. Newman (1992). Testosterone regulates substance P within 
neurons of the medial nucleus of the amygdala, the bed nucleus of the stria 
terminalis and the medial preoptic area of the male golden hamster. Br. Res. 590: 
18-28. 

Tamarkin, L., C.J. Baird and O.F.X. Almeida (1985). Melatonin: a coordinating 
signal for mammalian reproduction? Science 227: 714-720. 

Tang, Y.P. and C.L. Sisk (1991). Testosterone in MPOA elicits behavioral but not 
neuroendocrine responses in ferrets. Br. Res. Bull. 26: 373-378. 

Toyoda, F., M. Ito, S. Tanaka and S. Kikuyama (1993). Hormonal induction of 
male courtship behavior in the Japanese newt, Cynops pyrrhogaster. Hor. Behay. 
27: 511-522. 



74 

Tribollet, E., S. Audigier, M. Dubois-Dauphin and J.J. Dreifuss (1990). Gonadal 
steroids regulate oxytocin but not vasopressin receptors in the brain of male and 
female rats. An autoradiographical study. Br. Res. 511: 129-140. 

Truss, M. and M. Beato (1993). Steroid hormone receptors: interaction with 
deoxyribonucleic acid and transcription factors. Endocr. Rev. 14(4): 459-479. 

Urano, A. (1988). Neuroendocrine control of anuran anterior preoptic neurons and 
initiation of mating behavior. Zool. Sci. 5: 925-937. 

Van Laar, J.H., M.M. Voorhorst-Ogink, N.D. Zegers, W.J.A. Boersma, E. 
Claassen, J.A.G.M. van der Korput, J.A. Ruizeveld de Winter, Th.H. van der 
Kwast, E. Mulder, J. Trapman and A.O. Brinkmann (1989). Characterization of 
polyclonal antibodies against the N-terminal domain of the human androgen 
receptor. Mol. Cell. Endocr. 67: 29-38. 

Varriale, B., R. Pierantoni, L. DiMatteo, S. Minucci, S. Fasano, M. D'Antonio and 
G. Chieffi (1986). Plasma and testicular estradiol and plasma androgen profile in the 
male frog Rana esculenta during the annual cycle. Gen. Comp. Endocr. 64: 401
404. 

Voorhuis, T.A.M., J.Z. Kiss, E.R. de Kloet and D. de Wield (1988). Testosterone-
sensitive vasotocin-immunoreactive cells and fibers in the canary brain. Br. Res. 
442: 139-146. 

Wada, M. and A. Gorbman (1977a). Relation of mode of administration of 
testosterone to evocation of male sex behavior in frogs. Hor. Behay. 8: 310-319. 

Wada, M. and A. Gorbman (1977b). Mate calling induced by electrical stimulation 
in freely moving leopard frogs, Rana pipiens. Hor. Behay. 9: 141-149. 

Wahli, W. and E. Martinez (1991). Superfamily of steroid nuclear receptors: 
positive and negative regulators of gene expression. FASEB J. 5: 2243-2249. 

Yariez, J. and R. Anadon (1994). Afferent and efferent connections of the habenula 
in the larval sea lamprey (Petromyzon marinus L.): an experimental study. J. Comp. 
Neuro. 345: 148-160. 

Zerani, M., C. Vellano, F. Amabili, 0. Carnevali, G.E. Andreoletti and A. 
Polzonetti-Magni (1991). Sex steroid profile and plasma vitellogenin during the 
annual reproductive cycle of the crested newt (Triturus carnifex Laur.). Gen. Comp. 
Endocr. 82: 337-344. 



75 

Zhou, L., J.D. Blaustein and G.J. De Vries (1994). Distribution of androgen 
receptor immunoreactivity in vasopressin- and oxytocin-immunoreactive neurons in 
the male rat brain. Endocrin. 134: 2622-2627. 




