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ABSTRACT 

Menopause is accompanied by neuronal hypertrophy and increased neurokinin B 

(NKB) gene expression in the human infundibular (arcuate) nucleus. We have 

hypothesized that these changes are secondary to withdrawal of gonadal steroids. In the 

present study, a rat model is used to determine if orchidectomy and hormone replacement 

alter the size and gene expression of arcuate NKB neurons. Compared to intact animals, 

gonadectomy significantly increased the mean profile area and number of neurons/section 

expressing NKB mRNA in the rat arcuate nucleus. Both the increase in NKB neuron size 

and number of neurons was prevented by implantation of estradiol- or 

testosterone-containing capsules. These data provide strong support for the hypothesis 

that the hypertrophy and increased numbers of neurons expressing NKB gene transcripts 

in postmenopausal women are secondary to ovarian failure. 

Studies were also conducted to determine if the conditions that induce neuronal 

hypertrophy and enhanced gene expression in the arcuate nucleus are accompanied by 

other morphological changes. To achieve this end, a fixed slice preparation was used to 

examine the morphology of neuroendocrine neurons in the rat arcuate nucleus. In 

comparison to intact controls, arcuate neuroendocrine neurons in the orchidectomized 

group had significantly larger somatic profile areas and exhibited significant increases in 

dendrite length, dendrite volume, terminal branch number, and spines per unit length of 
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dendrite. These results provide evidence for hormonal regulation of dendritic 

morphology of arcuate neuroendocrine neurons in adult mammals. 

To assess the role of testosterone withdrawal in inducing these dendritic changes, 

hormone replacement studies were conducted. Testosterone treatment of castrate animals 

prevented increases in dendrite length and volume when compared to untreated castrate 

rats. Testosterone treatment also prevented the castration induced increase in the number 

of branches per dendrite. Finally, immunohistochemical studies indicate that 

approximately 22% of arcuate neuroendocrine neurons contain estrogen receptors, while 

16% contain androgen receptors, indicating that these neurons can respond directly to 

changes in steroid hormone levels. These findings clearly demonstrate a role for 

testosterone in modulating the dendritic morphology of arcuate neuroendocrine neurons 

in adult rats. 
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CHAPTER ONE 

INTRODUCTION 

Plasticity in the adult CNS 

Advances in neuroscience highlight the importance cf plasticity in the nervous 

system with increasing regularity. The accumulation of evidence indicates that neurons 

are not static components of a "hardwired" system; rather, the ability of neurons to 

modify their structural and behavioral properties appears to play a critical role in the 

ability of the nervous system to perform many of the tasks assigned to it, including 

adaption to a changing environment. The present work investigates the mechanisms of 

steroid hormone induced neuronal plasticity in adult animals. 

Steroid hormones in particular play a prominent role in regulating the structure 

and function of the nervous system at all stages of the life cycle. Early in development, 

steroid hormones, particularly androgens, regulate sexual differentiation, modulating the 

entire range of effected systems, from the development of the reproductive tract to the 

formation of neural circuits controlling gonadotropin secretion and behavior, for example. 

In adulthood, steroid hormones play significant roles by initiating and directing sexual 

maturation and behavior, and by maintaining the fiinctional capabilities of the 

reproductive system. Finally, failure of the gonads forces all of the physiological systems 

to adapt to reduced levels of circulating gonadal hormones. The influence of steroid 
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hormones is not limited to the reproductive system: steroid hormones also influence 

processes such as cognition (Fink et al., 1996), memory (Sherwin, 1988; Phillips and 

Sherwin. 1992; O'Neal et al., 1996), thermoregulation (Chakravarti et al., 1977; Casper 

and Yen, 1985), and mood (Fink et al., 1996). Gonadal steroids also influence disease 

states such as Alzheimer's disease (Fillit et al., 1986; Henderson et al., 1994; 

Paganini-Hill and Henderson, 1994; Paganini-Hill, 1996), multiple sclerosis (Zorgdrager 

and De Keyser, 1997), and epilepsy (Newmark and Penry, 1980; Herkes et al.. 1993). 

The diverse effects induced by steroid hormones and their ubiquitous presence in the 

body, make them an extremely important factor in nervous system modulation. 

Traditionally, the effects of steroid hormones have been broken down into two 

different classes: organizational and activational. Organizational effects occur during 

critical periods in early development, and lead to permanent changes in the wiring of the 

nervous system. For example, early exposure of female rats to androgens results in a 

permanent suppression of the female pattern of cyclic gonadotropin secretion, and 

institutes the male pattern of tonic secretion (Barraclough, 1961; Barraclough and Gorski. 

1961). Because of their permanence, organizational effects were believed to involve 

structural changes in the nervous system and other long-lasting changes such as 

alterations in steroid metabolism (Arnold and Breedlove, 1985). Examples of 

organizational effects include the regulation of neuronal survival, dendritic alterations and 

axonal sprouting. The activational effects of steroid hormones, on the other hand, occur 
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during puberty and adulthood where they "turn on" or activate existing systems. A typical 

example of an activational effect is seen in rodent copulatory behavior. High serum 

levels of progesterone and estrogen are necessary for adult female rats to express 

feminine copulatory behaviors when stimulated by a sexually active male. The cyclical 

incidence of copulatory behaviors in adult females, therefore, is directly related to steroid 

hormone levels (Pfaff et al., 1994). Unlike the aforementioned organizational effects, 

however, changing levels of gonadal hormones do not induce permanent or long lasting 

changes in behavior. Because of the relative impermanence of activational effects, much 

more modest nervous system changes were believed to be responsible for these effects, 

such as changes in neurotransmitter production or release properties (Arnold and 

Breedlove, 1985). More extensive changes, such as the rewiring of neuronal circuits, 

were not believed to be involved. 

Recent findings in numerous neuronal systems have significantly weakened this 

two-tiered hypothesis, and suggest a much more complex action of steroid hormones. 

Within the avian song control nuclei, for example, testosterone treatment causes 

significant dendritic growth in adult ovariectomized female canaries (DeVoogd and 

Nottebohm, 1981). Furthermore, although female canaries do not normally sing, 

testosterone treatment induces vigorous male-like singing behavior in adults, indicating 

that a strict critical period for singing does not exist, and that the neural circuits 

controlling song can undergo significant rewiring even in adulthood (DeVoogd and 
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Nottebohm, 1981). Most significantly, the generation of new neurons has been 

demonstrated in adult canaries, and these neurons can be integrated into ftmctional 

circuits under the influence of steroid hormones (Paton and Nottebohm, 1984; Rasika et 

al., 1994). This phenomenon would clearly be categorized as an organizational effect, 

except that the process occurs armually in adult animals, rather than during development. 

Nor are findings of this nature limited to avian systems: similar effects of steroid 

hormones have been described in adult rodents. The spinal nucleus of the 

bulbocavemosis, for example, is a sexually dimorphic structure that mediates male 

copulatory behavior. In adult rats, castration induces decreases in dendrite length and 

somatic area of motor neurons in this nucleus. These changes can be reversed by 

testosterone replacement (Kurz et al., 1986; Sasaki and Arnold, 1991). Since dendrites 

are die predominant target for synaptic input, these findings also imply changes in the 

underlying neuronal circuits. Gonadal steroids can also induce changes in the rodent 

hippocampus, a structure not known to be directly involved in reproduction. In the 

hippocampus of adult female rodents, ovariectomy produces a dramatic reduction in the 

dendritic spine density of CAl pyramidal neurons (Gould et al., 1990). Again, this effect 

is blocked by treatment with estradiol. The authors of diis study concluded that estrogen 

is necessary for maintaining the neuronal morphology of CAl neurons in the 

hippocampus (Gould et al., 1990). 
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In a review of the organization/activational hypothesis, Arnold and Breedlove 

(1985) argue that the scientific evidence no longer supports two exclusive classes of 

steroid action. They instead suggest that gonadal steroids operate by similar mechanisms 

at all stages of development (Arnold and Breedlove, 1985). Results of the present work 

are consistent with these conclusions and seek to further characterize the mechanisms and 

range of steroid hormone modulation of neuronal systems in adult animals. A thorough 

understanding of these phenomena will provide substantial insight into the cellular 

processes by which nervous systems respond to changing hormonal, environmental, and 

pathological conditions. 

The Hypothalamic-Pituitary-Gonadal axis 

The hypothalamic-pituitary-gonadal axis is a feedback circuit controlling 

reproductive function. Briefly, luteinizing honnone-releasing hormone (LHRH) neurons 

lead the circuit by stimulating the release of the gonadotropins (luteinizing hormone and 

follicle stimulating hormone), from the anterior pituitary gland. The gonadotropins 

stimulate the gonads to synthesize steroid hormones, predominantly androgens and 

estrogens (in males) and estrogens and progesterones (in females). Gonadal steroid 

hormones, in turn, provide negative feedback regulation to the hypothalamus and 

pituitary gland. 
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In the rodent, LHRH neurons are located in the medial preoptic area, septal 

regions and diagonal band of Broca (Kalra, 1976; King et al., 1982; Witkin et al., 1982; 

Merchenthaler et al., 1984a; Silverman et al., 1987; Merchenthaler et al., 1989). These 

neurons project to a capillary plexus located in the median eminence just above the 

pituitary gland. Axonal projections from the LHRH neurons terminate adjacent to these 

capillaries and release LHRH into the circulation. Upon release, LHRH is transported 

through the portal system to a second capillary plexus located in the anterior pituitary 

gland. LHRH then stimulates the release of luteinizing hormone and follicle stimulating 

hormone from the pituitary gonadotropins. 

The release of LHRH from the hypothalamus occurs in a pulsatile maimer and is 

controlled by a still poorly understood circuit known as the LHRH pulse generator. Each 

pulse released from the hypothalamus corresponds to a pulse of LH and FSH released 

from the pituitary gland (Levine et al., 1991). The levels of LH and FSH in the 

circulation can be modulated by changes in the amplitude or frequency of the pulses (as 

well as by changes occurring at the level of the pituitary) (BCnobil, 1980). The pulse 

generator appears to be made up of neurons intrinsic to the hypothalamus (see Knobil, 

1990, for review) with numerous studies implicating the hypothalamic arcuate nucleus. 

A number of different neurotransmitter and neuropeptide systems appear to be involved. 

For example, the activity of the pulse generator is modulated by endorphins (Grossman et 

al., 1981; Melis et al., 1984; Genazzani and Petraglia, 1989; Wise et al., 1990; Kimura et 
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aL, 1991; Nishihara et al., 1991; Grosser et al., 1993; Ito et al., 1993), neuropeptide Y 

(Kalra and Kalra, 1986; Crowley et al., 1990), norepinephrine (Nishihara et al., 1991), 

and substance P (Arisawa et al., 1990). 

The literature suggests that steroid hormone feedback regulation of LHRH 

secretion occurs by influencing neurons in the pulse generator circuit upstream from the 

LHRH neurons. Although a direct effect of steroids on LHRH neurons would be the 

most simple mechanism by which feedback regulation might occur, LHRH neurons lack 

classical steroid receptors (Shivers et al., 1983; Fox et al., 1990). Therefore, steroid 

receptor-containing intemeurons are commonly proposed as mediators of steroid 

feedback effects onto LHRH neurons. Non-classical effects of steroid hormones on 

LHRH neurons cannot yet be excluded; however, the colocalization of steroid receptors 

with a number of the peptide and neurotransmitter systems involved in the pulse 

generator (Sar, 1984; Morrell et al., 1985; Fox et al., 1990; Horvath et al., 1995) lends 

credence to the hypothesis that steroid hormones modulate upstream members of the 

pulse generator circuit, which, in turn, directly influence the LHRH neurons. 

The Rodent Arcuate Nucleus: Anatomy and Physiology 

A significant body of research aimed at elucidating the mechanisms regulating the 

hypothalamic-pituitary-gonadal axis has focused on the arcuate nucleus. The arcuate 

nucleus is located in the medial basal hypothalamus, directly above the median eminence. 
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pituitary stalk, and pituitary gland. In the mediolateral plane, the nucleus occupies the 

region just lateral to the third ventricle. It is the third largest nucleus in the hypothalamus 

(Chronwall, 1985), and by different estimates contains between 24,000 and 54,000 

neurons in rodents (Hsu and Peng, 1978; Desjardins et al., 1993). A homologous 

structure known as the infundibular nucleus exists in primates. The arcuate nucleus 

contains two general types of neurons: small fusiform neurons and larger polygonal 

neurons (Bodoky and Rethelyi, 1977). More than 20 different varieties of neuropeptides, 

neurotransmitters, and pituitary releasing factors are represented within the nucleus. 

Many of these compounds are colocalized in the same neurons (Chronwall, 1985). 

Arcuate neurons are relatively simple morphologically and their dendrites contain 

only a few branch points. Their axons originate from the soma or proximal dendrite 

(Bodoky and Rethelyi, 1977; Millhouse, 1979; Van den Pol and Cassidy, 1982; Rethelyi, 

1985). A significant number of neurons possess axonal projections to the median 

eminence, but a wide range of other brain areas are targeted as well, including the 

ventromedial, paraventricular, premammillary and medial preoptic nuclei of the 

hypothalamus, and the lateral hypothalamic and suprachiasmatic-preoptic areas. 

Extrahypothalamic areas, such as the thalamus, midbrain, septum and brainstem are also 

targeted (for a review see Chronwall, 1985). The arcuate nucleus receives a wide range 

of afferent inputs. From adjacent hypothalamic areas, the arcuate nucleus receives input 

fi-om the supra- and retrochiasmatic nuclei, the preoptic area, the anterior hypothalamus. 
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and the paraventricular and premammilary nuclei. In addition, the arcuate nucleus also 

receives extrahypothalamic input from the olfactory tubercle, the lateral septum, the bed 

nucleus of the stria terminalis and numerous areas in the brainstem (Chronwall, 1985). 

The arcuate nucleus is known to play a role in sexual behavior, thyroid and 

adrenal function, stress response and reproduction (Blake and Sawyer, 1974; Knobil, 

1980; Soper and Weick, 1980; Kawakami et al., 1982). In addition, the arcuate nucleus is 

important in the regulation of luteinizing hormone, prolactin and growth hormone 

secretion (Chronwall, 1985). The arcuate nucleus contains both androgen (Simerly et al., 

1990; Ciofi et al., 1994) and estrogen receptors (Pfaff and Keiner, 1973; Pfaff et al., 

1976; Simerly et al., 1990; Li et al., 1993) in abundance, and is therefore a target structure 

for steroid hormone modulation. The arcuate nucleus also contains abundant 

concentrations of aromatase (Selmanoff et al., 1977), which can convert testosterone to 

estrogen. An important aim of the present work is to further characterize the role played 

by gonadal steroids in regulating the structure and function of this nucleus. 

Aging of the Neuroendocrine System 

The feedback regulation of the hypothalamic-pituitary-gonadal axis can be 

disrupted when the levels of circulating gonadal hormones fall below the normal range. 

This phenomenon occurs naturally with aging in humans, and presents as the disorders of 

menopause in females and andropause in males. Menopause is characterized by the loss 



of ovarian follicles, resulting in a decline in circulating estrogen and progesterone to 

castrate levels (vom Saal and Finch, 1988). A similar decline in androgen levels occurs 

in aging men, although the reduction in circulating testosterone is not nearly as dramatic, 

and considerable variability in the severity of the disorder exists (Neaves et al., 1984; 

Vermeulen, 1991). Part of the decline in men is caused by a reduction in bioavailable (or 

free) testosterone secondary to increases in sex steroid-binding globulins (vom Saal and 

Finch, 1988). In both males and females, declining steroid hormone levels reduce or 

eliminate steroid negative feedback onto the LHRH pulse generator and pituitary gland, 

resulting in a dramatic increase in the levels of circulating gonadotropins. In 

postmenopausal women, a two- to three-fold increase in luteinizing hormone levels is 

observed, and appears to persist indefinitely (Scaglia et al., 1976). This rise in luteinizing 

hormone levels also occurs in ovariectomized young women (Yen and Lein, 1976; Zanisi 

et al., 1987), where it takes approximately one month for luteinizing hormone levels to 

reach postmenopausal values (Monroe et al., 1972). Castration of both male and female 

rodents also produces a rise in serum luteinizing hormone levels. In these animals, 

luteinizing hormone levels rise to almost 20 times their normal values, with peak levels 

achieved in approximately 35 days (Olson and Blake, 1991; Balasinor et al.. 1992). As in 

humans, increased luteinizing hormone levels persist for the life of the animal unless 

hormone replacement is initiated, in which case luteinizing hormone levels return to 

within the normal range. 
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Menopause is accompanied by numerous changes in the arcuate nucleus of the 

hypothalamus. One of the first reports on this topic was published in 1966 by Sheehan 

and Kovacs, who described a population of hypertrophied neurons in the arcuate nuclei of 

postmenopausal women (Sheehan and Kovacs, 1966). Additional studies of this 

phenomenon were not published until 1990, when Ranee confirmed the initial findings 

using modem techniques and demonstrated that the hypertrophied neurons contained 

estrogen receptors (Ranee et al., 1990). The presence of estrogen receptors in these 

neurons indicated that neuronal hypertrophy might be a direct response to reduced 

estrogen levels, and that the population of hypertrophied neurons could play a role in 

mediating the feedback effects of steroid hormones in the LHRH system. These findings 

were later extended to aging men, where hypertrophied neurons were also detected 

(Ranee et al., 1993). In addition, a 22% increase in the neuropil volume per neuron was 

detected in aging men, indicating that changes in axonal or dendritic volume might also 

accompany somatic hypertrophy in the arcuate nucleus. Changes in the neuropil also 

appear to occur in rodents, where neuronal density was found to decrease in the arcuate 

nucleus of aged male rats when compared to younger males (Yang et al., 1993). This 

study found no changes in the number of arcuate neurons, implying that the volume of the 

nucleus had increased. 

Postmenopausal changes in the arcuate nucleus are not limited to neuronal 

morphology. In an effort to determine the phenotype of the hypertrophied neurons, in situ 
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hybridization studies were conducted using probes for a variety of hypothalamic peptides. 

These studies identified mRNAs for the tachykinins substance P and neurokinin B in the 

hypertrophied neurons (Ranee and Young, 1991). A six-fold increase in substance P and 

a fifteen-fold increase in neurokinin B gene expression was also detected in 

postmenopausal women. These findings are consistent with the observed neuronal 

hypertrophy because increased somatic area in a healthy neuron is indicative of increased 

metabolic activity. Finally, increases in LHRH gene expression have also been detected 

in postmenopausal women (Ranee and Uswandi, 1996) and castrate rats (Spratt and 

Herbison, 1997), suggesting that the neurokinin B and LHRH systems might be 

flmctionally interrelated. 

Steroid Hormone Modulation of the Rodent Arcuate Nucleus 

A confounding variable in the studies of postmenopausal women is age. Because 

all of the postmenopausal women in the study by Ranee et. al. were older than the 

premenopausal women in the study, it is unclear whether the somatic hypertrophy and 

increased gene expression observed in these women represented a hormonal or 

age-related effect. To address this question, studies comparing groups of age-matched 

cycling female rodents to ovariectomized rodents were conducted. In these studies, 

enhanced neurokinin B gene expression was also detected in the arcuate nuclei of 

ovariectomized rodents, providing strong evidence for the hypothesis that the changes 

seen in humans also result from changes in hormonal status (Ranee and Bruce, 1994). 
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Numerous additional studies have also documented hormonally-induced changes 

in the rodent arcuate nucleus. One of the first examples of neuronal plasticity to be 

detected was a reduction in nucleolar size following direct implantation of estradiol (Lisk 

and Newlon, 1963). Later, additional ultrastructural changes were identified in the form 

of "whorl bodies" within arcuate neurons of castrate male rats (Brawer, 1971). As 

described by Brawer, these whorls consisted of "closely apposed concentric cistemae of 

the smooth endoplasmic reticulum" and disappeared following treatment with 

testosterone (Brawer, 1971). Whorl bodies were later identified in castrate and cycling 

female rodents (King et al., 1974). The whorls were most fi-equent during diestrus, when 

estrogen levels are low. The frequency of dense granules and lysosomes was also 

increased during diestrus. Changes in intramembrane particles have also been observed, 

with the number of small (< 10 nm) particles decreasing, and the number of large 

particles (>10 run) increasing during proestrus and estrus. The function of these 

ultrastructural changes is unclear, although increases in endoplasmic reticulum suggest 

enhanced protein synthesis, and changes in membrane particles may reflect changes in 

receptor type or distribution. Interestingly, morphine, which inhibits the LHRH pulse 

generator in the rat (Genazzani and Petraglia, 1989), also induces the formation of whorls 

in intact male rats (Price et al., 1976). 

The wiring pattern in the arcuate nucleus is also hormonally regulated. An initial 

study identified a sex difference in the number of spine synapses in the arcuate nucleus. 
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with female rats having greater numbers than males (Matsumoto and Arai, 1980). Later 

studies determined that synapse number could be altered with hormonal manipulations, hi 

both castrate males and females, increased numbers of synapses were found on neurons 

containing whorl bodies relative to neurons selected randomly from the arcuate nucleus 

(Naflolin et al., 1985). Most significantly, a "phased synaptic remodeling" has been 

described in the arcuate nuclei of cycling female rodents (Olmos et al.. 1989). This 

remodeling is characterized by a decrease in the number of axosomatic synapses between 

proestrus and estrus (when estrogen levels are high) and recovery to normal numbers 

between estrus and metaestrus, when estrogen levels return to baseline values. The 

reduction in synapse number is accompanied by an increase in the amount of glial 

wrapping of the soma. Additional studies have determined that the decrease in synapse 

number following estrogen administration to ovariectomized rats effects predominately 

GABAergic and dopaminergic synapses (Parducz et al., 1993; Lewis and Naftolin, 1994). 

Because GABA is the predominant inhibitory neurotransmitter in the central nervous 

system, the reduction in GABAergic synapses implies a reduction in inhibitory tone in the 

arcuate nucleus. Finally, synaptic plasticity of this nature is not limited to rodent models: 

reductions in synapse number have also been described in ovariectomized primates 

treated with estradiol (Naftolin et al., 1993). 
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Role of Glia in Arcuate Nucleus Plasticity 

Glia cells were first described by Virchow in 1846, who referred to them as 

neuroglia, or "nerve glue" (Peters et al. 1991). Virchow theorized that the primary role of 

these cells was to hold neural elements together. Subsequent researchers attributed 

similarly minor roles to glia, such as the transport of nutrients or as insulating elements. 

The recent resurgence of interest in glia cells has lead to theories embracing a much more 

active role for glia in nervous system function. Attention is particularly focused on the 

hypothalamo-hypophyseal system where evidence now suggests that glia play a 

prominent role in modulating neuronal plasticity. 

In both the arcuate and the hypothalamic supraoptic nuclei, many experts have 

noted intriguing correlations between the retraction of glial elements and increases in 

synapse number (Olmos et al., 1989; Beagley and Hatton, 1992; Garcia-Segura et al., 

1994b). These findings have led to theories postulating an active role for glia in the 

regulation of synapse number (Beagley and Hatton, 1992). The retraction of glial 

processes would uncover potential postsynaptic target space, facilitating neuron to neuron 

contact and assisting in the formation of new synapses. Conversely, by isolating neurons 

and their processes, glia could prevent synapse formation. A similar mechanism may 

play a role in regulating the release of luteinizing hormone releasing hormone (LHRH) 

and luteinizing hormone. Tanycytes (a type of astroglia) envelop the terminals of LHRH 

neurons in the median eminence (Koziowski and Coates, 1985). By altering the extent of 
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encapsulation, tanycytic processes could regulate the access of LHRH terminals to the 

portal vessels, their targets in the median eminence (Kozlowski and Coates, 1985; 

Meister et al., 1988), and thereby facilitate or inhibit the release LHRH, and, ultimately, 

luteinizing hormone. Additional support for this theory comes from observations of 

tanycytic processes under different hormonal conditions. Tanycytes exhibit fewer 

microappendages and microvilli when estrogen levels are low (and luteinizing hormone 

levels are high) than when estrogen levels are elevated (and luteinizing hormone levels 

are depressed) (Merchant and Dollar, 1981; Coates and Davis, 1982). 

Evidence also suggests the involvement of glial mechanisms in sexual 

differentiation. Female rats have approximately twice as many spine synapses in the 

arcuate nucleus as do males. Neonatal castration of male rats increases the number of 

spine synapses in these animals, approaching that of females (Matsumoto and Arai, 

1980). Recent studies examining glial morphology have demonstrated that developing 

male rats have more complex glia with longer processes than females, and that postnatal 

castration of male rats eliminates this difference (Garcia-Segura et al.. 1988; Mong et al.. 

1996). If glial ensheathment of neural processes does in fact inhibit synaptic formation, 

then the difference in glial morphology may in part be responsible for the greater number 

of synapses found in females. In addition, evidence exists indicating that glia cells may 

contain estrogen receptors (Pfaff and Keiner, 1973; Langub and Watson, 1992; Santagati 
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et al., 1994), suggesting that these morphological changes may result from the direct 

action of steroid hormones on glial morphology. 

Glia can also regulate neuronal plasticity by releasing or presenting trophic 

factors. For example, both neurons and glia in the arcuate nucleus express receptors for 

insulin-like growth factor I (IGF-I) (Garcia-Segura et al., 1997). Astroglia in the arcuate 

nucleus have also been shown to contain insulin-like growth factor-I immunoreactivity 

(Duenas et al., 1994). In addition, since the expression of this molecule is sexually 

dimorphic (Duenas et al., 1994), it may play a role in some of the hormonally induced 

changes seen in the arcuate nucleus. This sexual dimorphism is clearly hormonally 

induced since postnatal treatment of female rodents abolishes the sex difference (Duenas 

et al., 1994). Nor is hormonal regulation of this trophic factor limited to developmental 

periods: IGF-I-like immunoreactivity is increased in adult ovariectomized rats treated 

with estradiol and in cycling female rats during the afternoon of proestrus and the 

morning of estrus (Dueiias et al., 1994). Estrogen can also modulate receptor number and 

binding for IGF-I (Pons and Torres-Aleman, 1993). Most significantly, however, the 

effects of estrogen on glial morphology appear to be dependent on the IGF-I receptor 

(Femandez-Gaiaz et al.. 1997), indicating that IGF-I may play a critical role in the 

synaptic rearrangement that occurs in the arcuate nucleus. 
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The neural cell adhesion molecule N-CAM is also believed to play a role in 

neuro-glial plasticity in the arcuate nucleus, hi the developing brain, a form of N-CAM is 

expressed that is rich in polysialic acid (PSA), referred to as PSA-N-CAM. In most brain 

regions, PSA-N-CAM is replaced during the perinatal and early postnatal periods with 

forms of N-CAM containing far less PSA. PSA-N-CAM, however, persists throughout 

adulthood in regions of the brain that continue to express neuro-glial plasticity (Theodosis 

et al., 1991), including the arcuate nucleus and median eminence (Bonfanti et al., 1992; 

Perera et al., 1993). It is believed that the additional polysialic acid may interfere with the 

ability of N-CAM to adhere to its substrate. This would confer greater mobility and 

freedom to neural and glial elements and facilitate rearrangement (for review see 

Garcia-Segura et al., 1994a; Theodosis et al., 1994). Several additional lines of evidence 

support a role for N-CAM in modulating plasticity in the arcuate nucleus. First, estradiol 

can promote morphological changes in glia cultured from the hypothalamus 

(Garcia-Segura et al., 1989b). The use of bacterial endoneuroaminidase to remove the 

polysialic acid from N-CAM on these glia has been shown to prevent this effect of 

estradiol (Garcia-Segura et al., 1995). Second, estradiol injection has been shown to 

increase the number of exoendocytotic images seen in neural membranes of arcuate 

neurons in addition to reducing the number of GABAergic synapses in the arcuate 

nucleus (Parducz et al., 1996). Studies in Aplysia demonstrate that synaptic plasticity is 

associated with an intemalization of apCAM (Bailey et al., 1992), and suggest that the 

exoendocytotic images seen following estradiol injection may represent intemalization of 
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N-CAM. The removal of this molecule from the cell surface would almost certainly alter 

cell adhesion, and could act as an impetus for synaptic rearrangement. Finally, steroid 

treatment has been shown to reduce the levels of an unidentified lectin-labeled 

glycopeptide in the membranes of arcuate neurons (Garcia-Segura et al., 1989a). The 

authors speculate that the glycopeptide reduced in this study may be N-CAM (Naftolin et. 

al., 1995). 

Role of the Arcuate Neurokinin B System 

Neurokinin B belongs to a family of peptides known as tachykinins. The 

tachykinins are characterized by the carboxy-terminal sequence Phe-X-Gly-Leu-Met-NH,. 

The decapeptide neurokinin B is the only tachykinin transcribed from the 

preprotachykinin II gene (Kotani et al., 1986; Bormer et al.. 1987; Nakanishi, 1987), 

although a number of other tachykinin peptides, including substance P. neurokinin A, and 

neuropeptide K, are transcribed from the related preprotachykinin I gene (Kimura et al.. 

1983; Nawa et al.. 1983; Kxause et al., 1987). Within the rodent central nervous system, 

neurokinin B is widely distributed and is found in the arcuate nucleus, the cerebral cortex, 

the hippocampal formation, the amygdaloid complex, the bed nucleus of the stria 

terminalis. the ventral pallidum, the habenula, the medial preoptic area, the magnocellular 

basal nucleus, the main olfactory bulb, the olfactory tubercle, the nucleus accumbens, the 

periaqueductal gray, the superior and inferior colliculus, the nucleus of the spinal 

trigeminal tract and the lateral mammillary bodies (Burgunder and Young, 1989; Lucas et 
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al., 1992; Marksteiner et al., 1992). There are currently three identified receptors for the 

tachykinins, NKl, NK2, and NK3. Although all the tachykinins will bind with some 

affinity to the three receptors, NKl is activated predominantly by substance P, NK2 by 

neurokinin A and neuropeptide K, and NK3 by neurokinin B (Lavielle et al., 1990). 

Neurokinin B neurons contain both estrogen (Ranee and Young, 1991) and 

androgen receptors (Ciofi et al., 1994), and respond robustly to changes in the levels of 

gonadal steroids by increasing gene expression and neuronal profile area (Ranee and 

Young, 1991; Akesson et al., 1991; Ranee and Bruce, 1994). These findings led Ranee to 

speculate that the neurons may play a role in mediating the negative feedback effects of 

gonadal steroids onto LHRH neurons (Ranee, 1992). In this model, reduced steroid 

hormone levels following gonadal dysfunction stimulate estrogen and/or androgen 

receptor containing neurokinin B neurons, which in tum stimulate LHRH neurons, 

ultimately leading to increased gonadotropin levels (Fig. 1.1). Support for this hypothesis 

comes fi-om Tsuro et al., who describes a tachykinin immunoreaetive input onto LHRH 

neurons in the rodent (Tsuruo et al., 1991). Future studies will be necessary, however, to 

determine whether neurokinin B can influence the activity of LHRH neurons. 

Role of the Arcuate Galanin System 

Galanin is a 29-amino acid peptide that is found in a wide variety of peripheral 

and central nervous system tissues. It is transcribed fi-om a single preprogalanin gene and 
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is initially synthesized as part of a large precursor peptide (Kaplan et al., 1988b). Within 

the central nervous system, galanin is found in the median eminence, the arcuate nucleus, 

the paraventricular nucleus, the periventricular nucleus, the premamillary nucleus, the 

supraoptic nucleus, the septum, the intermediate lobe of the pituitary and the spinal cord 

(Palkovits et al., 1987). Galaninergic axon terminals are present in the internal layer of 

the median eminence and in the external layer around the portal capillaries (Palkovits et 

al., 1987). The majority of these immunoreactive terminals originate from galanin 

neurons in the arcuate and paraventricular nuclei, with approximately 70% of arcuate 

galaninergic neurons projecting to the external layer (Merchenthaler, 1991b). Galanin has 

also been found in the hypophyseal portal plasma, suggesting that the terminals in the 

median eminence actively release galanin into the portal blood (Lopez et al., 1991). 

These findings have ultimately led to the conclusion that galanin acts as a 

hypothalamic-hypophysiotropic hormone (Lopez et al., 1991). Indeed, galanin has been 

implicated in modulating the release of several pituitary hormones, including growth 

hormone (Ottlecz et al., 1986; Murakami et al., 1987; Maiter et al.. 1990; Liposits et al.. 

1993), corticosterone (Tempel and Leibowitz, 1990), prolactin (Koshiyama et al.. 1987; 

Hrabovszky and Liposits, 1994) and luteinizing hormone (Sahu et al., 1987; Lopez et al., 

1991; Sahu et al., 1994). Galanin has also been shown to influence LHRH secretion and 

action on the pituitary (Lopez and Negro-Vilar, 1990; Merchenthaler et al., 1990; Lopez 

et al., 1991; Sahu et al., 1994). Additionally, it may play a role in the different modes of 
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LHRH release in males and females, since higher concentrations of galanin 

immunoreactivity are found in the median eminence of female rats (Gabriel et al., 1989). 

The participation of galanin neurons in regulating pituitary hormone secretion 

makes them a likely target for feedback effects of steroid hormones. Galanin gene 

expression, in fact, is stimulated by estrogen in the pituitary (Kaplan et al., 1988a; Gabriel 

et al., 1990; O'Halloran et al., 1990; Gabriel et al., 1993), hypothalamus (Kaplan et al.. 

1988a; Brann et a!., 1993) and median eminence (Gabriel et al., 1990). Testosterone has 

been shown to stimulate galanin gene expression in the hypothalamus as well 

(Delemarre-van de Wall et al., 1994), although this could be the result of aromatization of 

testosterone to estrogen. Furthermore, steroid hormones may act directly on galanin 

neurons to stimulate gene expression: double labeling studies indicate that approximately 

50% of galanin immunoreactive neurons contain estrogen receptors (Horvath et al.. 

1995). Taken together, these findings support the conclusion that arcuate galanin neurons 

play a role in feedback regulation in the hypothalamic-pituitary-gonadal axis. 

Neuroendocrine Control of the Anterior Pituitary Gland 

Another important population of neurons in the arcuate nucleus is the arcuate 

neuroendocrine neurons, a population that includes about 10-20% of all arcuate neurons 

(Danzer, unpublished observations). Neuroendocrine neurons are characterized by 

projections to one of the brains circumventricular organs. The circumventricular organs 
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are located around the median ventricular system, and include the subfornical organ, the 

organum vasculosum of the lamina terminalis, the area postrema, the neurohypophysis, 

the pineal body, the subcommissural organ, the choroid plexus and, the median eminence 

(Weindl, 1973). The circumventricular organs are highly-vascularized endocrine tissues 

which secrete a wide variety of hormones. To facilitate hormonal secretion, the 

vasculature of these organs is specialized: capillary endothelial cells are fenestrated and 

the blood brain barrier is absent. The fenestrations allow charged molecules to pass from 

the general circulation into the surrounding neural tissue, and conversely, the secretion of 

endocrine hormones into the bloodstream. 

Today it is clear that neuroendocrine neurons in the hypothalamus regulate 

anterior pituitary hormone secretions. This discovery, however, did not come easily. 

Early researchers knew that anterior pituitary hormone secretion was at least partially 

under neural control, since envirorunental stimuli (e.g. coitus in reflex ovulators) could 

induce ovulation. The mechanisms of this control, however, were unclear. The finding 

that reflex ovulation could still occur following cervical transections, combined v^th the 

lack of evidence for a significant neural connection to the anterior pituitary gland, led to 

the hypothesis that the gland must be regulated through a hormonal link (Hinsey and 

Markee, 1933). Anatomical studies had already identified a possible circulatory route by 

which secreted factors could target the pituitary. This consisted of two capillary plexuses, 

one located in the median eminence and one in the anterior pituitary, which are cormected 
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by a portal system. It wasn't until 1950, however, that it was convincingly demonstrated 

by lesioning studies that the portal system connecting the median eminence to the anterior 

pituitary gland was critical for gonadal function and menstrual cyclicity (Harris, 1950). 

Final confirmation of the hypothesis came in the 1970's, with the identification of factors 

produced in the hypothalamus that could stimulate LHRH release ft-om the anterior 

pituitary (Amoss et al., 1971; Matsuo et al., 1971). The preponderance of evidence now 

indicates that neuroendocrine neurons release hormonal factors into the capillary plexus 

located in the median eminence, and that these factors are then carried by the portal 

system to the anterior pituitary gland, where they stimulate or inhibit pituitary hormone 

release. 

A number of different neuropeptides and neurotransmitters are present within 

arcuate neuroendocrine neurons (Fig. 1.2), including growth hormone releasing factor 

(Merchenthaler et al., 1984b; Sawchenko et al., 1985; Daikoku et al.. 1986; Niimi et al., 

1989; Niimi et al., 1990; Niimi et al., 1991), a neurohormone which directly regulates the 

secretion of growth hormone (Merchenthaler et al., 1984b; Sawchenko et al.. 1985; 

Daikoku et al., 1986; Meister et al., 1989; Niimi et al., 1990; Niimi et al.. 1991; Dickson 

et al., 1993). Arcuate neuroendocrine neurons also contain dopamine (Ciofi et al., 1993; 

Horvath, 1998), GABA (Vincent et al., 1982; Tappaz et al., 1983) and galanin (Meister et 

al., 1989; Niimi et al., 1990; Merchenthaler, 1991b). Double labeling studies suggest that 

approximately 50% of arcuate neuroendocrine neurons contain galanin, 20-40% contain 
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GAB A, and 10% contain dopamine (Danzer, unpublished observations). These 

compounds are particularly relevant to the present discussion, as they all have been 

shown to modulate gonadotropin secretion from the anterior pituitary gland. For 

example, in the median eminence, tyrosine hydroxylase immunoreactive terminals make 

axo-axonic connections with LHRH terminals in proximity to portal vessels (Ajika, 1979; 

Kuljis and Advis, 1989; Contijoch et al., 1992). Because tyrosine hydroxylase is the rate 

limiting enzyme for the production of dopamine, this finding suggests that dopamine can 

influence LHRH release via presynaptic facilitation or inhibition. In fact, both 

norepinephrine and dopamine can modulate LHRH release from median eminence 

explants in vitro in a dose-dependent maimer (Negro-Vilar et al., 1979; Kuljis and Advis, 

1989; Contijoch et al., 1992). On the other hand, current research suggests that arcuate 

GABA-ergic neurons might be able to directly modulate luteinizing hormone release 

from the pituitary gland. Endogenous GABA receptor ligands have been identified in the 

portal blood (Mitchell et al., 1983) and secretion of luteinizing hormone from the anterior 

pituitary gland is stimulated by GABA^ receptor agonists (Anderson and Mitchell. 1986; 

Virmani et al., 1990), and is inhibited by GABAg receptor agonists (Anderson and 

Mitchell, 1986; Lux-Lantos et al., 1992). Galanin can also stimulate luteinizing hormone 

release from pituitary gonadotropins (Lopez et al., 1991). In addition, galanin enhances 

the ability of LHRH to stimulate luteinizing hormone release, suggesting that it may play 

a role in regulating gonadotropin levels (Lopez et al.. 1991). 
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The analysis of neuroendocrine neurons has been facilitated by the existence of 

several retrograde neuronal tracers which can selectively label these cells. Since the 

axons of neuroendocrine neurons terminate outside the blood-brain barrier, they have 

access to blood-borne substances that are not available to the majority of central neurons. 

Therefore, neuronal tracers which carmot cross the blood-brain barrier, such as 

horseradish peroxidase (Broadwell and Brightman, 1976), fast blue (van der Krans and 

Hoogland, 1983; Rho and Swanson, 1987) and FIuoro-Gold (Merchenthaler, 1991a), are 

picked up by the axon terminals of neuroendocrine neurons following systemic injections. 

The tracers are internalized from the synaptic cleft via endocytosis and are transported 

back to the cell body where they are stored in lysosomal vesicles (Schmued et al., 1989). 

In the present work, Fluoro-Gold was used to selectively label arcuate neuroendocrine 

neurons for subsequent analysis of the dendritic structure of these neurons. FIuoro-Gold 

is a substituted stilbene dye that exhibits bright fluorescence when excited with ultraviolet 

light and is resistant to fading. The dye is taken up by axon terminals but not by intact 

undamaged fibers of passage. Nor does the dye diffuse from labeled cells despite long 

survival times (Schmued and Fallon, 1986). The selectivity offered by this technique 

provides a considerable advantage over methods that randomly label neurons (e.g., 

Golgi). Because the arcuate nucleus is extremely heterogeneous in terms of cell types and 

connections, experimental manipulations that effect only subsets of arcuate neurons 

would be impossible to study without a more targeted approach. 
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The present work examines the influence of steroid hormones in modulating 

neuronal structure and function in the rodent arcuate nucleus. A primary goal of this 

work is to gain insight into the normal and pathological functioning of the 

hypothalamic-pituitary-gonadal axis. An important result of this line of research will be a 

better understanding of disorders that disrupt neuroendocrine systems, particularly 

menopause and andropause. To better achieve this end, a rodent model that exhibits 

many of the same changes as observed in postmenopausal women and aging men has 

been developed. Because diis model enables manipulations and experimental controls 

that are not feasible in human systems, it will directly advance neuroendocrine research. 

A second goal of the present work is to fiuther characterize the cellular mechanisms of 

steroid hormone action. The diversity of steroid hormone effects is extensive. Steroid 

hormones can interact with numerous types of classical steroid hormone receptors, which 

allow for both stimulation and inhibition of gene transcription (Paech et al., 1997). In 

addition, the recent identification of non-classical steroid hormone effects significantly 

expands the number of possible mechanisms by which steroids can influence target 

populations. The present studies seek to advance our knowledge of the neuronal systems 

influenced by steroid hormones and to further elucidate the mechanisms by which that 

influence is mediated. By further clarifying the adaptive capabilities of neurons we may 

begin to understand how plastic mechanisms are involved in the daily operations of the 

nervous system. 
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Figure 1.1. Hypothetical model demonstrating the role of the neurokinin B system in 

regulating gonadotropin secretion. ER = estrogen receptor. AR = androgen receptor. 

LHRH = luteinizing hormone releasing hormone. 
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Figure 1.2. Schematic representation of the basal hypothalamus and pituitary gland in 

saggittal section showing arcuate neuroendocrine neurons in contact with the capillary 

plexus in the median eminence. Thick arrows indicate the direction of blood flow. Gal = 

galanin. GtlF = growth hormone releasing factor. DA = dopamine. GABA = 

gamma-aminobutyric acid. NPY = neuropeptide Y. 
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Chapter Two 

STEROID HORMONES MODULATE THE SIZE AND GENE 

EXPRESSION OF NEUROKININ B NEURONS IN THE RAT 

ARCUATE NUCLEUS. 

Abstract 

Menopause is accompanied by neuronal hypertrophy and increased neurokinin B 

(NKB) gene expression in the human infundibular (arcuate) nucleus. We have 

hypothesized that these changes are secondary to withdrawal of gonadal steroids. In the 

present study, a rat model is used to determine if orchidectomy and hormone replacement 

alter the size and gene expression of arcuate NKB neurons. Galanin neurons were also 

examined because of previous data indicating steroid hormone modulation of these 

hypothalamic neurons. Four groups of adult male rats were examined (n = 7-8/group): 

intact; gonadectomized (GDX); GDX-plus-estrogen, and GDX-plus-testosterone. 

Physiological levels of steroid hormones were achieved using subcutaneous implantation 

of silastic capsules. All animals were sacrificed two months after GDX or sham 

treatment. Plasma levels of testosterone, estrogen, and luteinizing hormone were 

measured by radioimmunoassay. In situ hybridization was performed using 48-mer 

cDNA probes complementary to NKB or galanin mRNAs. An image-combining 
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computer-microscope system was used to measure cell size and count the number of 

labeled neurons. Gonadectomy significantly increased the number of neurons/section 

expressing NBCB mRNA in the rat arcuate nucleus (intact: 8.0 + 1.2; GDX: 13.3 + 0.7, 

mean + SEM). The mean profile area of arcuate neurokinin B neurons was also 

significantly increased in gonadectomized animals (113 + 5.0 |im") compared to intact 

controls (96 + 5.1 |am"). Both the increase in NKB neuron size and number of neurons 

was prevented by implantation of estradiol- or testosterone-containing capsules. In 

contrast to the NBCB system, no significant difference was detected in the numbers of 

neurons expressing galanin mRNA in any of the treatment groups. There were also no 

differences in the mean cell profile area of galanin neurons in castrate and testosterone 

replaced animals. The only significant finding was a reduced cell profile of galanin 

neurons in estrogen-treated rats (108.1 + 1.9 ^un") compared to in gonadectomized 

untreated animals (128.1 ±3.9 [J.m"). Thus, orchidectomy and steroid hormone 

replacement modulate NKB gene expression in the rat arcuate nucleus in a relatively 

selective fashion. These data provide strong support for the hypothesis that the 

hypertrophy and increased numbers of neurons expressing NKB gene transcripts in 

postmenopausal women are secondary to ovarian failure. 
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Introduction 

The ovarian failure of menopause is associated with enlargement of neurons in the 

human infimdibular (arcuate) nucleus (Ranee et al., 1990; Ranee and Young, 1991). The 

neiuronal hypertrophy in postmenopausal women occurs in a subpopulation of 

infundibular neurons expressing estrogen receptor gene transcripts as well as mRNAs for 

the tachykinins, neurokinin B (NKB) and substance P (Ranee et al., 1990; Ranee and 

Young, 1991). There are marked increases in tachykinin gene expression, suggesting that 

the activity of these neurons is increased in postmenopausal women (Ranee and Young, 

1991). In addition, the hypersecretion of luteinizing hormone is accompanied by an 

elevation in the cellular levels of luteinizing hormone releasing hormone mRNA within 

the medial basal hypothalamus (Ranee and Uswandi, 1996). Neuronal hypertrophy is 

also detected in the infimdibular nucleus of older men, but to a lesser extent than that of 

postmenopausal women (Ranee et al., 1993). This differential response between males 

and females correlates with the decreased amount of gonadal dysfunction in older men 

versus women (Ranee et al., 1993). 

We have hypothesized that the changes in size and gene expression of NKB 

neurons in the hypothalamus of older women is secondary to gonadal failure (Ranee and 

Young, 1991; Ranee, 1992). To test this hj^jothesis, the effects of ovariectomy on 

tachykinin neurons in the rat arcuate nucleus were previously examined (Ranee and 
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Bruce, 1994). Although ovariectomy induced a profound increase in arcuate NKB gene 

expression, there was no change in cell size, hi addition, the levels of NKB mRNA 

varied with the estrous cycle in a complex manner, presumably due to superimposed 

positive feedback effects of estradiol. The present study was designed to extend these 

findings by determining the effects of hormone withdrawal and replacement on arcuate 

NKB neurons in the male rat. Male rats were used to avoid the confounding effects of 

estradiol positive feedback. Because hypertrophy occurs in the hypothalamus of both 

older men and women (Ranee et al., 1993), it seemed likely that steroids would modify 

NKB neuronal function in both genders. 

A second goal of the present study was to determine if the mean profile area of 

arcuate galanin neurons is modified by gonadectomy and hormone replacement. Arcuate 

galanin neurons contain estrogen receptors (Horvath et al., 1995) and galanin gene 

expression is modified by steroid hormones (Brarm et al., 1993; Delemarre-van de Wall et 

al., 1994). We have recently described significant morphological changes in a 

subpopulation of arcuate neurons following long term castration in the adult male rat 

(Danzer et al., 1998). These changes occurred in the arcuate neuroendocrine neurons, a 

subset of arcuate neurons that accumulate Fluoro-Gold after intraperitoneal injection. In 

comparison to intact controls, arcuate neuroendocrine neurons in orchidectomized rats 

have significantly larger somatic profile areas and exhibit significant increases in dendrite 

length, dendrite volume, terminal branch number, and dendritic spine density. Because 
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arcuate galanin neurons accumulate FIuoro-Gold (Lopez et al., 1991), we postulated that 

the morphology of these neurons may also be modified by gonadal steroids. 

Materials and Methods 

Animals and Tissue Preparation 

Thirty-tvvo 250 gram, male Sprague-Dawley rats (Harlan Sprague-Dawley, 

Indianapolis. IN) were fed food and water ad libitum. They were housed in groups of 3 

and maintained under a 12-hour light/dark cycle (lights on at 7:00 a.m.). Animal 

protocols were approved by the University of Arizona Institutional Animal Care and Use 

Committee and conformed to NIH guidelines. The animals were randomly divided into 

four treatment groups: sham-operated (intact); gonadectomized (GDX); 

GDX-plus-testosterone (GDX + T), and GDX-plus-estradiol (GDX + E,). Animals were 

gonadectomized using a ventrolateral abdominal approach under metofane anesthesia and 

received subcutaneous implantation of empty silastic capsules (Dow Coming, Midland, 

MI; irmer diameter, 1.57 mm; outer diameter, 3.18 mm). Sham-operated animals 

received the same surgical incisions and empty capsules but the testes were not removed. 

Animals in the hormone replaced groups were gonadectomized and immediately 

implanted with subcutaneous silastic capsules containing either crystalline testosterone 

(30 mm in length) or estradiol (3 mm in length). The capsules were replaced after 1 
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month. Two months after gonadectomy or sham procedure the rats were sacrificed by 

decapitation and trunk blood collected for radioimmunoassay. The brains were rapidly 

removed and coronal blocks containing the arcuate nucleus were dissected using a rodent 

brain matrix (ASI Instruments Inc., Warren, Mich., USA). The blocks were snap frozen 

in isopentane and stored at -SCC. 

Radioimmunoassay 

Testosterone and estrogen levels in serum were measured using Coat-A-Count 

Total Testosterone and Estradiol Double Antibody kits, respectively (Diagnostic Products 

Corporation, Los Angeles. CA). The lower limit of detection was 0.04 ng/ml for 

testosterone, and 1.4 pg/ml for estradiol. Tri-level human serum-based immunoassay 

controls were used with each kit (Diagnostic Products). Luteinizing hormone (LH) levels 

were determined by standard double-antibody radioimmunoassay with NIDDK kits 

generously provided by Dr. A.F. Parlow and the National Hormone and Pituitary 

Program. The lower limit of detection for LH was 0.02 ng/ml, and the intraassay 

coefficient of variation was 5.4%. NIDDK-rLH-RP-3 was used as the reference 

preparation. For each hormone, all of the samples were measured in a single assay. 

Hybridization Histochemistry 

The hypothalamic tissue blocks containing the arcuate nucleus were serially 

sectioned in a cryostat (12 |im), and the sections were thaw-mounted onto gelatinized 
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slides. The probes were manufactured in an automated DNA synthesizer (Model 3 80A, 

Applied Biosystems Incorporated) and purified on polyacrylamide electrophoresis gels. 

The neurokinin B probe was targeted to bases 361-408 of the Preprotachykinin B gene 

(Bonner et al., 1987) and the galanin probe to bases 228-271 of the rat preprogalanin gene 

(Kaplan et al., 1988b). Probes were labeled with a-^'S-dATP (>1,000 Ci/mmol) via an 

enzymatic reaction with terminal deoxynucleotide transferase (Boehringer-Mannheim). 

Prior to hybridization, the tissue sections were fixed in 4% formaldehyde for 10 minutes 

and placed in 0.25% acetic anhydride in O.I M triethanolamine for 10 minutes. The 

slides were then dehydrated through a series of alcohols and chloroform. After the slides 

dried, the sections were incubated overnight at 37°C in 60 jil of hybridization buffer 

containing approximately 1-2 x 10® cpm of labeled probe. The sections were washed four 

fimes with 2 x SSC (Life Technologies, Inc.. Grand Island, NY)/50% formamide at 40"C 

and then twice in SSC (3 M NaCl and 0.3 M Na citrate) at room temperature. The 

sections were briefly dipped in water followed by 70% ethanol and allowed to dry. The 

slides were then dipped into NTB3 Emulsion (1:1 with water, Eastman Kodak, Rochester. 

NY) and stored in light tight boxes at 4°C. Slides were periodically developed to monitor 

the progress of the exposure. Optimal exposure time was two months for neurokinin B 

and two weeks for galanin. After developing, the slides were Nissl-stained, dehydrated 

and cleared in alcohols and xylenes, and coverslipped. 
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Controls included identical hybridization procedures with NKB and galanin sense 

probes targeted to the same regions of DNA. Hybridization with these probes, as well as 

incubation of tissue sections in buffer without probes, produced no specific staining of 

hypothalamic sections. In addition, the distributions of NKB and galanin mRNAs in rat 

hypothalamus were similar to previously described studies using immunocytochemical 

methods (Merchenthaler et al., 1992; Lucas et al., 1992; Palkovits et al., 1987; 

Akabayaskhi et al., 1994) or in situ hybridization procedures (Warden and Young, 1988; 

Lucas et al., 1992; Akesson et al.. 1991; Akabayaskhi et al., 1994). 

Computer Microscopy 

All microscope slides were coded prior to examination to prevent experimenter 

bias. Two representative arcuate nucleus sections per animal were matched corresponding 

to plate 29 of the Paxinos and Watson Rat Brain Atlas (Paxinos and Watson. 1986). The 

arcuate nucleus was digitized bilaterally in each section, yielding a total of four arcuate 

nucleus fields per animal. The slides were analyzed using an image-combining computer 

microscope (Neurolucida Software, Microbrightfield Inc.. Baltimore. Maryland) equipped 

with a Zeiss 4X objective and a Zeiss 63X (NA=1.25) oil immersion objective. The 4X 

objective was used to digitize the boundary of the arcuate nucleus, while the 63X 

objective was used to map out the location of labeled neurons within the arcuate nucleus. 

The somatic perimeter of each labeled arcuate neuron was also digitized using the 63 X 

objective so that mean profile areas could be calculated. A neuron was considered 
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labeled if the number of silver grains over the neuron exceeded five times background 

(Arnold, 1980). 

Data Analysis 

For statistical analysis, the mean number of labeled neurons/arcuate section and 

the mean profile area of labeled neurons was calculated for each animal. These values 

were used to calculate the mean for each experimental group. Group means were 

compared using a one-way analysis of variance and Tukey's HSD Multiple-Comparison 

Test with a = 0.05. Pearson Product Moment Correlation coefficients were also 

calculated for selected variables. 

Results 

Radioimmunoassay 

The results of the hormone assays are listed in Table 1. The serum testosterone 

level of intact rats was 1.6 + 0.4 ng/ml (mean + SEM) whereas testosterone was below 

detectable levels in the GDX and GDX + E groups. Implantation of a 30 mm 

subcutaneous testosterone capsule in GDX rats resulted in elevated serum levels of 

testosterone (6.6 + 2.6 ng/ml) but these values were not significantly different fi-om intact 

animals. Serum estradiol levels were elevated to 125.7 + 28.7 pg/ml with estradiol 

capsules and 73.6 + 30.9 pg/ml with testosterone capsules. Baseline LH levels in intact 
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rats were 1.45 + 0.28 ng/ml and increased to 26.7 + 1.5 ng/ml after gonadectomy. Both 

estrogen and testosterone replacement reduced serum LH to intact levels. 

In situ hybridization 

Photomicrographs of NBCB and galanin-labeled neurons in the arcuate nucleus are 

shown in Fig. 1. Maps of NKB labeled neurons within the arcuate nucleus of each group 

is shown in Fig. 2. Neurons containing NKB mRNA were identified within the arcuate 

nucleus, habenula, hippocampus, neocortex and amygdala consistent with previous 

studies (Harlan et al., 1989; Warden and Young, 1988; Ranee and Bruce, 1994). 

Castration significantly increased the number of neurons expressing NKB mRNA in the 

rat arcuate nucleus (Intact, 8.0 + 1.2 vs GDX, 13.3 + 0.7 NKB neurons/section, mean + 

SEM, Figs. 2 and 3). Treatment with either testosterone or estrogen in castrate animals 

significantly reduced the number of neurokinin B neurons/arcuate nucleus section to 

intact control levels. Further analysis revealed a negative correlation between serum 

estrogen levels and neurokinin B neuron number across treatment groups (r = -0.56. p< 

0.001). There was also a strong positive correlation (r = 0.80, p< 0.001) between 

luteinizing hormone levels and NKB neuron number. 

The mean profile area of neurokinin B neurons was also significantly increased by 

orchidectomy (Fig. 3). Profile area was greatest in GDX animals (113.5 + 5.0 pm") and 

was significantly reduced by testosterone treatment (95.4 + 2.4 lam*). Estrogen treatment 
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did not significantly effect mean profile area (100 + 5.6 (im-). There was also a strong 

positive correlation (r = 0.58, p <0.001) between mean profile area of NKB neurons and 

serum luteinizing hormone. 

Neurons expressing galanin gene transcripts were identified in the arcuate 

nucleus, the paraventricular nucleus and the supraoptic nucleus consistent with previous 

studies (Fig. IB) (Merchenthaler et al., 1993). The were no significant differences in the 

number of galanin mRNA-containing neurons/arcuate nucleus section in any of the 

treatment groups (Fig. 4). The mean profile area of galanin mRNA-containing neurons 

from estrogen treated animals was significantly smaller than that of the castrate group 

(Fig. 4). There were no significant differences, however, in mean profile area between 

GDX , intact and GDX + T treated animals. 

Discussion 

The present study shows that gonadectomy increases the number of NKB mRNA 

containing neurons in the arcuate nucleus of the male rat. This increase is prevented 

when orchidectomy is combined with subcutaneous capsules producing physiological 

levels of either testosterone or estrogen. The mean profile area of arcuate NKB neurons 

was also modified in a similar fashion by gonadectomy and hormone replacement. These 
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data add strong support to the hj^othesis that hj^jertrophy and increased gene expression 

of hypothalamic NKB neurons in postmenopausal women is secondary to the loss of 

gonadal hormones. 

The results are consistent with a previous demonstration that ovariectomy 

increases arcuate NKB gene expression in the female rat (Ranee and Bruce, 1994). In 

addition, the cellular levels of NKB mRNA are markedly suppressed by hormone 

replacement in the arcuate nucleus of ovariectomized cynomolgus monkeys (Abel et al. 

1996). These findings are also supported by immunocytochemical studies showing that 

continuous estrogen treatment reduces the expression of the NKB peptide in the arcuate 

nucleus of ovariectomized rats (Akesson et al.. 1991). Thus, gonadectomy and steroid 

replacement are effective in modulating NKB neurons in both male and female genders. 

In the present study, both estrogen and testosterone capsules resulted in changes in NKB 

gene expression. Because testosterone is aromatized into estrogen in vivo, the modulation 

of NKB neurons may be attributed solely to the effects of estrogen To determine if 

androgens are equally effective in changing NKB gene expression, further studies will be 

necessary using implantation of an unaromatizable androgen. 

In contrast to the NBCB system, there was no significant change in the number of 

neurons expressing galanin mRNA. In addition, no significant differences were detected 

in the mean profile area of galanin neurons between intact and gonadectomized rats. The 
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only significant change in the galanin system was a reduction in the mean profile area of 

neurons in castrate rats treated with estradiol. Thus, the effects of orchiectomy on 

neuropeptide gene expression in the rat arcuate nucleus appear to be relatively selective 

for the NKB system. 

The tachykinin family of peptides includes substance P (SP), neurokinin A 

(NKA), neurokinin B (NKB), neuropeptide K (NPK) and neuropeptide y (NPy) 

(Nakanishi, 1987). SP. NKA, NPK and NPy are derived from the preprotachykinin A 

gene whereas NKB is derived from the preprotachykinin B gene (Nawa et al.. 1984). 

Several earlier immunocytochemical studies of arcuate tachykinin neurons used 

antibodies directed to the C-terminal end (Milner and Pickel. 1986; Akesson and 

Micevych, 1988; Tsuruo et al., 1983; Tsuruo et al., 1984; Tsuruo et al.. 1987). Because 

the tachykinins are characterized by a highly conserved carboxy-terminal amino-acid 

sequence (Maggio, 1988), these studies have been hampered by difficulties in 

distinguishing among members of the tachykinin family. In the current in situ 

hybridization study, we could differentiate between SP and NKB neurons through the use 

of probes targeted to non-homologous regions of the preprotachykinin A or B genes 

(Warden and Young, 1988). The use of this method has previously demonstrated that 

NKB is the predominant tachykinin in the rat arcuate nucleus (Akesson et al.. 1991; 

Ranee and Bruce, 1994). Thus, the earlier descriptions of estrogen receptors in the 

arcuate tachykinin neurons of the female rat (Milner and Pickel, 1986; Akesson and 
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Micevych, 1988) and the studies showing alterations in the morphology of arcuate 

"SP"-inimunoreactive neurons with various endocrine states (Tsuruo et al., 1983; Tsuruo 

et al., 1984; Tsuruo et al., 1987), were most likely examining the same population of 

NKB neurons as in the present study. 

The response of arcuate NKB neurons to orchidectomy (increased cell number 

and cell area) is remarkably similar to the changes in NKB neurons in the hypothalamus 

of postmenopausal women (Ranee and Young, 1991). In addition, increased 

hypothalamic LHRH gene expression and gonadotropin hypersecretion is observed in 

both long term orchidectomized rats (Spratt and Herbison, 1997) and postmenopausal 

women (Ranee and Uswandi, 1996). These data suggest that arcuate NBCB neurons may 

play a role in the hypothalamic circuitry regulating steroid negative feedback in both rats 

and humans. This concept is supported by the finding of androgen receptors in arcuate 

NKB neurons in rats (Akesson and Micevych, 1988; Ciofi et al., 1994) and colocalization 

of estrogen receptor and NKB mRNAs in the human hypothalamus (Ranee and Young, 

1991). Of great interest are ultrastructural studies that have demonstrated the presence of 

tachykinin-immunoreactive synaptic terminals contacting LHRH neurons in the rat 

hypothalamus (Tsuruo et al., 1991). Although numerous studies have examined the 

effects of SP on LH release, little is known about the role of NKB in gonadotropin 

secretion. 
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Table 2.1; Serum testosterone, estradiol, and luteinizing hormone concentrations in intact, 
gonadectomized (GDX), gonadectomized + testosterone (GDX + T) and GDX + Estradiol 
(GDX -I- E-,) treated male rats. 

Testosterone 
(ng/ml) + SEM 

Estradiol 
(pg/ml) + SEM 

Luteinizing Hormone 
(ng/ml) ± SEM 

Intact 1.6 ±0.4 ND 1.45 ±0.3 

GDX ND* ND 26.71 ± 1.5** 

GDX + T 6.6 ± 2.6 73.6 ±30.9 0.82 ±0.1 

GDX + E, ND 125.7 ±28.7 4.97 ± 2.6 

*ND = not detectable **Significantly different from all other groups. 
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Fig. 2.1: Representative photomicrographs of neurons containing neurokinin B (top) or 

galanin (bottom) mRNAs in the rat arcuate nucleus. Scale bar = 50 |im. 
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Fig. 2.2: Computer-assisted maps of neurons containing neurokinin B mRNA in the 

arcuate nucleus of intact, gonadectomized (GDX), gonadectomized-plus-testosterone 

(GDX + T) and gonadectomized plus estradiol (GDX + E,) treated rats. The third 

ventricle (3v), median eminence and arcuate nuclei are shown. Each dot represents one 

labeled neuron. Scale bar = 500 jim. 
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Figure 2.3: Mean number of neurons per section (top) and cell profile area (bottom) of 

NKB neurons in the arcuate nucleus of intact, gonadectomized (GDX), gonadectomized 

plus testosterone (GDX + T) and gonadectomized plus estradiol (GDX + E^) male rats. 

* Significantly different from GDX. 
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Figure 2.4: Mean number of neurons per section (top) and cell profile area (bottom) of 

galanin neurons in the arcuate nucleus of intact, gonadectomized (GDX), gonadectomized 

plus testosterone (GDX + T) and gonadectomized plus estradiol (GDX + E,) male rats. * 

Significantly different from GDX. 
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Chapter Three 

DENDRITIC GROWTH OF ARCUATE 

NEUROENDOCRINE NEURONS FOLLOWING 

ORCHIDECTOMY IN ADULT RATS 

Abstract 

Recent studies liave shown that changes in dendritic architecture are an important 

component of functional plasticity in the adult central nervous system. In the present 

study, we determined if gonadectomy induces changes in dendritic architecture in the 

arcuate nucleus, a target tissue for gonadal hormones. A combination of retrograde 

labeling with systemically injected Fluoro-Gold and intracellular injection of neurons in a 

fixed slice preparation was used to examine the morphology of neuroendocrine neurons 

in the rat arcuate nucleus. Intracellullary-filled arcuate neuroendocrine neurons (8-21 

neurons per brain) from intact (N=5) and orchidectomized 0^=5) animals were 

reconstructed with the aid of a computer microscope. A quantitative analysis revealed 

that orchidectomy had no effect on the number and distribution of Fluoro-Gold-labeled 

neuroendocrine neurons in the rat arcuate nucleus. The morphology of arcuate 

neuroendocrine neurons in intact animals was relatively simple, with the majority of 

neurons (79%) having only two primar>' dendrites and few dendritic spines. In 
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comparison to intact controls, arcuate neuroendocrine neurons in the orchidectomized 

group had significantly larger somatic profile areas and exhibited significant increases in 

dendrite length, dendrite volume, terminal branch number, and spines per unit length of 

dendrite. The increase in terminal branch number in orchidectomized animals was 

primarily due to the appearance of short branches giving a striking, claw-like appearance 

to many of the distal dendrites. These results provide evidence for hormonal regulation 

of dendritic morphology of arcuate neuroendocrine neurons in adult mammals. 
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Introduction 

Recent studies in the adult vertebrate nervous system have shown that neuronal 

circuits are capable of significant structural modifications in response to changes in the 

hormonal milieu. Such changes include alterations in soma size (Ranee et al., 1990; 

Ranee and Young, 1991; Sasaki and Arnold, 1991), dendrite length (DeVoogd and 

Nottebohm, 1981; Kurz et al., 1986), the density of dendritic spines (Gould et al.. 1990; 

Frankfurt et al., 1990; Woolley and McEwen, 1993) and synapse number (Chung et al., 

1988). The heterogeneity of nervous system structures affected, ranging from the 

hippocampus (Woolley and McEwen. 1993) to the spinal nucleus of the bulbocavemosis 

(Kurz et al., 1986; Sasaki and Arnold, 1991), suggests that changes in neuronal 

morphology are a common mechanism underlying functional plasticity in the adult central 

nervous system. 

The present study examines the effects of orchidectomy on the dendritic 

architecture of neuroendocrine neurons in the arcuate nucleus of adult rats. We focused 

on the arcuate nucleus because it is a target tissue for gonadal steroids (Pfaff and Keiner. 

1973; Pfaffet al., 1976; Simerly et al., 1990; Ranee etal., 1990; Li etal., 1993) and has 

been shown to undergo morphological changes in response to castration in both rats 

(Brawer, 1971; King et al., 1974; Price et al., 1976) and monkeys (Leranth et al., 1991). 

Furthermore, in the human, withdrawal of gonadal steroids is associated with a striking 



70 

hypertrophy of neurons in the infundibular (arcuate) nucleus in both males (Ule et al., 

1983; Ranee et al., 1993) and females (Sheehan and Kovacs, 1966; Ranee et al., 1990; 

Ranee and Young, 1991). Although the marked increase in somatic area suggests that 

parallel changes could occur in the dendritic tree, there are no studies that have addressed 

this question. 

The arcuate nucleus is located in die medial-ventral hypothalamus in close 

proximity to the median eminence and hypophysis. This nucleus plays an important role 

in the regulation of the estrous cycle, sexual behavior, sexual differentiation, and adrenal 

and thyroid function (for a review see Chronwall, 1985). In addition, a subpopulation of 

neurons within the arcuate nucleus (arcuate neuroendocrine neurons) project to the 

primary capillary plexus of the median eminence (Bodoky and Rethelyi, 1977; Wiegand 

and Price, 1980; Van den Pol and Cassidy, 1982; Lechan et al.. 1982; Rethelyi, 1985) to 

directly modulate the secretion of several anterior pituitary hormones including prolactin 

(Ben-Jonathan et al.. 1989) and growth hormone (Merchenthaler et al.. 1984b; 

Sawchenko et al., 1985; Daikoku et al., 1986; Meister et al., 1989; Niimi et al., 1990; 

Niimi et al., 1991; Dickson et al., 1993). Arcuate neuroendocrine neurons also contain 

neuropeptides and neurotransmitters (Vincent et al., 1982; Tappaz et al., 1983; Meister et 

al., 1989; Niimi et al., 1990; Merchenthaler, 1991b; Ciofi et al., 1993) that have been 

shown to modulate gonadotropin secretion from the anterior pituitary gland (Ajika, 1979; 

Negro-Vilar et al., 1979; Mitchell et al., 1983; Anderson and Mitchell, 1986; Kuljis and 
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Advis, 1989; Virmani et al.. 1990; Lopez et al., 1991; Lux-Lantos et al., 1992; Contijoch 

etal., 1992). 

The target of arcuate neuroendocrine neurons is the median eminence, which like 

other circumventricular organs, lacks a blood-brain barrier (Weindl, 1973). Arcuate 

neuroendocrine neurons that project to the median eminence have access to blood-bome 

substances that are not available to the majority of central neurons. Several retrograde 

tracers that do not cross the blood-brain barrier, including horseradish peroxidase 

(Broadwell and Brightman, 1976), fzist blue (van der Krans and Hoogland, 1983; Rho and 

Swanson, 1987), and Fluoro-Gold (Merchenthaler, 1991a), will selectively label 

neuroendocrine neurons after systemic injections. In the present study, intraperitoneal 

injection of Fluoro-Gold was combined with intracellular injection in a fixed-tissue slice 

preparation (Rho and Swanson, 1987; Buhl et al., 1989; Buhl et al., 1990; Hill and Oliver. 

1993) to examine the effects of long-term orchidectomy on the dendritic morphology of 

arcuate neuroendocrine neurons in adult rats. Portions of this work have appeared in 

abstract form (Danzer et al. 1995; Danzer et al. 1996). 
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Materials and Methods 

Fluoro-Gold labeling in the arcuate nucleus of intact and orchidectomized rats 

Ten adult male Sprague-Dawley rats (Harlan Sprague Dawley, Inc.) weighing 

200-300 g were maintained on a 12 hours on/12 off light cycle and provided with food 

and water ad libitum. Animal protocols were approved by the University of Arizona 

Institutional Animal Care and Use Committee and conformed to NIH guidelines. 

Individual rats were randomly assigned to one of two groups: Five rats were 

orchidectomized using a ventrolateral abdominal approach and five received sham 

surgery. Metofane anesthesia was used for surgery in both groups. After a two month 

survival, period the animals were injected intraperitoneally with 20mg/kg Fluoro-Gold 

dissolved in 1.0 ml 0.9% sterile saline. One rat was excluded from the study due to a 

failed injection (the Fluoro-Gold was injected into the intestine). Four days later the 

animals were deeply anesthetized with sodium pentobarbitol (115mg/kg i.p.) and 

perfused with 100 ml of O.IM phosphate buffered saline (PBS) containing I unit of 

heparin/ml. The animals were then perfused with 400 ml of 4% paraformaldehyde. 

Following perfusion, the brains were removed and postfixed in 4% paraformaldehyde for 

4 hours at 4°C and then cryoprotected in a solution of 20% sucrose and 3% polyethelene 

glycol in O.IM PBS for at least 24 hours. The hypothalamus was dissected with the aid of 

a rat brain matrix (ASI Instruments, Warren, MI) and frozen-sectioned in the coronal 

plane (50 [im thickness) using a sliding microtome (AO Instrument Co., Buffalo, NY). 
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The sections were mounted onto gelatinized slides, dehydrated in an ascending alcohol 

series, cleared in xylenes, and coverslipped with Fluoromount (Gurr, Poole, England). 

Three representative sections through the arcuate nucleus were chosen from each animal, 

corresponding to plates 26 (anterior), 30 (middle), and 34 (posterior) of the Paxinos and 

Watson rat brain atlas (Paxinos and Watson, 1986). Camera lucida drawings of the 

arcuate nuclei in these sections were made using a Zeiss Standard microscope equipped 

with a drawing tube, epifluorescent illumination and a 25X Zeiss-planapochromat lens. 

The location of all Fluoro-Gold labeled neurons as well as ventricular and pial borders 

were traced onto black paper using a white ink pen (Katz, 1993). The camera lucida 

drawings were digitized with a Summagraphics II bitpad and imported into CorelDraw 

Software to produce the final maps. The number of neurons per arcuate nucleus section 

was counted and an average for each of the three levels (anterior, middle and posterior) 

was calculated for each animal. The averages for each animal were then used to calculate 

group means. The group means were compared using a two-tailed t-test. 

Intracellular Injection of Fluoro-Gold Labeled Neurons. 

A total of 10 adult male Sprague-Dawley rats (Harlan Sprague Dawley, Inc.) 

weighing 200-300 g were maintained on a 12 hours on/12 off light cycle. The rats were 

provided with food and water ad libitum. Animal protocols were approved by the 

University of Arizona Institutional Animal Care and Use Committee and conformed to 

NIH guidelines. The animals were divided into five blocks with two animals per block. 
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Within each block, animals were randomly assigned to either experimental or control 

groups. Metofane anesthesia was used for surgery in both groups. Animals in the 

experimental group were orchidectomized using a ventrolateral abdominal approach. 

Control animals received the surgical incisions but the testes were not removed. Each 

block was run independently, and the two animals in each block were housed together 

after surgery. 

The animals were killed two months after orchidectomy. Four days prior to 

sacrifice, the animals were injected intraperitoneally with Fluoro-Gold (20 mg/kg, 

Fluorochrome, Inc.) dissolved in 0.9% saline. The animals were deeply anesthetized with 

sodium pentobarbital (115 mg/kg) and perftised intracardially with 60 ml of 0.1 M 

phosphate-buffered saline (PBS) with heparin added (1 unit/ml) followed by 800 ml of 

4% paraformaldehyde in 0.1 M PBS. The brains were removed and stored in the same 

fixative for an additional 2-4 hours at 4°C. After removal, the brains from the two 

animals in each block were coded so that dye injection and cell reconstruction could be 

performed without knowledge of the animal's treatment group. In preliminary trials, it 

was found that sagittal sections contained fewer arcuate neurons with cut dendrites than 

coronal sections. Therefore, serial 250 |am thick sagittal sections through the entire brain 

were cut using a tissue slicer (Campden Instruments) and collected in PBS. The tissue 

sections were stored at 4°C in 0.1M PBS for as long as 4 days prior to dye injection. 
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In preparation for intracellular dye injection, slices were mounted between two 

supporting pieces of nylon mesh in a bath of 0. IM PBS. They were then placed on a 

Zeiss ACM Fixed Stage microscope equipped with epifluorescent illumination and filter 

sets for Lucifer yellow (Zeiss) and Fluoro-Gold (Omega Optical). FIuoro-Gold-labeled 

cells were viewed using a Nikon 40X (NA= 0.55) long working distance water immersion 

objective. Glass microelectrodes, pulled on a Flaming/Brown micropipette puller (Model 

P-87), were used to impale Fluoro-Gold labeled cells under visual control with the aid of 

a Narashige hydraulic microdrive. The electrodes were filled with a cocktail composed of 

0.5% Lucifer yellow, 1% biotinylated Lucifer yellow, and 2.5% biocytin (all obtained 

from Molecular Probes, Inc.) in deionized H^O. Pilot studies revealed that this cocktail 

significantly increased the probability of obtaining successful fills. Cells were filled with 

direct negative current for 3-10 minutes (to eject Lucifer yellow and biotinylated Lucifer 

yellow), followed by direct positive current for 3-10 minutes (to eject biocytin). The 

slices were post-fixed for 45 minutes in 0.1% gluteraldehyde at room temperature, 

followed by 4% paraformaldehyde overnight at 4''C. The intracellular injection of 

Fluoro-Gold labeled neurons was concentrated to a region approximately 100-500 |j,m 

lateral to the 3rd ventricle and 100-500 |am superior to the ventral pial surface of the 

brain. In the sagittal plane, Fluoro-Gold-labeled neurons were filled throughout the 

extent of the arcuate nucleus. To reduce sampling bias in the intracellular dye fill 

experiments, individual neurons were systematically chosen for injection in order to 
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evenly fill the entire sampling area. The experimenter was blind to treatment groups 

during this and all subsequent procedures. 

Tissue slices were processed to convert the biocytin and biotinylated Lucifer 

yellow to a reaction product visible with brightfield microscopy. In order to enhance 

reagent penetration, slices were dehydrated in ascending ETOH (to 100%), rehydrated. 

rinsed in 0.1 M PBS and then placed in collagenase (Boehringer Maimheim 

colIagenase,lmg/ml) in 0.1 M PBS for one hour. After a 30-45 minute treatment with 1% 

to inhibit endogenous peroxidase activity, the slices were incubated overnight in 

120 ul Vector ABC Elite reagent/10 ml O.IM PBS with 1% Triton X-100 (Sigma) at 4°C. 

After incubation, slices were reacted with a filtered solution of 0.05% 

3,3'-diaminobenzidine tetrahydrochloride (Sigma) and 0.003% HiO, in cold dionized 

HjO. To avoid shrinkage artifacts induced by dehydration (Grace and Llinas. 1985), 

slices were cleared and mounted in dimethyl sulfoxide (Sigma) under coverslips sealed 

with silicone caulk. Approximately 60 neurons were impaled and injected in each 

animal. Of these, an average of 13 neurons/animal (range: 8-21) was of sufficient 

quality for 3-dimensional reconstruction. A total of 62 neurons from five sham-operated 

animals and 71 neurons from five castrate animals were reconstructed. 
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Computer reconstruction of arcuate neuroendocrine neurons. 

Individual neurons were reconstructed in three dimensions using an 

image-combining computer microscope (Neurolucida Software, Microbrightfield Inc., 

Baltimore, Maryland) equipped with a Zeiss 63X (NA=1.25) oil immersion objective. 

Well-filled neurons with no cut or incompletely-filled dendrites were reconstructed if 

their dendrites could be easily followed to their terminations within the section. To avoid 

biasing the study toward neurons with short dendrites, neurons with truncated dendritic 

processes were also traced if they had at least one well-filled dendrite whose branches 

terminated within the tissue section. Neurons in this group were selected using a random 

number table, and comprised approximately seventy percent of all neurons reconstructed. 

The perimeter of the soma as well as the dendrites were digitized in the form of short 

chords. Dendrite diameter and the number of spines were also encoded in the 

reconstructions. Spines were defined as all protrusions that extended 5 fim or less from 

the dendrite shaft (Peters and Kaiserman-Abramof, 1970). All dendritic processes greater 

than 5 |a.m in length were encoded as branches. Spine density was calculated by dividing 

the number of spines per neuron by total dendrite length. The computer microscope 

reconstructions were used to calculate soma area, number of primary dendrites, total 

dendrite length, dendrite volume, number and length of terminal branches per dendrite 

and spine number per dendrite length. Analysis of dendrite length, dendrite volume, and 

terminal branch number were carried out only on complete dendrites. Results were 

analyzed using a hierarchical (nested) analysis of variance. The nested analysis of 
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variance takes into account the variance component within animals in testing for the 

presence of significant differences between groups (Uylings et al., 1989). A detailed 

description of this design can be found in Sokal and Rohlf (1981). 

Results 

Orchidectomy does not alter the number or distribution of Fluoro-Goid labeled 

neurons in the arcuate nucleus 

Intraperitoneal injections of Fluoro-Gold resulted in labeling of neuroendocrine 

neurons in the arcuate, supraoptic and paraventricular nuclei as previously described 

(Silverman et al., 1990; Merchenthaler, 1991a). The boundaries of the arcuate 

nucleus/median eminence complex were sharply demarcated by bright Fluoro-Gold 

labeling (Fig. 1). Although no quantitative measures were obtained, we estimate that 

approximately 15-20% of arcuate neurons were labeled with this procedure. In addition 

to neuroendocrine neurons, arcuate astrocytes and third ventricular tanycytes were also 

labeled by the Fluoro-Gold injections. The Fluoro-Gold labeling of arcuate neurons in 

uncleared tissue sections proved to be sufficiently bright so that these neurons could be 

reliably targeted and impaled with microelectrodes (Fig. 2). 
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In the anterior and mid-levels of the arcuate nucleus, the Fluoro-Gold labeled 

neurons were scattered in an arc-shape with a prominent dorsomedial cell group adjacent 

to the third ventricle (Figs. 1, 3). Few Fluoro-Gold labeled neurons were identified 

widiin the median eminence. Tanycytes and astrocytes, however, were frequently 

labeled in this region. In the posterior arcuate nucleus, the arcuate shape of the labeled 

cells became less distinct and there was an increased number of labeled neurons at the 

base of the brain (Fig. 3). Results from the quantitative analysis of the effects of 

orchidectomy on Fluoro-Gold labeling in the arcuate nucleus are shown in Table 1. 

Fluoro-Gold injections labeled an average of 131.2 neurons/section in intact animals, a 

mean that was not significantly different from that of gonadectomized animals (mean = 

126.9 neurons/section). In addition, comparable numbers of labeled neurons in intact 

and gonadectomized animals were found at three different locations within the arcuate 

nucleus (Table I). Camera lucida drawings of the distribution of Fluoro-Gold labeled 

neurons within the arcuate nucleus of intact and gonadectomized animals are shown in 

Figure 3. No qualitative differences were observed in the distribution or labeling 

intensity of Fluoro-Gold neurons between the two groups. 

A scatterplot showing the location of the intracellularly-injected and 

computer-reconstructed neurons in intact and castrate animals is shovm in Figure 4. 

These data reveal that reconstructed neurons were distributed throughout the 
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anterior-posterior extent of the arcuate nucleus and that there was no difference in the 

location of reconstructed neurons between intact and castrate animals. 

Normal morphology of arcuate neuroendocrine neurons 

A photomicrograph of arcuate neuroendocrine neurons from an intact animal is 

shown in Figure 5 and computer microscope reconstructions of neurons from intact 

animals are shown in Figures 6 and 7. The majority of arcuate neuroendocrine neurons 

were bipolar cells (79%) with two primary dendrites and simple dendritic trees possessing 

only a few branch points (Figs. 6, 7). Spines were present at low density (ca. 5 spines/50 

|im dendrite length) throughout the dendritic tree. The population of filled neurons, 

however, also included multipolar neurons with 3-4 primary dendrites (15% of the 

injected cells) and unipolar neurons (6% of the injected cells) with only a single primary 

dendrite (Figs. 6, 7). The somata of neuroendocrine neurons were usually ovoid or 

elongated. Most neurons possessed an axon that originated from the soma, but a large 

proportion (37%) of axons originated from a proximal dendrite (Fig. 7). The axons of 

arcuate neuroendocrine neurons could frequently be traced in the direction of the median 

eminence before being truncated at the surface of the tissue slice. Although these axons 

could not be followed to their terminations, there was little evidence for extensive local 

collateralization within the arcuate nucleus. 
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Castration alters the morphology of arcuate neuroendocrine neurons 

Computer microscope reconstructions of arcuate neuroendocrine neurons from 

castrate animals are shown in Figure 8. Arcuate neurons exhibited a range of responses 

to castration: some appeared qualitatively similar to control animals whereas others were 

moderately to markedly different (Fig. 8). One of the more striking changes in the 

castrate animals was an increase in the number of distal dendritic branches giving these 

endings a claw-like appearance (Fig. 8). A retrospective analysis revealed that the 

presence of a large number of distal dendritic branches was a reliable predictor of 

treatment group. Another distinguishing feature of the neurons from castrate animals was 

an increased number of dendritic spines. Growth-cone like structures, characterized by 

terminal dendritic swellings and filopodial extensions, were also frequently seen in the 

castrate animals (Figs. 8, 9). Similar structures were rarely seen in intact animals. 

Results of the quantitative analysis of arcuate neuroendocrine neurons from 

control and castrate animals are shown in Table 2 and Figure 10. Long-term castration of 

adult rats induced a significant increase in the mean cross-sectional somatic area of 

arcuate neuroendocrine neurons when compared to sham-operated control rats (F( 1,8) = 

9.2, P < 0.003). Quantitative analysis of dendritic morphology revealed significant 

increases in total dendrite length (F(l,8) = 4.8, P < 0.03), dendrite volume (F(l,8) = 10.6. 

P < 0.002), dendritic spine density (F(l,8) = 5.3, P < 0.01), and in the number of terminal 

branches per dendrite (F(l,8) = 18.3, P < 0.001) in castrated rats relative to 
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sham-operated controls (Fig. 10, top graph). Overall, soma area was increased by 10%, 

dendrite length by 15%, dendrite volume by 33%, and spine density by 19% in castrate 

animals. There was no difference in the number of truncated dendrites between intact 

(0.7 + 0.08) and castrate animals (0.8 + 0.04; P > 0.5), indicating that the differences 

were not an artifact of truncation. 

A comparison of the total number of terminal dendritic branches between intact 

and castrate animals is shown in Figure 10. Overall, there was a 58% increase in the 

number of terminal branches in the castrate animals. An analysis of terminal branches 

greater than or less than 50 |4.m in length revealed that the increase in terminal branch 

number in castrate animals was due to the addition of short (less than 50 |im) dendrites 

(Fig. 10, middle graph). Castrate animals showed a 76% increase in the number of these 

short terminal branches (F(l,8) = 15.3. P < 0.001) that were preferentially located on the 

distal-most portions of the dendritic trees (Figs. 5-7). In contrast, there was no significant 

difference between intact and castrate animals in the number of terminal branches greater 

than 50 |am in length (Fig. 10, bottom graph). 

In order to examine whether affected neurons occupied a preferential location 

within the arcuate nucleus, Pearson product-moment correlation coefficients were 

calculated between dendritic complexity (using the number of dendrite endings as an 

index) and nuclear location as measured from the optic chiasm (A-P plane), third 
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ventricle (M-L plane) and ventral pial surface (D-V plane). There was no significant 

correlation between the number of dendritic endings and nuclear location in the A-P (r = 

0.08), M-L (r = -0.05) or D-V plane (r = -0.03). Nor was there a significant correlation 

between arcuate nuclear location and cell area, dendrite volume, dendrite 

length or spine number. These data suggest that the neurons affected by castration were 

distributed throughout the region in the arcuate nucleus sampled in the present study. 

Discussion 

In the present study, a combination of retrograde labeling with systemically 

injected Fluoro-Gold and intracellular injection of neurons in a fixed slice preparation 

was used to analyze the dendritic architecture of arcuate neuroendocrine neurons, a 

subpopulation of arcuate neurons that project to the median eminence (Bodoky and 

Rethelyi, 1977: Wiegand and Price, 1980; Van den Pol and Cassidy, 1982; Lechan et al.. 

1982; Rethelyi, 1985). The majority of arcuate neuroendocrine neurons had a simple 

morphology consisting of two primary dendrites and a relatively simple dendritic tree. 

Although previous Golgi studies of arcuate neurons in intact animals were not based on 

neurons with known efferent connections, their findings are qualitatively similar to the 

results reported here (Bodoky and Rethelyi, 1977; Millhouse, 1979; Van den Pol and 

Cassidy, 1982; Rethelyi, 1985). 



84 

Orchidectomy produced dramatic alterations in the morphology of arcuate 

neuroendocrine neurons, including increases in somatic profile area, total dendritic 

length, and dendritic volume. The dendritic changes were achieved primarily by the 

elaboration of short terminal branches in the distal dendritic tree. This increase in distal 

dendritic branches in the orchidectomized animals gave the dendrites a claw-like 

appearance that clearly distinguished them from those of intact rats. In addition, there 

was a significant increase in the density of dendritic spines and the appearance of growth 

cone-like structures on many of the dendrites from castrate animals. 

Previous studies have shown that castration results in ultrastructural changes in 

tanycytes and nerve terminals in the rat median eminence (Stoeckart et al., 1974; 

Stoeckart et al.. 1975; Merchant and Dollar, 1981; Coates and Davis, 1982; King and 

Letoumeau. 1994). Because Fluoro-Gold uptake by arcuate neuroendocrine neurons is 

critically dependent on the relationship between fenestrated capillaries and nerve 

terminals in the median eminence, such alterations could lead to differential sampling of 

neuroendocrine neurons between experimental and control groups. To address this 

question, a separate experiment was performed to determine if Fluoro-Gold labeling of 

arcuate neuroendocrine neurons was modified by orchidectomy. This study found no 

effect of castration on either the number or distribution of arcuate neurons labeled by 

systemic injection of Fluoro-Gold. These findings are consistent with those of Silverman 

et al. who reported that the degree and intensity of Fluoro-Gold labeling in the arcuate 
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nucleus of the rat is independent of gonadal state (Silverman et al., 1990). These data 

support the interpretation that the growth of the dendritic trees in the castrate animals is a 

dynamic response to orchidectomy and not a sampling artifact from the comparison of 

two different cell types. The presence of growth cone-type structures on many of the 

neurons of the castrate animals provides fiirther support for this conclusion. Finally, the 

complicated terminal dendritic structures that were observed in the arcuate nucleus of the 

castrate group have not been described in numerous Golgi studies of intact animals 

(Bodoky and Rethelyi, 1977; Millhouse, 1979; Van den Pol and Cassidy, 1982; Rethelyi. 

1985). In the present study, such structures were only present on a significant number of 

arcuate neurons following castration. 

The somatic hypertrophy and dendritic growth of arcuate neuroendocrine neurons 

following castration is consistent with previous demonstrations of the inhibitory effects of 

gonadal steroids on the arcuate nucleus. For example, direct implantation of estradiol 

into the arcuate nucleus results in a reduction in nucleolar diameter (Lisk and Newlon. 

1963). Conversely, castration induces the proliferation and rearrangement of smooth 

endoplasmic reticulum into whorl bodies in the arcuate nucleus of both rats (Brawer, 

1971; King et al.. 1974; Price et al., 1976) and monkeys (Leranth et al., 1991), a finding 

suggestive of enhanced protein synthesis. Castration also produces a slow rise in the 

duration of electrical volleys in the arcuate nucleus of female monkeys, an effect that is 

rapidly reversed by estrogen replacement (O'Byme et al., 1993). Of particular interest are 
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studies showing that estradiol (at physiological levels) reduces the number of synapses in 

the arcuate nucleus of ovariectomized rats (Perez et al., 1993). In addition, arcuate 

synapse number is inversely proportional to plasma estradiol levels in the female rodent 

(Olmos et al., 1989). Because increased numbers of dendritic spines have been directly 

correlated with an increased number of synapses in several systems (Turner and 

Greenough, 1985; Stewart et al., 1992; Frankfurt, 1994), our finding of increased spine 

density after orchidectomy is evidence for a similar regulatory effect of testicular 

hormones in the male. 

Menopause, a condition characterized by steroid withdrawal, is also associated 

with increased neuronal size in the human infundibular nucleus (Sheehan and Kovacs, 

1966; Ranee et al., 1990; Ranee and Young, 1991; Ranee et al., 1993), the homologue of 

the arcuate nucleus of the rat. In postmenopausal women, ovarian failure is accompanied 

by a marked hypertrophy of infiindibular neurons expressing estrogen receptor, 

neurokinin B and substance P gene transcripts (Ranee et al., 1990; Ranee and Young, 

1991). The somatic hypertrophy of infundibular neurons in postmenopausal women is 

accompanied by increased tachykinin gene expression suggesting increased synthetic 

activity in these neurons (Ranee and Young, 1991). Neuronal hypertrophy has also been 

observed in the infundibular nucleus of older men, but to a lesser extent than that of older 

women (Ranee et al., 1993). The degree of hypertrophy correlates with the difference in 

gonadal failure between the two groups: older men experience only a modest reduction in 
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androgen levels and testicular function (Neaves et al., 1984; Vermeulen, 1991), whereas 

gonadal steroids decline to castrate levels in postmenopausal women (Baird and Guevara, 

1969). In addition to neuronal hypertrophy in the infundibular nucleus of older men, 

there is a 22% increase in the volume of infundibular neuropil associated with each 

neuron (Ranee et al., 1993). These data suggest that dendritic growth may also 

accompany the neuronal hypertrophy in the human infiindibular nucleus. 

In addition to the somatic hypertrophy and dendritic expansion of arcuate 

neuroendocrine neurons described in this paper, gonadectomy produces dramatic changes 

in the structure and fimction of the anterior pituitary gland. Castration induces a marked 

hypertrophy of gonadotrophs (Addison, 1917; Farquhar and Rinehart, 1954; Inoue and 

Kurosumi, 1981; Childs et al., 1982), a response that has been shown to be dependent on 

the central nervous system (Hohlweg and Junkmarm, 1932). Gonadectomy is also the 

classical experimental paradigm for demonstrating withdrawal of steroid negative 

feedback on luteininzing hormone secretion. The elevation in plasma luteinizing 

hormone is significant one day after castration (Balasinor et al.. 1992). and plateaus at 

levels 10-30 times above that of intact animals approximately 35 days later (Olson and 

Blake, 1991; Balasinor et al., 1992). Although the arcuate nucleus is part of the 

hypothalamic circuit that regulates gonadotropin secretion from the anterior pituitary 

gland (Hal^z and Pupp, 1965), the exact role of this nucleus in steroid negative feedback 

is not well understood. 
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The stimulatory effects of castration on the size of arcuate neuroendocrine 

neurons and pituitary gonadotrophs contrasts sharply with the inhibitory effects of 

gonadectomy on many other tissues. For example, castration results in atrophy of uterus, 

breast and prostate (Clark and Mani, 1994; Luke and Coffey, 1994). In the CNS, 

gonadectomy decreases spine density in the CAl pyramidal layer of the hippocampus 

(Gould et al., 1990; Woolley and McEwen, 1993) and reduces dendrite length in the 

spinal nucleus of the bulbocavemosis (Kurz et al., 1986). Conversely, testosterone 

treatment of adult, ovariectomized canaries increases dendrite length in the nucleus 

robustus archistriatalis, a song control nucleus (DeVoogd and Nottebohm, 1981). In the 

ventromedial nucleus of the hypothalamus, however, the effect of castration depends on 

gender: Spine density is reduced by ovariectomy in female rats (Frankfurt et al., 1990), 

whereas in males spine density is increased by gonadectomy (Frankfurt and McEwen. 

1991). Thus, in the majority of systems examined, the loss of gonadal hormones results 

in atrophy, rather than growth, of target structures. Steroid hormones modify cellular 

function by acting as ligand-dependent transcription factors (Yamamoto. 1985; Beato et 

al., 1987; Evans, 1988) and can either repress or induce different genes depending on the 

particular target tissue (Yamamoto. 1985; Adler et al.. 1988). Thus, gene induction or 

repression provides a molecular mechanism for steroid hormones to exert either 

growth-promoting or growth-inhibiting effects. 
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The castration-induced changes in dendritic architecture are likely to produce 

significant alterations in the electrical properties of arcuate neuroendocrine neurons. 

Dendritic form plays a critical role in the transmission efficiency of graded synaptic 

potentials, such that even small changes in dendritic shape could dramatically alter 

neuronal response properties. For example, an increase in dendrite volume will increase 

the space constant of the dendrite, allowing post-synaptic potentials to reach the axon 

hillock with greater efficiency (Rail and Rinzel, 1973). Furthermore, alterations in 

dendrite volume modify the postsynaptic area available for afferent input. Increased 

spine density is associated with changes in the numbers of synapses (Turner and 

Greenough, 1985; Stewart et al., 1992; Frankfurt, 1994) and alterations in the low-pass 

temporal filtering properties of neurons (Rose and Call, 1992). Therefore, modification 

of dendritic structure provides an effective mechanism for modulation of CNS function. 

These data demonstrate that the dendritic structure of arcuate neuroendocrine 

neurons is capable of substantial remodeling in response to orchidectomy and add to a 

growing body of evidence showing dendritic plasticity in adult animals in response to 

changes in the hormonal milieu (DeVoogd and Nottebohm, 1981; Kurz et al.. 1986; 

Frankfurt et al.. 1990; Woolley and McEwen, 1993). The well-defined role of arcuate 

neuroendocrine neurons in regulating anterior pituitary function makes this a valuable 

system for future studies examining the hormonal regulation of central neural circuits. 
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Table 3.1: Quantitative Analysis of the Effects of Orchidectomy on Fluoro-Gold 
Labeling in the Arcuate Nucleus 

Arcuate Nucleus Level 

Anterior Middle Posterior Overall Mean 

Control (N=4) 104.5+4.4* 140.8 + 2.8 148.4+ 18.0 I3I.2 + 6.3 

Castrate CN=5) 95.7 ±4.2 154.7 + 6.7 130.2 ±16.3 126.9 ±4.1 

*Mean number of Fluoro-Gold labeled neurons per unilateral arcuate section 
+ standard error of the mean. 



Table 3.2; Quantitative Analysis of the Effects of Orchidectomy on Arcuate Neuroendocrine Neurons' 

Number of Soma Area Number of Primary Total Dendrite Total Dendrite Dendritic 
Neurons (nm^) Dendrites Length (|.im) Volume (|am^) Spines/10(.im 

Control (N==5) 62 268 ± 13 2,08 ± 0.06 440 ± 23 1747± 151 1,11 ±0.14 

Castrate (N=5) 71 296 + 7** 2.02 + 0.06 508 + 23* 2318+ 127** 1,32±0.11** 

'All measures represent group means + standard error of the mean 
*p<0.05 **p<0.01 
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Fig. 3.1. Fluorescent photomicrographs of 50 pin thick coronal sections through the 

ventral hypothalamus of an intact (A) and orchidectomized (B) rat showing retrogradely 

labeled neuroendocrine neurons in the arcuate nucleus and median eminence. In addition 

to neuroendocrine neurons, glial cells and tanycytes were also labeled by the Fluoro-Gold 

injections. Bar = 200 |j,m. 
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Fig. 3.2. Fluorescent photomicrograph of an arcuate neuroendocrine neuron being 

injected intracellularly with Lucifer Yellow. Only the proximal dendrites are in the plane 

of focus. The electrode can be seen to the left of the neuron. Inset: the same neuron 

labeled with Fluoro-Gold prior to intracellular injection. Bar = 40 (im. 
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Fig. 3.3. Camera lucida drawings of the arcuate nucleus/median eminence area from 

intact (left) and castrate (right) animals. Three different levels through the arcuate 

nucleus are shown corresponding to Plates 26 (anterior), 30 (middle) and 34 (posterior) of 

the Paxinos and Watson (1986) rat brain atlas. Dots represent single neuroendocrine 

neurons labeled by systemic injections of Fluoro-Gold. Note the nearly identical 

distribution of neuroendocrine neurons in the two groups. Bar = 250 |j.m. 
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Fig. 3.4. Scatterplot of the location of the arcuate neuroendocrine neurons selected for 

intracellular dye filling and morphometric analysis. The location of reconstructed 

neurons in the sagittal plane are shown relative to the optic chiasm (x-axis) and the 

ventral surface of the brain (y-axis). The location of the reconstructed neurons was not 

different between the two groups. 
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Fig. 3.5. Photomicrograph of a 250 |im thick sagittal section through the arcuate nucleus 

of an intact rat showing seven intraceiiularly injected and histochemically-converted 

neuroendocrine neurons. Bar = 200 fim. 
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Fig. 3.6. Computer reconstruction of eight arcuate neuroendocrine neurons in a 250 |im 

thick sagittal section from an intact animal. The dotted line indicates the dorsal boundary 

of the arcuate nucleus. The inset at lower left is a drawing of the sagittal brain slice from 

which the reconstruction was made. The boxed area denotes the location of computer 

reconstruction shown above. Bar = 100 (im. 
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Fig. 3.7. Computer microscope reconstructions of arcuate neuroendocrine neurons from 

intact rats. Neurons are all oriented sucli that the base of the brain is toward the bottom 

of the page. Spines are represented by dots. Bar = 50 jim. 



Intact 
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Fig. 3.8. Computer microscope reconstructions of arcuate neuroendocrine neurons from 

castrate animals. Neurons are all oriented such that the base of the brain is toward the 

bottom of the page. Spines are represented by dots. Note the increased number of short 

branches and spines on distal dendrites relative to neurons from intact animals. Arrow-

indicates dendritic ending shown in greater detail in Figure 7. Bar = 50 |im. 
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Fig. 3.9. Camera iucida drawing of arcuate neuroendocrine dendrites from intact (top) 

and castrate (bottom) rats. Note the increase in dendrite thickness, spine density, terminal 

branches and the growth-cone like structures in the castrate rat. Bar = 20 |.im. 
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Fig. 3.10. Mean (+ SEM) number of terminal dendritic branches in intact and castrate 

animals. The total number of terminal branches was significantly elevated relative to 

intact controls (top). The significant increase in terminal branches was due to the 

addition of short branches less than 50 |j,m in length (middle). There was no significant 

difference in the number of terminal branches greater than 50 jim in length (bottom). * P 

<0.001. 
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Chapter Four 

TESTOSTERONE MODULATES DENDRITIC ARCHITECTURE OF 

ARCUATE NEUROENDOCRINE NEURONS IN ADULT MALE 

RATS 

Abstract 

Our recent studies have demonstrated that gonadectomy in adult male rats induces 

growth of neuroendocrine neurons in the arcuate nucleus. In the present study, we 

examined the effects of testosterone replacement on the dendritic morphology of arcuate 

neuroendocrine neurons in castrate rats. Rats were orchidectomized and implanted with 

empty silastic capsules (n = 9) or capsules producing physiological levels of serum 

testosterone (n = 9) for two months. Systemically injected Fluoro-Gold. followed by 

intracellular injection of neurons in a fixed slice preparation, was used to visualize 

arcuate neuroendocrine neurons. Quantitative analysis of dendritic morphology was 

performed using three-dimensional computer reconstruction. Dendritic length and 

volume were significantly greater in orchidectomized rats not receiving testosterone 

replacement. In addition, there were significantly increased numbers of dendritic 

branches in the untreated castrate rats. A combination of steroid receptor 

immunohistochemistry and retrograde labeling with i.p. injection of Fluoro-Gold was 
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used to determine if arcuate neuroendocrine neurons are target tissues for steroid 

hormone action. This study revealed that approximately 22% of arcuate neuroendocrine 

neurons contain estrogen receptors, while 16% express androgen receptors. These data 

demonstrate that physiological levels of testosterone suppressed dendritic outgrowth in 

arcuate neuroendocrine neurons following castration. In addition, since a subpopulation 

of arcuate neuroendocrine neurons express sex steroid receptors, these results suggest a 

direct effect of gonadal steroids on hypothalamic dendritic morphology in adult rats. 

Introduction 

Gonadal steroids exert powerful regulatory effects on the adult central nervous 

system. They influence a wide variety of fianctions such as hypothalamic hormone 

release (Barraclough, 1973), reproductive behavior (Pfaff et al., 1994), cognition (Fink et 

al., 1996; Roberts et ai., 1997), memory (Sherwin, 1988; Phillips and Sherwin, 1992; 

O'Neal et al., 1996), thermoregulation (Chakravarti et al., 1977; Casper and Yen, 1985) 

and affect (Fink et al., 1996). Androgens and estrogens regulate these processes through 

diverse mechanisms, including alterations in synapse formation (Naflolin et al.. 1985; 

Garcia-Segura et al., 1986; Olmos et al., 1989), neuronal survival (Nordeen et al.. 1985: 

Rasika et al., 1994), dendritic morphology (Danzer et al., 1998), gene expression 

(Akesson et al., 1991; Ranee and Young, 1991; Ranee and Bruce, 1994), and neuronal 
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activity (Pfaff and Pfaffinann, 1969; Dufy et al., 1976; Kelly et al., 1977; Nabekura et al.. 

1986). Understanding the range of effects of steroid hormones, as well as the 

mechanisms by which these changes are mediated, represents a major focus of research in 

neuroscience and is the topic of the present work. 

Our recent studies have demonstrated that gonadectomy dramatically alters the 

morphology of arcuate neurons in the adult rat (Danzer et al., 1998). These alterations 

were detected in a subpopulation of neurons that project to the primary capillary plexus of 

medium eminence, the arcuate neuroendocrine neurons. Castration induced growth of 

these neurons, as evidenced by increased somatic size, dendritic length and dendritic 

volume. Dendritic branch and spine number was also increased in these animals (Danzer 

et al.. 1998). Although these changes in dendritic architecture may be secondary to the 

loss of testosterone, effects arising from the withdrawal of other testicular hormones can 

not be excluded. Therefore, in the present study, we determine if replacement with 

sub-physiological levels of testosterone will inhibit the castration-induced growth of 

arcuate neuroendocrine neurons. 

The potential mechanisms of steroid hormone action are also examined in the 

present study. In addition to acting directly on steroid receptors located in target neurons, 

gonadal steroids could modulate neuronal morphology by acting through non-receptor 

mediated mechanisms, or by acting on neurons whose efferents synapse on arcuate 
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neuroendocrine neurons. To address these possibilities, retrograde labeling of 

neuroendocrine neurons was combined with steroid receptor immunohistochemistry. 

Materials & Methods 

Effects of testosterone replacement on dendritic architecture of arcuate 

neuroendocrine neurons 

Eighteen adult male Sprague-Dawley rats (Harlan Sprague Dawley, hic., Houston. 

TX) weighing between 200-300g were maintained on a 12 hour on/12 hour off light 

cycle. The rats were provided with food and water ad libitum. Animal protocols were 

approved by the University of Arizona Institutional Animal Care and Use Committee and 

conform to NIH guidelines. Under metofane anesthesia, animals were castrated and 

subcutaneously implanted with either an empty silastic capsule (inner diameter, 1.57 mm; 

outer diameter. 3.18 mm; Dow Coming, Midland, Mi., n = 9), or with a 30 mm silastic 

capsule filled with crystalline testosterone (Sigma, St. Louis. Mo., n = 9). The capsules 

were incubated in 0.1 M phosphate buffered saline (PBS) at 37°C for 2 days prior to 

surgical implantation. The capsules were removed and replaced with fresh capsules after 

thirty days. Four days before sacrifice, the animals were given a single intraperitoneal 

injection of Fluoro-Gold (20 mg/kg, Fiuorochrome, Inc.. Englewood, Co.). Two months 
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after castration, the animals were given an overdose of sodium pentobarbital (115 mg/kg) 

and perfused through the ascending aorta with 100 ml of heparinized O.IM PBS (1 

unit/ml, 37°C) followed by 800 ml of 4% paraformaldehyde in 0.1 M PBS (37°C). The 

brains were removed and post-fixed for an additional 2-4 hours in the same fixative at 

4°C. The brains were then coded so that all subsequent procedures could be conducted 

with the experimenter blind to treatment group. Serial 250 |j.m thick sagittal sections 

through the hypothalamus were cut using a tissue slicer (Stoelting Instruments, Wood 

Dale, 11.) and collected in O.IM PBS. 

The dye injection protocol used for these experiments has been described in more 

detail previously (Danzer et al., 1998). Briefly, Fluoro-Gold labeled neurons were 

viewed using a Zeiss ACM Fixed Stage microscope equipped with Lucifer yellow (Zeiss) 

and Fluoro-Gold (Omega Optical, Brattleboro, VT) filter sets and a Nikon 40X (NA= 

0.55) long working distance water immersion objective. Labeled neurons were impaled 

with glass microelectrodes and filled with a cocktail composed of 0.5% Lucifer yellow. 

1% biotinylated Lucifer yellow, and 2.5% biocytin (all obtained from Molecular Probes. 

Inc., Eugene, OR) in deionized H^O. Cells were filled with direct negative current for 

3-10 minutes. After filling, the slices were post-fixed at room temperature for 45 minutes 

in 0.1% glutaraldehyde, followed by 4% paraformaldehyde overnight at 4°C. 
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Tissue slices were processed to convert the biocytin and biotinylated Lucifer 

yellow to a reaction product visible in brightfield microscopy. To enhance reagent 

penetration, slices were dehydrated and rehydrated in ETOH (50, 70, 95, 100. 95, 70, 

50%) and then placed in a solution of 1 mg collagenase (Boehringer Mannheim, 

Indianapolis, [N)/ml O.IM PBS for one hour. The tissue slices were then treated with 1% 

HjOt for 30-45 minutes to inhibit endogenous peroxidase activity. This was followed by 

an overnight incubation in 12 |il Vector ABC Elite reagent (Vector Laboratories, 

Burlingame, CA)/ml PBS with 1% Triton X-100 at 4''C. Finally, slices were reacted with 

a filtered solution of 0.05% 3,3'-diaminobenzedine tetrahydrochloride (Sigma, St. Louis. 

MO) and 0.003% H,0, in cold PBS. 

To avoid shrinkage artifacts induced by dehydration (Grace and Llinas, 1985), 

slices were cleared and mounted in dimethyl sulfoxide (Sigma, St. Louis. MO) under 

coverslips sealed with silicone caulk. Three-dimensional reconstructions of the filled 

neurons were made using an image-combining computer microscope (Neurolucida 

Software, Microbrightfield Inc.. Baltimore, Maryland) equipped with a Zeiss 63X 

(NA=1.25) oil immersion objective. A minimum of four neurons were reconstructed per 

animal. In the medio-lateral plane, neurons were selected from a region 100 to 500 |im 

lateral to the third ventricle. In the anterior/posterior and dorsal/ventral planes the filled 

neurons occupied a region 100 to 2200 |im posterior to the optic chiasm and 100 to 450 

Jim above the pial surface, respectively. To be selected for reconstruction, a neuron had 
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to be well labeled with reaction product and possess at least one dendrite that terminated 

within the tissue section. Filled neurons that met these criteria were randomly selected 

for reconstruction. To insure that a sampling bias did not occur in the location of neurons 

selected for reconstruction, the anterior/posterior, dorsal/ventral and medio-lateral 

location of each neuron was determined. Sections from two animals did not contain 

sufficient numbers of filled neurons meeting these selection criteria, and therefore only 

somatic area was digitized in these animals. Data from incomplete dendrites was also 

excluded from the study. Dendritic spines were defined as all protrusions that extended 5 

(im or less from the dendritic shaft (Peters and Kaiserman-Abramof, 1970). All dendritic 

processes greater than 5 (im in length were traced as branches. Spine density was 

calculated by dividing the number of spines per dendrite by dendritic length. The 

computer microscope reconstructions were used to calculate soma area, number of 

primary dendrites, total dendritic length, dendritic volume, number and length of terminal 

branches per dendrite and spine number per dendritic length. Results were analyzed 

using a hierarchical (nested) analysis of variance (Uylings et al., 1989). 

Radioimmunoassay 

Blood samples were taken from each rat by cardiac puncture at the time of 

sacrifice, and was allowed to clot at 4''C. The samples were then centrifuged and the 

serum was removed and stored at -20°C. For comparative purposes, testosterone levels 

were also assayed in a group of five intact, age-matched, adult male rats that had been 
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injected with Fluoro-Gold 4 days prior. Serum testosterone levels were determined using 

a Coat-A-Count Total Testosterone kit with Tri-level human serum-based immunoassay 

controls (Diagnostic Products Corporation, Los Angeles, CA). The lower limit of 

detection of this assay was 0.04 ng/ml. All of the samples were measured in a single 

assay. 

Steroid receptor immunocytochemistry combined with retrograde labeling with 

systemicaily injected Fluoro-Gold 

Nine adult male Sprague-Dawley rats (Harlan Sprague Dawley, Inc.. Houston. 

TX) weighing 200-300g were maintained on a 12 hour on/12 hour off light cycle. The 

rats were provided with food and water ad libitum. Animal protocols were approved by 

the University of Arizona Institutional Animal Care and Use Committee and conform to 

NIH guidelines. Each animal received four intraperitoneal injections of Fluoro-Gold. (0.5 

mg/50 g body weight) dissolved in I ml 0.9% NaCl, over a 2 week period. Four days 

after the fourth injection, the rats were deeply anesthetized with sodium pentobarbital 

(115 mg/kg i.p.) and perfused through the ascending aorta with 100 ml 0.1 M PBS with 1 

U heparin/ml followed by 500 ml 4% paraformaldehyde in PBS at a rate of 50 ml/min. 

The brains were removed, blocked in the coronal plane using a rat brain matrix (ASI 

Instruments, Warren, Ml), and post-fixed for four hours in 4% paraformaldehyde. The 

tissue was transferred to a 10% sucrose/0.1 M phosphate buffered saline (PBS) solution 

overnight at 4°C. The tissue was then cryoprotected for 24 hours in 20% sucrose/0.1 M 
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PBS and for at least 48 hours in 30% sucrose/0.1 M PBS. The cryoprotected tissue was 

cut at 20 |im on a sliding microtome (AO Instniment Co., Buffalo, NY) and the sections 

were transferred to 0.1M PBS. 

Free-floating tissue slices were treated for 20 minutes with a 1% solution of 

and then blocked for 60 minutes in 10% normal goat serum. Estrogen receptor 

immunohistochemistry was performed using a rabbit polyclonal antibody donated by the 

National Institute of Diabetes and Digestive and Kidney Diseases (ER 715, dilution of 

1:100). The androgen receptor was detected using a polyclonal rabbit antibody (PG-21, 

dilution 1:5000), generously donated by Dr. Geoffrey Greene. The antibodies were 

diluted in PBS/0.1% Triton-X with 4% NGS and incubated with the tissue overnight at 

4''C. The secondary antibody (Biotinylated goat anti-rabbit, Jackson Labs. West Grove, 

Pennsylvania) was used at a concentration of 5 ug/ml for 90 minutes in PBS/0.1% 

Triton-X with 1% NGS. The tissue was incubated in a 1:100 dilution of ABC reagent 

(Vector, Burlingame. CA) for 90 minutes before being reacted with a filtered solution of 

0.05% 3,3'-diaminobenzedine tetrahydrochloride (Sigma. St. Louis, MO) and 0.003% 

HJOT in cold dFLO. The reacted tissue was mounted on gelatinized slides, dehydrated in 

alcohol, cleared in xylenes and coverslipped with Fluoromount (Gurr, Poole. England). 

The specificity of the androgen receptor (Prins et al., 1991; Menard and Harlan. 

1993; Zhou et al., 1994; Ciofi et al., 1994) and estrogen receptor (Furlow et al., 1990; 
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Greco et al., 1991) antibodies have been extensively characterized. In addition, antibody 

specificity was tested by preincubating the primary antibody overnight with an excess of 

either androgen receptor or estrogen receptor peptide, respectively. Secondary antibodies 

were tested by excluding the primary antibody from the procedure. Both of these control 

procedures eliminated nuclear labeling. 

For each animal, matched sections corresponding to plate 30 of the Paxinos and 

Watson rat brain atlas were chosen (Paxinos and Watson, 1986). Camera lucida drawings 

of both arcuate nuclei in these sections were made using a Zeiss Standard microscope 

(Thomwood, NY) equipped with a drawing tube, epifluorescent illuminator and filter sets 

for FIuoro-Gold (Omega Optical, Brattleboro, VT). Double labeled neurons were 

identified first by locating Fluoro-Gold labeled neurons under epifluorescent illumination 

and then by confirming the presence of steroid receptor immunoreactivity under 

brightfield optics. The location of double labeled neurons was marked on black paper 

with a white ink pen (Katz, 1993) wdth the aid of a Zeiss X25 planapochromat objective. 

The location of Fluoro-Gold labeled neurons that were immunonegative for steroid 

receptors was also recorded. These maps were used to calculate the percentage of 

estrogen/androgen receptor-like immunoreactive Fluoro-Gold labeled neurons within the 

arcuate nucleus. 
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Results 

Radioimm unoassay 

The mean testosterone level in intact male rats was 2.04 + 0.19 ng/ml (range: 

1.45 to 2.61 ng/ml). In castrate animals, serum testosterone was undetectable (less than 

0.04 ng/ml). Implantation of subcutaneous capsules containing crystalline testosterone 

into castrate rats resulted in serum testosterone levels of 0.99 + 0.06 ng/ml (range; 0.69 

to 1.25 ng/ml). An analysis of variance revealed that testosterone levels in the replaced 

animals were significantly different from both castrate and intact rats (Tukey's HSD, P < 

0.05). 

Controls 

The location of reconstructed arcuate neuroendocrine neurons from the castrate 

(GDX) and testosterone treated (GDX + T) groups is shown in Figure 1. A statistical 

analysis (Nested ANOVA) found no significant differences in neuronal location between 

the two groups. 

Although only measurements from complete dendrites were analyzed, some of 

these dendrites belonged to neurons that also possessed truncated dendrites. Neurons 

with longer dendrites are more likely to have dendrites that are truncated at the surface of 

the slice, and therefore a difference in the number of truncated dendrites per neuron could 
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introduce a bias into the study. To insure against this effect, the number of truncated 

dendrites per neuron was determined for each group. This analysis showed no significant 

differences in the number of truncations per neuron between the two groups (GDX. 0.97 

±0.031; GDX+T, 1.01 ±0.018). 

Testosterone replacement modulates the dendritic architecture of arcuate 

neuroendocrine neurons 

Computer microscope reconstructions of arcuate neuroendocrine neurons from 

castrate and testosterone treated rats are shown in Figures 2 and 3, respectively. Similar 

to those described in our previous studies (Danzer et al., 1998), the arcuate 

neuroendocrine neurons from long-term castrate rats had dendrites with complicated 

branching patterns and frequent growth cone-like processes. The morphological 

appearance of dendrites from testosterone-treated rats appeared intermediate in 

complexity between that of castrate and intact rats (Danzer et al.. 1998). with occasional 

complicated terminal branches and growth cones-like processes. In addition, the 

dendrites of testosterone treated animals were notably thinner than dendrites from 

castrate animals, particularly in the proximal regions. 

Results of the quantitative analyses of dendritic architecture are shown in Table 1 

and Figure 4. The mean dendritic length of arcuate neuroendocrine neurons from castrate 

animals was 30% greater than testosterone-treated animals [F(1,14) = 9.1; P < 0.01 ]. In 
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addition, the mean dendritic volume was 50% greater in the untreated group [F(I,I4) = 

9.6; P<0.01; Fig. 3]. There was also a significant increase in terminal branch number 

in castrate animals relative to testosterone treated animals [F(l,14) = 4.4; P < 0.05]. 

Finally, dendritic spine density was greater in testosterone treated rats [F(l,14) = 6.8; P < 

0.05]. In contrast, there was no effect of testosterone treatment on the number of primary 

dendrites per neuron, soma area, or total spine number. 

A subset of arcuate neuroendocrine neurons contain steroid receptors 

Androgen and estrogen receptor immunoreactive neurons were found in the 

arcuate and ventromedial nuclei, and the amygdala, findings that are consistent with 

previously published reports (Tamiya et al., 1990; Ciofi et al., 1994; Pfaff and Keiner. 

1973; Pfaff etal.. 1976; Simerly et al.. 1990; Li etal., 1993; Weiland et al.. 1997). 

Although the addition of Fluoro-Gold did not affect the intensity of steroid receptor 

immunostaining, the combined procedure reduced the intensity of the Fluoro-Gold label, 

resulting in decreased detection of arcuate neuroendocrine neurons. Thus only 51.9 + 6.4 

arcuate Fluoro-Gold neurons per unilateral arcuate nucleus section were identified with 

the double labeling procedure, compared to an average of 140.8 + 2.8 neurons/section 

with single labeling by Fluoro-Gold (Danzer et al., 1998). 

Double-labeled neurons were characterized by dark brovm nuclei (DAB reaction 

product) and brightly fluorescent granular cytoplasm (Fluoro-Gold). Neuroendocrine 
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neurons that were negative for steroid receptor proteins were brightly fluorescent 

throughout the cytoplasm with nuclei devoid of labeling. At the hypothalamic level 

examined, double-labeled neurons were found only in the arcuate nucleus, predominantly 

in the dorsal-medial portion. Approximately 22% of the arcuate neuroendocrine neurons 

were estrogen receptor-immunoreactive (Fig. 5) and about 16% were androgen 

receptor-immunoreactive (Fig. 6). There were numerous estrogen and androgen 

receptor-immunoreactive neurons scattered throughout the arcuate nucleus that did not 

contain Fluoro-Gold. 

Discussion 

In the present study, a combination of retrograde labeling with systemically 

injected Fluoro-Gold and intracellular injection of neurons in a fixed slice preparation 

was used to determine the effects of testosterone replacement on the dendritic architecture 

of arcuate neuroendocrine neurons. Our previous studies showed that orchidectomy 

resulted in dendritic growth of arcuate neuroendocrine neurons in adult male rats (Danzer 

et al., 1998). In comparison to intact controls, the neuroendocrine neurons in the 

orchidectomized group had significantly larger somatic profile areas and exhibited 

significant increases in dendrite length, dendrite volume, terminal branch number, and 

spines per unit length of dendrite. The increase in terminal branch number in 
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orchidectomized animals was primarily due to the appearance of short branches giving a 

striking, claw-like appearance to many of the distal dendrites (Danzer et al., 1998). In the 

present study, testosterone replacement in castrate animals was found to prevent many of 

these changes. Testosterone-treated rats displayed dendrites with significantly reduced 

length, volume and branch number relative to castrate animals. 

Qualitatively, the neurons from testosterone-treated animals appeared 

intermediate in morphology between that of castrate and intact animals. Although the 

dendritic complexity of neurons from testosterone-treated animals occasionally resembled 

that of castrate animals, dendritic thickness, particularly in the proximal portions of the 

tree, was more comparable to intact animals. Quantitative analysis also revealed that the 

testosterone only partially reversed the morphological effects of castration. For example, 

in the previous study, castration produced an elevation in the total number of dendritic 

spines (Danzer et al., 1998), but testosterone replacement did not effect this parameter. 

The change in soma size produced by castration (Danzer et al.. 1998) was also not 

affected by testosterone replacement These findings may be a reflection of the very low 

levels of testosterone used in the present study. Altematively, replacement regimens of 

subcutaneous capsules do not fully mimic the intact state because the circadian or 

ultradian rhythms of hormone secretion are not duplicated. Finally, a role of additional 

gonadal factors can not be excluded. It is noteworthy, however, that significant effects of 

testosterone were observed with testosterone levels below that of intact animals. 
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indicating that the effect of the hormone is well within the physiological, rather than 

pharmacological range. 

The increase in dendrite length observed with castration can occur via two 

distinct, but not exclusive, processes. Dendritic length can be increased either by the 

addition of branches to the dendrite or by the extension of existing branches. The two 

possibilities generate specific predictions about how dendritic segment number will be 

affected. If dendrite length is increased only through the extension of existing segments, 

the total number of segments will remain unchanged, and mean segment length will 

increase. Conversely, if length is increased through the addition of branches, segment 

number will increase. The number of segments per dendrite was found to be significantly 

increased [F(l,14) = 4.4; P < 0.05] in castrate animals relative to testosterone treated 

animals (GDX, 24.6 + 2.4; GDX+T, 18.5 +2.0). Additionally, mean segment length 

was decreased in castrate animals relative to hormone treated animals (GDX, 24.7 + 3.5; 

GDX+T. 35.2 + 5.3). These data indicate that the increase in total dendritic length is due 

primarily to the addition of branches, although it is likely that both types of growth 

processes occur. Tliat a decrease in mean segment length would occur in synchrony with 

an increase in overall dendrite length is not surprising, as the addition of a branch into the 

middle of an existing segment splits the existing segment into two shorter segments. 
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In the present study, although spine density was increased in testosterone treated 

animals, the total spine number was unaffected. This increase in spine density, therefore, 

was related entirely to the shorter dendritic length exhibited by neurons fi-om these 

animals. These data illustrate that significant changes in spine density may not reflect 

changes in the total number of spines. This distinction is important because an increase 

in the total number of spines is correlated with changes in afferent input (Turner and 

Greenough, 1985; Stewart et al., 1992; Frankfurt, 1994), whereas an increase in spine 

density per se may exert very different effects, such as altering synaptic integration (Rail. 

1977). These findings demonstrate the advantage of complete dendritic reconstruction in 

assessing the effects of experimental manipulations on spine number. Without examining 

the entire dendrite, or at least making use of an unbiased sampling regime of the entire 

length of dendrite, conclusions regarding changes in the total number of spines carmot be 

stated with confidence. 

The present study clearly demonstrates an inhibitory effect of testosterone on 

several morphological parameters. The mechanisms by which testosterone exerts these 

effects, however, are unclear. It is possible that testosterone modulates dendritic structure 

by acting directly on target neurons through classical steroid receptors. To address this 

possibility, retrograde labeling with Fluoro-Gold was combined with steroid receptor 

immunohistochemistry. These studies indicate that subpopulations of the arcuate 

neuroendocrine neurons contain estrogen and androgen receptors. These findings are 
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consistent with previous studies in the sheep, where estrogen receptors have also been 

identified in a subset of arcuate neuroendocrine neurons (Jansen et al., 1996). In addition, 

in the rodent, estrogen receptors are colocalized in arcuate galanin and growth hormone 

releasing factor neurons (Shirasu et al., 1990; Horvath et al., 1995), populations that also 

accumulate FIuoro-Gold after systemic injections (Merchenthaler, 1991b; Merchenthaler 

et al., 1984b; Sawchenko et al., 1985; Daikoku et al., 1986; Niimi et al.. 1989; Niimi et 

al., 1990; Niimi etal., 1991). 

Steroid receptors function as ligand- dependent transcription factors (O'Malley. 

1990), but steroids may also act through non-receptor mediated mechanisms (McEwen et 

al., 1982). The identification of steroid receptors in arcuate neuroendocrine neurons 

suggests that testosterone may modify dendritic architecture by a direct effect via classical 

receptor-mediated mechanisms. Because testosterone is aromatized to estrogen in vivo 

(Selmanoff et al.. 1977), the effects of testosterone could be mediated by an interaction 

with either the androgen or estrogen receptor. The percentage of arcuate neuroendocrine 

neurons exhibiting steroid receptor-like immunoreactivity was low. however, and there 

were many arcuate neurons containing steroid receptors that did not accumulate 

Fluoro-Gold. These data suggest the possibility that the actions of testosterone on 

dendritic morphology could also involve other target sites within the arcuate nucleus or 

elsewhere within the brain. 
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Previous studies using combinations of systemic Fluoro-Gold injection and 

immunocytochemistry indicate that arcuate neuroendocrine neurons express a 

heterogeneous group of neurotransmitters and neuropeptides including dopamine (Ciofi et 

al., 1993; Horvath, 1998), galanin (Niimi et al., 1990; Merchenthaler, 1991b; Lopez et al., 

1991), neurotensin (Merchenthaler and Lennard, 1991), and neuropeptide Y (McShane et 

al., 1994). Furthermore, in the rat arcuate nucleus, extensive colocalization exists 

between these neurotransmitters and the receptors for gonadal steroids (Sar, 1984; Sar et 

al., 1990; Batailler et al., 1992; Horvath et al., 1995; Thind and Goldsmith, 1997). 

Because approximately 50% of the arcuate neuroendocrine neurons contain galanin and 

30% contain GAD (Danzer, McMullen and Ranee, unpublished observations), it seems 

likely that many of the neurons modulated by testosterone in the present study might 

contain these compounds. Interestingly, electron microscopy studies indicate that the 

number of arcuate GABAergic synapses is decreased by estradiol treatment (Parducz et 

al., 1993), a change that is likely to occur in synchrony with dendritic restructuring. It is 

also important to note that both the GABAergic and galaninergic arcuate nucleus systems 

play a role in regulating luteinizing hormone release from the anterior pituitary gland. 

The secretion of luteinizing hormone is stimulated by GABA^ receptor agonists 

(Anderson and Mitchell, 1986; Virmani et al., 1990), and inhibited by GABAg receptor 

agonists (Anderson and Mitchell, 1986; Lux-Lantos et al., 1992). Galanin, on the other 

hand, may function as a hypophysiotropic hormone by stimulating the gonadotrophs 

directly or by enhancing the ability of LHRH to stimulate LH secretion (Lopez et al.. 
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1991). It is tempting to speculate that dendritic changes in these neuronal systems might 

contribute to the dramatic rise in luteinizing hormone levels that follows castration. 



Table 4.1: Quantitative Analysis of the Effects of Testosterone on Arcuate Neuroendocrine Neurons in Gonadectomized Rats 

Soma Area Number of Number of Total Dendrite Total Dendrite Dendritic Number of 

(fim-) Primary 
Dendrites 

Temiinal 
Branches 

Length ((im) Volume (fim^) Spines/lOfim Spines per 
Dendrite 

GDX 274 ±7 2.14 ±0.09 12.8+ 1.2 484 + 25 1730 + 234 1.46 + 0.12 71.0 + 5.5 

GDX+T 276+ 10 2.11 +0.04 9.7 ± 1.0* 372 + 18** 1149+ 109** 1.72 + 0.08* 65.2 + 4.8 

n = 9 animals in both groups, with a total of 45 neurons analyzed in the GDX group and 48 neurons in GDX+T group. 
All measures represent group means + standard error of the mean 
*  p<0 .05 ,  **p<0.01  



Figure 4.1. Scatterpiot of the location of the arcuate neuroendocrine neurons selected for 

intracellular dye filling and morphometric analysis. The location of reconstructed 

neurons in the sagittal plane are shown relative to the optic chiasm (x-axis) and the 

ventral surface of the brain (y-axis). The location of the reconstructed neurons was not 

different between the two groups. 
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Figure 4.2. Computer microscope reconstructions of neuroendocrine neurons from 

gonadectomized (GDX) rats. Neurons are all oriented so that the ventral surface of the 

brain is toward the bottom of the page. Spines are represented by dots. 

Scale bar = 50 [im. 
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Figure 4.3. Computer microscope reconstructions of neuroendocrine neurons from 

gonadectomized-pius-testosterone (GDX+T) treated rats. Neurons are all oriented so that 

the ventral surface of the brain is toward the bottom of the page. Spines are represented 

by dots. Scale bar - 50 |im. 
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Figure 4.4. Mean (± S.E.M.) dendritic length (top), dendritic volume (middle) and 

terminal branch number (bottom) of gonadectomized (GDX) and 

gonadectomized-plus-testosterone (GDX+T) treated rats. Asterisk, p<0.05: Double 

Asterisk, p<0.01. 
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Figure 4.5. Representative camera lucida drawing showing the location of Fluoro-Gold 

labeled neurons (open circles) and Fluoro-Gold labeled neurons containing estrogen 

receptor-like immunoreactivity (stars) in the arcuate nuclei of intact adult male rats. The 

camera lucida drawings were digitized with a Summagraphics II bitpad (Seymour, CT) 

and imported into CorelDraw software (Seymour, Ontario, Canada) for this and the 

following figure. 3rd V. = third ventricle. Scale bar = 100 |a.m. 



Estrogen Receptor Containing Neuroendocrine Neurons 
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Figure 4.6. Representative camera lucida drawing showing the location of Fluoro-Gold 

labeled neurons (open circles) and Fluoro-Gold labeled neurons containing androgen 

receptor-like immunoreactivity (stars) in the arcuate nuclei of intact adult male rats. 3rd 

V. = third ventricle. Scale bar =100 |j.m. 
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SUMMARY 

Plasticity is critical to the normal functioning of the nervous system because it is 

thought to underlie such important flmctions as memory, learning, and adaptation to 

changing external and internal conditions. The range of inducible modifications in adult 

neurons, and the mechanisms by which these changes are mediated, however, have yet to 

be fiilly resolved. To address these questions, we conducted experiments examining the 

role of steroid hormones in producing changes in gene expression, somatic area and 

dendritic architecture in the arcuate nucleus of adult rats. Steroid hormones exert 

powerful regulatory effects on a wide range of nervous system structures, and are 

therefore extremely important factors in the induction of neuronal plasticity. In addition, 

steroid hormone levels can be readily manipulated and assessed, conditions that are ideal 

for well-controlled experiments. The current work examined three subpopulations of 

arcuate neurons, including neurokinin B and galanin mRNA containing neurons, and 

neuroendocrine neurons. All three of these subpopulations were shown to be responsive 

to steroid hormone manipulation. 

We focused on the arcuate nucleus because it is a target tissue for gonadal steroids 

(Pfaff and Keiner, 1973; Pfaff et al., 1976; Simerly et al., 1990; Ranee et al., 1990; Li et 

al., 1993) and has been shown to undergo morphological changes in response to 

castration in a nimiber of species, including rats (Brawer, 1971; King et al., 1974; Price et 
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al., 1976) and monkeys (Leranth et al., 1991). In addition, since the arcuate nucleus plays 

a role in the feedback regulation of the hypothalamic-pituitary-gonadal axis, important 

inputs (androgens and estrogens) and outputs (luteinizing hormone-releasing hormone 

and luteinizing hormone) of the circuit can be monitored and/or manipulated. These 

properties also allow for a clearer assessment of the functional consequences of 

morphological changes in the arcuate nucleus. 

The effects of steroid hormones on neurokinin B mRNA-containing neurons were 

examined in chapter two. These smdies were based on earlier reports describing neuronal 

hypertrophy and enhanced neurokinin B gene expression in the arcuate nuclei of 

postmenopausal women (Ranee and Young, 1991). Although it was hypothesized that 

reduced estrogen levels were responsible for these changes, the possibility that the 

findings represented non-specific age related changes could not be excluded. This was 

because the groups examined—premenopausal and postmenopausal women—differed 

significantly in age as well as hormonal status. In chapter two, this question was 

addressed by developing an animal model utilizing age-matched control and treatment 

groups. We found that castration induced both neuronal hypertrophy and enhanced 

neurokinin B gene expression, results which parallel the previous human findings. These 

data, therefore, strongly support the hypothesis that the changes seen in humans also 

result from reduced ovarian function. Hormone replacement studies were also conducted 

using this animal model. Data fi-om these studies indicated that treatment with both 
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testosterone and estrogen prevented the castration-induced changes. We can conclude, 

therefore, that gonadal steroids regulate the somatic area and gene expression of arcuate 

neurokinin B neurons in adult rodents. 

It is useful to note that in every species examined thus far (Ranee et al., 1990; 

Akesson et al., 1991; Ranee and Young, 1991; Ranee et al., 1993; Ranee and Bruce, 

1994), parallel forms of neuronal plasticity have been demonstrated in the arcuate 

neurokinin B system. This sensitivity of the neurokinin B system to modulation by 

gonadal hormones leads us to speculate that the peptide system may play a role in 

mediating steroid negative feedback effects onto the luteinizing hormone releasing 

hormone (LHRH) system. Intermediaries of this nature are widely believed to play a role 

in the hypothalmic-pituitary-gonadal axis since the LHRH neurons lack classical steroid 

receptors (Shivers et al., 1983; Fox et al., 1990), and therefore populations of steroid 

receptor-containing intemeurons may play a crucial role in the feedback circuit. Several 

lines of evidence provide support for a role of neurokinin B neurons in the feedback 

regulation of the LHRH system. First, arcuate neurokinin B neurons contain steroid 

receptors (Ranee and Young, 1991; Ciofi et al., 1994), and, as outlined in the present 

work, respond robustly to changes in the levels of circulating gonadal hormones. These 

findings indicate that neurokinin B neurons have the ability to respond directly to changes 

in the levels of circulating gonadal steroids. Second, neurokinin B gene expression rises 

and falls depending on the stage of the estrus cycle in female rats (Ranee and Bruce, 
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1994), further highlighting the physiological nature of these changes. Finally, electron 

microscopy studies have demonstrated the presence of tachykinin immimoreactive 

synaptic terminals contacting LHRH neurons (Tsuruo et al., 1991). Since neurokinin B is 

believed to be the predominant tachykinin in the arcuate nucleus (Akesson et al., 1991), 

the finding indicates that neurokinin B neurons might be able to directly modulate LHRH 

neurons. These studies suggest that the arcuate neurokinin B system possesses the 

necessary response properties and connections to play an important role in mediating the 

feedback effects of gonadal steroids onto LHRH neurons. Future studies will be required, 

however, to determine whether the neurokinin B system is actually playing such a role in 

the hypothalamic-pituitary-gonadal axis. Studies examining the effects of neurokinin B 

antagonists on LHRH mRNA and gonadotropin levels, for example, might provide 

useflill information for addressing this question. 

Dramatic changes such as somatic hypertrophy and increased gene expression 

suggest significant increase in metabolic activity. Because >90% of the volume and 

surface area of a neuron is in the dendrites, and dendritic cytoplasm is an extension of that 

of the soma, these changes are likely to be accompanied by alterations in the dendritic 

tree. This possibility was addressed in chapter three, in which the dendritic architecture 

of neurons from castrate and intact animals was compared. To increase the power of 

these experiments, a select subpopulation of neurons was analyzed. This selectivity was 

necessary because of the heterogeneity of neurons in the arcuate nucleus, a trait that 



149 

would likely interfere with studies that examine a randomly selected population of arcuate 

neurons. A technique was developed to analyze the dendritic morphology of arcuate 

neuroendocrine neurons, a subpopulation of arcuate neurons that plays a role in regulating 

pituitary luteinizing hormone release. Since luteinizing hormone levels are maintained by 

negative feedback actions of gonadal steroids, arcuate neuroendocrine neurons are 

probable targets for androgens and estrogens. 

In accord with this hypothesis, these studies found that castration induced 

dramatic changes in dendritic architecture, including increased dendritic length, dendritic 

volume, number of dendritic branches and number of dendritic spines. Growth cone-like 

processes were also frequently observed on dendrites from castrate animals. These 

findings have important functional implications because the dendritic changes would 

effectively alter the electrotonic properties of arcuate neuroendocrine neurons (Rail. 

1977). In addition, the increase in dendritic branches and number of spines implies 

increased synaptic input (Tumer and Greenough, 1985; Stewart et al.. 1992; Frankfurt. 

1994), a finding which suggests that testosterone induces a restructuring of neuronal 

circuits in the hypothalamus. This conclusion is consistent with previous electron 

microscopy studies of the arcuate nucleus demonstrating steroid hormone modulation of 

synapse number (Olmos et al., 1989; Parducz et al., 1993; Lewis and Naftolin, 1994). 

Interestingly, these studies were conducted in female rodents and were associated with the 

estrus cycle and the gonadotropin surge, phenomena that do not occur in male rodents. 
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The correlation between these studies and the present work, however, suggests that 

similar mechanisms of neuronal plasticity may be active in both males and females. 

Hormone replacement studies were also conducted to ascertain the role played by 

gonadal steroids in modulating neuronal plasticity. The gonads produce a variety of 

hormones, and therefore replacement studies are necessary to established a causal link 

between reduced levels of a specific gonadal hormone and morphological changes. The 

experiments described in chapter four clearly indicate that testosterone replacement in 

castrate animals prevents dendritic remodeling in the arcuate nucleus in response to 

castration. Because the suppression of dendritic changes occurred with sub-physiological 

levels of testosterone, endogenous testosterone appears to plays an important role in 

regulating neuronal plasticity. 

It is not clear whether the dendritic changes are a primary response to testosterone 

or a secondary effect related to altered synaptic inputs. Testosterone may act directly on 

neuroendocrine neurons, it may be aromatized to estrogen prior to acting, or it may 

modulate populations of neurons upstream to neuroendocrine neurons. To address these 

possibilities, fluorescent labeling of neuroendocrine neurons was combined with steroid 

receptor immunohistochemistry. These studies demonstrate that subsets of arcuate 

neuroendocrine neurons express steroid receptors: approximately 22% of the arcuate 

neuroendocrine neurons contained estrogen receptors, and roughly 16% contained 
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androgen receptors. These numbers are lower than might be expected if classical steroid 

receptors are in fact necessary for the observed dendritic changes. It is important to note, 

however, that arcuate neuroendocrine neurons respond in a graded fashion to testosterone 

withdrawal. The exact number of responsive neurons cannot be readily assessed. 

Dramatic structural changes in 10-20% of the arcuate neuroendocrine neuron population, 

therefore, might be sufficient for statistical significance. Alternatively, dendritic 

remodeling may follow from steroid hormone induced changes in neurons upstream to 

arcuate neuroendocrine neurons. Significant numbers of arcuate neurons outside the 

neuroendocrine population exhibit steroid receptor-like immunoreactivity. It is 

conceivable, therefore, that steroid hormones target neuroendocrine neuron efferents, 

which in turn induce dendritic remodeling in their targets. Although the present data 

cannot exclude either of these possibilities, determining whether dendritic remodeling 

precedes or follows from presynaptic modifications represents an intriguing area of 

research which should be pursued. 

The ftmctional consequences of dendritic alterations are also, as of yet, unclear. 

The dendritic modifications may play a role, however, in the dramatic rise in luteinizing 

hormone levels that occurs following gonadectomy. It takes approximately 35 days for 

luteinizing hormone levels to reach peak values (Olson and Blake, 1991; Balasinor et al.. 

1992), a time course which suggests that structural changes in the hypothalamus may be 

part of the process. In addition, arcuate neuroendocrine neurons contain dopamine (Ciofi 
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et al., 1993), galanin (Meister et al., 1989; Niimi et al., 1990; Merchenthaler, 1991b) and 

GABA (Vincent et al., 1982; Tappaz et al., 1983), transmitters which play a role in the 

control of luteinizing hormone levels (Ajika, 1979; Kuljis and Advis, 1989; Contijoch et 

al., 1992; Anderson and Mitchell, 1986; Virmani et al., 1990; Lux-Lantos et al., 1992; 

Lopez et al., 1991). We were able to demonstrate morphological changes in galanin 

mRNA-containing neurons following estrogen treatment (chapter two), which suggests 

that the population of steroid-responsive neuroendocrine neurons may overlap this 

population of galanin neurons. Horvath et. al. have also speculated that estrogen 

receptor-containing neuroendocrine neurons may be part of the circuit regulating 

gonadotropin secretion (Horvath et al., 1997). This circuit undergoes synaptic 

remodeling following reductions in steroid hormone levels (Naftolin et al.. 1996), a 

finding consistent with the present data regarding dendritic restructuring. Future studies, 

perhaps using pharmacological agents that block structural modifications in the arcuate 

nucleus, will be necessary to ascertain the role of dendritic plasticity in modulating 

luteinizing hormone levels. 

These data demonstrate that steroid hormones can modulate the gene expression, 

somatic profile area and dendritic architecture of neurons in the rodent arcuate nucleus. 

These findings add to a growing body of evidence demonstrating plasticity of neuronal 

circuits in adult animals, and provide further insight into the range of neuronal features 

modified by steroid hormones. By elucidating the mechanisms by which steroid 
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hormones alter neuronal function in the arcuate nucleus, researchers can gain insight into 

the types of changes that might occur in other neuronal systems. Finally, the 

development of an animal model for the neuronal hypertrophy and increased gene 

expression seen in postmenopausal women will prove extremely usefiil for enhancing our 

understanding of menopause, as well as for analyzing the feedback mechanisms that 

regulate the hypothalamic-pituitary-gonadal axis. 
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