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CHAPTERR ONE
GENERALGENERAL INTRODUCTION AND SCOPE OF THESIS

1.1.. RATIONALE
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-- 1.2.a. Medial Preoptic Nucleus
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-- 1.2. f. Sex differences in Cognitive function and Neurological Diseases
1.3.. FORMATION OF THE GONADS
1.4.. SEX DIFFERENCES IN CIRCULATING TESTOSTERONE LEVELS
1.5.. AROMATIZATION HYPOTHESIS
1.6.. ORGANIZATIONAL l^ffSt/SACTIVATIONAL EFFECTS
1.7.. GONADAL STEROID RECEPTORS
-- 1.7.a. Androgen Receptors
-- 1.7.b. Estrogen Receptors
-- 1.7.c. Progestin Receptors
1.8.. STEROID RECEPTOR CO-REGULATORS
1.9.. GONADAL STEROID HORMONES AND APOPTOSIS
2.0.. SCOPE OF THESIS

Chapterr One
1.1.1.1. RATIONALE
Thee involvement of gonadal steroid hormones in the regulation of behavior was
shownn early on, in experiments conducted by Berthold in 1849. His experiments
showedd that male-typical behaviors in roosters, such as crowing, aggression and male
sexuall behavior, disappeared after castration, whereas replacement of the missing gonadss restored the male-typical behaviors. Similarly, female reproductive behavior in
ratss is controlled by the cyclic release of gonadotropins from the ovaries, a process
whichh was thought by Pfeiffer et al., 1936 to be regulated by the pituitary. Harris and
Jacobsohnn in 1952 showed that the brain itself was targeted by gonadal steroid
hormoness to achieve the cyclic pattern in ovulatory gonadotropin release observed
inn female rats, since a male pituitary implanted under the hypothalamus of a female
ratt could support and maintain ovulation. However, it was not until Phoenix and his
colleaguess (1959) demonstrated that administration of testosterone in pregnant guinea
pigss increased the chance that the female offspring displayed male sexual behavior
ass adults, that the idea that early gonadal steroid hormones organize sexual differentiationn in behavior at the level of the central nervous system.
Thee first two studies confirming that the central nervous system contains specific
regionss that differ between males and females were published in 1971. Calaresu and
Henryy found a sex difference in the number of sympathetic neurons in the cat spinal
cord,, while Raisman and Field reported a sex difference in the number of synapses
inn the preoptic area of the rat forebrain, which was responsive to gonadal steroid
hormoness (Calaresu and Henry, 1971; Raisman and Field, 1971). Anatomical sex differencess in the brain were soon directly related to behavioral sex differences, such as
courtshipp behavior found in canaries and zebra finches, where song is produced only
inn males and not in females (Nottebohm and Arnold, 1976). These initial reports, as
welll as others that followed, solidified the idea that the phenotype of the brain is organizedd in a sex-dependent fashion, primarily regulated by gonadal steroid hormones
inn development (see reviews, Arnold and Gorski, 1984; Döhler, 1998; Breedlove,
1994;; 1997; Cooke et al, 1998, Swaab et al, 2001; De Vries and Simerly, 2002).
Gonadall steroid hormones have been hypothesized to act on neurogenesis, migration,, apoptosis, and/or differentiation of brain cell phenotype, all of which are importantt developmental processes required for normal brain organization. Here we
utilizedd the far-reaching effects of gonadal steroid hormones to study how the brain
iss organized at an anatomical and neurochemical level. Central to these studies is the
88
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gonadall steroid hormone-dependent regulation of apoptotic cell death during early
brainn development. For this purpose, we mainly focused, albeit not exclusively, on
thee fetal, neonatal and adult development of the bed nucleus of the stria terminalis
(BST)) in the human and rodent limbic system. This heterogeneous system contains
aa number of subdivisions that differ markedly between males and females in volume,
celll number, and neurochemical content (Del Abril et al, 1987; Guillamon et al,
1988;; Allen and Gorski, 1990; Zhou et al, 1995; Kruijver et al, 2000; De Vries and
Simerly,, 2002). Moreover, the BST is heavily interconnected with sexually dimorphic
andd non-sexually dimorphic nuclei found in other brain areas, such as the amygdala,
preopticc area, hypothalamus and brainstem (Eiden et al, 1985; Moga et al, 1989;
Alheidd et al, 1995; Kozicz et al, 1998; Hutton et al, 1998; Ibanez et al, 2001). Both
thee BST and AM have been implicated in the regulation of a number of behaviors,
suchh as reproduction, aggression, addiction, parental behavior and stress (Emery and
Sachs,, 1976; Dunn, 1987; Albert et al, 1989; Herman et al, 1994; Liu et al, 1997;
Treitt et al, 1998; Wang et al, 1994; Newman, 1999; Schulz and Canbelyli, 2000;
Walkerr etal, 2000; De Vries and Simerly, 2002). In humans, the size of the BST has
beenn correlated with a gender identity disorder called transsexuality, in which
subjectss express the strong feeling that they were born in the wrong body (Zhou et al,
1995;; Kruijver et al, 2000). The following sections of this introduction are designed
too illustrate the abundance of sex differences in the vertebrate brain, and also to give
aa concise description of the general hypotheses that have been formulated about the
mechanismss that regulate sexual differentiation.
1.2.1.2. SEX DIFFERENCES IN THE VERTEBRATE BRAIN: A BRIEF OVERVIEW
Thee concept that the brain differs in make-up between males and females is not new;
itt is well-established that anatomists in the nineteenth century already found sex differencess in human brain weight (see Swaab and Hofman, 1984). This finding was
confirmedd by recent studies that accurately showed that the total volume and number
off neurons in the human neocortex is about 10-15% larger in men than in women
(Pakkenbergg and Gundersen, 1997; Rabinowicz et al, 2001). Sex differences in the
centrall nervous system have been found at every level of brain organization: brain
areaa volume, cell number, cell cytoarchitecture, cell activity, synaptic connectivity
andd neurochemical content and in a large number of organisms, such as fish, lizards,
songbirds,, rodents and primates including humans (Swaab and Hofman, 1995; Cooke
99
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etet al, 1998). It was not until the early 1970's that anatomical sex differences were
detectedd within specific regions of the central nervous system. The thoracolumbar
intermediolaterall nucleus (ILN) of the spinal cord in male cats was shown to contain
moree sympathetic motoneurons than in the female cat (Calaresu and Henry, 1971).
Inn the same year, using electron microscopy, Raisman and Field (1971) reported that
thee preoptic area in rats contained more synapses from non-amygdaloid origin in
femaless than in males in adulthood. This was of particular interest, because it was
alsoo shown that a single injection with testosterone in newborn female rats decreased
thesee number of synaptic contacts, whereas neonatal castration increased the number
off synaptic contacts (Raisman and Field, 1971; 1973). Similar sex differences in
synapticc wiring were also found in the arcuate nucleus (Arc), ventromedial
hypothalamuss (VMH), and amygdala of the rodent brain (Greenough et al, 1977;
Nishizukaa and Arai, 1983; Matsumoto and Arai, 1986). Soon after the findings of
Raismann and Field, much more dramatic gonadal steroid responsive sex differences
weree found in the vertebrate brain, in for instance, song-regulating brain areas, such
ass the hyperstriatum ventrale pars caudalis (HVc), nucleus robustus (RA), and
magnocellularr nucleus of the anterior neostriatum (MAN) in canaries and zebra
finches,finches, which are 6 times larger in males than in females (Nottebohm and Arnold,
1976). .
1.2.1.2. a. Medial Preoptic Nucleus
Thee sexually dimorphic nucleus of the preoptic area (SDN-POA), which is located
inn the rat medial preoptic nucleus (MPN), is 4 to 6 times larger in males than in
femaless (Gorski et al, 1978; Simerly et al, 1985). Similar sex differences in the
preopticc area have been found in the ferret, gerbil, guinea pig and hamster brain
(Bleierr et al, 1982; Commins and Yahr, 1984; Hines et al., 1985; Tobet et al, 1986;
Bynee and Bleier, 1987). The first study showing a sex difference in the human
preopticc area was published in 1985 by Swaab and Fliers, who showed that the
humann SDN-POA, also known as the interstitial nucleus of the anterior hypothalamus
11 (INAH-1) is about two times larger and contains more cells in young adult men
thann in young adult women (Swaab and Fliers, 1985; Swaab and Hofman, 1988;
Hofmann and Swaab, 1989). Since then, other reports showed the presence of
additionall sexually dimorphic nuclei in the human preoptic area. Notably, INAH-2
andd INAH-3 were shown to be larger in men than in women (Allen et al, 1989;
10 0
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LeVay,, 1991; Byne et al, 2000), however, these studies did not confirm the sex
differencee in INAH-1. Studies in rodents showed that the SDN-POA is heavily
interconnectedd with, among other brain regions, the lateral septum (LS), BST, VMH,
posteromediall amygdaloid nucleus, ventral premamillary nucleus (PM) and periaquaductall gray (PAG) (Simerly and Swanson, 1988; De Vries, 1990; Pfaff et al,
1994;; Micevych, 1998; Murphy and Hoffman, 2001).
Thee rat SDN-POA also shows sex differences in neuropeptide expression, such
ass in the number of galanin expressing cells in the SDN-POA, which is higher in
maless than in females (Bloch et al, 1993). The male rat MPN is also more heavily
innervatedd with serotonin (5-HT) immunoreactive fibers than the female MPN
(Simerlyy et al, 1985). The presence of galanin, thyrotropin releasing hormone,
GABAA and substance P-containing neurons has been found in both rat and human
SDN-POAA (Tatemoto et al, 1983; Simerly et al, 1986; Bonnefond et al, 1990; Gai
etet al, 1990; Gao and Moore, 1996; Chawla et al, 1997). Lesion studies in rats
showedd that the MPN, in which the SDN-POA resides, may be involved in the
regulationn of male sexual behavior (Arendash and Gorski, 1983; De Jonge et al,
1989;; Meisel and Sachs, 1994). Because the rat MPN is also heavily connected with
brainn areas that are involved in gonadotropin release and female copulatory behavior,
suchh as the anteroventral periventricular nucleus (AVPv), BST, AM and VMH it may
alsoo contribute significantly to the regulation of female sexual behavior (Gu and
Simerly,, 1997; Hutton et al, 1998; De Vries and Simerly, 2002). In humans, it is at
presentt not known whether the SDN-POA is involved in similar behaviors.
1.2.b.1.2.b. Bed Nucleus of the Stria Terminalis and Amygdaloid Nucleus
Thee bed nucleus bf the stria terminalis (BST) and the amygdaloid nucleus (AM) form
aa continuity through columns of sublenticular cell groups traversing the basal forebrainn and cell groups that accompany the stria terminalis, which pass above and
behindd the thalamus (Fig. 1) (Johnston, 1923; Alheid et al, 1995; Heimer et al,
1999).. The term extended amygdala, which describes this continuity consists of two
majorr columnar subdivisions (Fig. 1), i.e., medial nucleus of the BST (BSTM)/medial
amygdaloidd nucleus (MeAM) and lateral BST (BSTL)/central amygdaloid nucleus
(CeAM)) (see review Alheid et al, 1995; Heimer et al, 1999). Beside the neuroanatomicall columnar organization, the neurochemical phenotype is also mirrored in
thiss respect. For example, the dense VIP innervation found in the BSTL is also de11 1
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tectedd in the CeAM (Heimer et al, 1999).
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FigureFigure 1. Schematic representation of the extended amygdala (adapted from Heimer, 1999). Note
twoo distinct columns connecting the BSTM with the MeAM and the BSTL with the CeAM, which
traversee through the stria terminalis and sublenticular cell groups dorsal of the striatum. Abbreviationss listed on page 140. For further details of BST parcellation see chapter seven, section 7.2.

Inn rodents, the principal nucleus of the BST (BSTpr) is about two times larger and
containss more cells in males than in females (Hines et al, 1985; 1992; Del Abril et
a/.,, 1987; Guillamon et al., 1988; Ju and Swanson, 1989), whereas the opposite trend
occurss for the lateral anterior BST (BSTLA) and medial anterior BST (BSTMA) (Del
Abrill et al. ,1987; Guillamon et al., 1988). The BST in the human brain also contains
severall subdivisions that differ in volume between men and women. Indeed, several
studiess reported that the darkly staining posteromedial component of the BST (BSTdspm)) and the central nucleus of the BST (BSTc) are larger in men than in women
inn adulthood (Allen and Gorski, 1990; Zhou et al, 1995). The MeAM in the rodent
brainn is larger in males than in females (Mizukami et al, 1983; Hines et al, 1992)
andd this volumetric sex difference is maintained purely by the presence of circulating
levelss of testosterone in adulthood (Cooke et al, 1999). Although earlier studies
suggestedd that the size of the human amygdala does not differ between men and
womenn (Murphy, 1986), more recent studies using magnetic resonance imaging
suggestt that the human amygdala increases in size more rapidly in males than in
12 2
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femaless during childhood and puberty (Giedd et al, 1996a). The BST and AM are
heavilyy inter-connected with, among other brain regions, the AVPv, LS, MPN,
paraventricularr nucleus (PVN), VMH and Arc (Swanson, 1986; 1987; Alheid et al,
1995;; Hutton et al, 1998; Newman, 1999).
Thee rodent BST also exhibits prominent sex differences in the expression of
severall neurochemicals. The number of vasopressin producing cells in the rat BST
iss larger in males than in females (Van Leeuwen et al, 1985; De Vries, 1990). More
substancee P and cholecystokinin (CCK) expressing cells in the BST and AM have
beenn found in male rats than in female rats (Micevych et al, 1987; Malsbury and
McKay,, 1989). Recent studies showed that the human BSTc in men contains about
60%% more neurons that are immunoreactive for somatostatin than in the BSTc in
womenn (Kruijver et al, 2000). Functionally, the BST in animals is involved in the
regulationn of a number of behaviors, such as reproduction, aggression, addictions,
parentall behavior and stress (Emery and Sachs, 1976; Dunn, 1987; Albert et al,
1989;; Herman et al, 1994; Liu et al, 1997; Treit et al, 1998; Wang et al, 1998;
Schulzz and Canbelyli, 2000; Walker et al, 2000). In humans the BSTc has been
relatedd to the gender identity disorder called transsexuality, in which subjects express
thee strong feeling of being born in the wrong body. These studies showed that the size
off the BSTc in male-to-female transsexuals is similar to that found in control women,
whereass in the only female-to-male transsexual studied so far the BSTc size was
similarr to that found in men (Zhou et al, 1995; Kruijver et al, 2000).
I.2.C.I.2.C. Anteroventral Periventricular Nucleus
Somee brain regions are larger in females than in males. For example, the
anteroventrall periventricular nucleus (AVPv) in the rat, mouse, hamster and gerbil
brainn was shown to be larger in females than in males (Bleier et al, 1982; Surnida et
al,al, 1993). The AVPv is heavily interconnected with other brain areas, such as the
BST,, organum vasculosum laminae terminalis (OVLT) and Arc (Hutton et al, 1998;
Ibanezera/.,, 2001).
Thee rat AVPv also contains neurochemical sex differences that are biased in a
femalee direction. For instance, more dopaminergic cells are found in the female
AVPvv than in the male AVPv (Gu and Simerly, 1997). Interestingly, the AVPv is
moree heavily innervated by the BST and MPN in males than in females (Hutton et al.,
1998).. The ascending AVPv projections terminate, in part, close to the OVLT where
13 3
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gonadotropin-releasingg hormone (GnRH) containing cells have been observed.
Becausee descending AVPv fibers terminate in the periventricular nucleus and Arc,
itt has been suggested that the AVPv may function as a nodal point in the regulation
off gonadotropin secretion. Indeed, lesioning of the AVPv eliminates surges in
luteinizingg hormone and prolactin, spontaneous ovulation and induces persistent
vaginall estrus (Wiegand and Terawasa, 1982; Ronnekleiv and Kelly, 1986). At
present,, it is not known whether the human brain contains a similar analogous AVPv
brainn region.
1.2.1.2. d. Ventromedial Hypothalamic

Nucleus

Thee ventromedial hypothalamus (VMH) of the rat brain is larger in males than in
femaless (Matsumoto and Arai, 1983). Analysis of the number of synaptic contacts
showedd that this parameter is higher in males than in females (Matsumoto and Arai,
1986;; Pozzo Miller and Aoki, 1991). Tracing experiments showed that the VMH
projectss to many sexually dimorphic and non-sexually dimorphic brain areas, such
ass the SDN-POA, LS, BST, AM and PVN (Canteras et al, 1994). Presently, it is
unknownn whether the VMH in the human brain is sexually dimorphic in volume.
However,, studies showed that metabolic activity in the VMH may correlate with sex.
Thee size of the Golgi apparatus (GA) has been used as a marker for neuronal
metabolicc activity (Salehi et al, 1994; Lucassen et al, 1994). The neuronal metabolic
activityy in the human VMH seemed to be higher in young women than in young men.
Ass the metabolic activity of the VMH appears to increase with age in men, it has been
proposedd that androgens may inhibit metabolic activity in the VMH (Ishunina et al,
2001).. The VMH has been implicated in the regulation of feeding behavior,
moreover,, it also plays a central role in the regulation of male and female reproductivee behavior (Pfaffand Sakuma, 1979; Blaustein and Olster, 1989; McGinnis et
al,al, 1996). For instance, neurons residing in the lateral ventral portion of the VMH
havee been implicated in the regulation of lordosis after appropriate priming with
estradioll and progesterone (Blaustein and Turcotte, 1989; Auger et al, 1995). The
VMHH in the human brain may be involved in the sexually dimorphic integration of
pheromonall input. Positron emission tomography scan studies in humans showed that
ann androgen-like compound activated the female hypothalamus centering on the
VMH,, while in males the activation of the hypothalamus by an estrogen-like substancee was centered on the PVN and dorsomedial hypothalamus (Savic et al., 2001).
14 4
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1.2.e.1.2.e. Extra-hypothalamic Sex Differences
Althoughh sex differences in the preoptic and hypothalamic brain areas have received
mostt attention, sex-dependent organization is not restricted to these brain areas. For
instance,, in humans the volume and number of neurons of the total neocortex is
approximatelyy 10-15% larger in males than females (Pakkenberg and Gundersen,
1997;; Rabinowicz et al, 2001). More regional cortical sex differences have been
foundd in the visual cortex by Reid and Juraska, 1992, who showed that the male
visuall cortex in rodents contains more neurons than the female visual cortex.
Notably,, sex-dependent structures have also been found in the hippocampus,
whichh is the limbic part of the isocortex. The volume of the hippocampal Ammons
hornn CA1 region is larger and contains more neurons in males than females (Madeira
etal,etal, 1992). There may also be sex differences in the organization of the corpus callosumm and anterior commissure (De Lacoste-Utamsing and Holloway, 1982; Clarke
etet al, 1989; Allen et al, 1990; Cowell et al, 1992). However, many studies have
disputedd the validity of these findings (e.g., Bell and Variend, 1985; Byne et al,
1988;; Giedd et al, 1996b; Byne et al, 2002).
1.2.f.1.2.f. Sex differences in Cognitive Function and Neurological Diseases
Sexx differences are not only found in the organization of the brain, but also in
cognitivee functions, such as verbal skills, mathematical skills and visiospatial tasks
(seee review Swaab and Hofman, 1995). However, at present these sex differences
havee not been correlated to neuroanatomical differences. The incidence of neurologicall and psychiatric diseases is also highly dependent on sex (Swaab and Hofman,
1995).. For instance, the incidence of anorexia nervosa and bulimia is much higher in
womenn than in men, whereas the opposite is true for dyslexia, sleep apnea and Gilles
dee la Tourette (Block et al, 1979; Caine et al, 1988; Whitaker et al, 1989; Castle
andd Murray, 1991). The incidence of gender identity disorders depends on sex as
well.. In the Netherlands, there are about three times fewer male-to-female
transsexualss than female-to-male transsexuals (Van Kesteren et al, 1996).
1.3.1.3. FORMATION OF THE GONADS
Numerouss studies showed that sexual differentiation begins with the sex-dependent
developmentt of the fetal gonads under influence of genetic sex. In early fetal development,, the gonads (i.e., primary source of plasma gonadal steroid hormones) do not
15 5
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differr between males and females, and have therefore been called indifferent or
bipotentiall gonads. Differentiation of the male fetal gonads into testes is caused by
aa number of sex specific genetic factors, such as the testis detennining factor (TDF),
whichh is encoded by the sex determining region-Y chromosome (Sty) gene located
onn the short arm of the Y chromosome (Palmer et al., 1989; Sinclair et al, 1990;
Jagerr et al., 1990; Berta et al., 1990; Koopman et al., 1991; McElreavey and Fellous,
1999;; Koopman, 2001). In the absence of TDF, as is the case in the female fetus, the
bipotentiall gonads differentiate into ovaries. The formation of the testes induces the
masculinizationn of the internal Wolffian ducts. Leydig cells in the fetal testes produce
testosterone,, which stimulates the formation of the ductus vas deferens, seminal
vesicles,, and epididymisfromthe Wolffian ducts, while Sertoli cells in the fetal testes
producee Müllerian inhibiting hormone (MIH), which facilitates the regression of the
Mülleriann ducts, thereby preventing the formation of female reproductive organs,
suchh as the uterus. Moreover, testosterone is converted into dihydrotestosterone
(DHT)) by 5a-reductase, which in turn facilitates the development of the penis and
scrotum.. Similar to the differentiation of the bipotential gonads into ovaries, no
hormonall signaling seems to be required for the feminization of the internal ducts in
fetall females.
1.4.1.4. SEX DIFFERENCES IN CIRCULATING TESTOSTERONE LEVELS
Inherentt to testes formation, overall testosterone levels (Fig. 2) are higher in males
thann in females during fetal and perinatal development (Corbier et al., 1978; Döhler
andd Wuttke, 1975; Weisz and Ward, 1980). Interestingly, circulating levels of
testosteronee are markedly increased in males at specific time points in development.
Inn rats, circulating testosterone levels peak around embryonic day 18 and 19, which
iss followed by a lower peak in testosterone levels just hours after birth (i.e., within
11 to 2 hours) (Weisz and Ward, 1980; Corbier et al., 1978; 1990). Not surprisingly,
testosteronee plasma levels are also higher in males than in females during human fetal
andd newborn development. Testosterone levels in the male human fetus begin to rise
inn the second month of the first trimester and reach their highest levels in the second
trimester,, which are maintained until late gestation (i.e., third trimester) when testosteronee levels are only slightly higher in males than in females at the time of birth. In
thee first neonatal year, a second surge in testosterone plasma levels has been
observed,, which subsides to levels that are again slightly higher in males than in
16 6
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femaless until the onset of puberty (Abramovich and Rowe, 1973; Winter, 1978;
Corbierr et al, 1990; Griffin and Wilson, 1998).
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FigureFigure 2. Sex differences in testosterone levels during human male A) and rat development B). Note
thee peaks in testosterone plasma levels during fetal and neonatal human and rat development,
whichh are thought to be important for the sex-dependent anatomical and neurochemical
developmentt of the central nervous system (adapted from Döhler and Wuttke, 1975; Winter, 1978;
Griffinn and Wilson, 1980; Weisz and Ward, 1980).

1.5.1.5. AROMATIZATION HYPOTHESIS
Thee gonadal steroid hormone testosterone is crucial for the sex-dependent organizationn of the brain. The aromatization hypothesis states that effects of testosterone
onn sexual differentiation of the brain are mediated by its metabolite estradiol (Fig. 3),
aa conversion process facilitated by aromatase which occurs locally in brain cells
(McEwene/a/.,, 1977; MacLusky andNaftolin, 1981; MacLusky etal, 1985; Sasano
etet al, 1998; Simpson et al. , 2000; Holloway and Clayton, 2001). Evidence from
studiess investigating the development of sex differences in animals support the
aromatizationn hypothesis. Indeed, numerous studies showed that perinatal estradiol
treatmentt reproduced the masculinizing effects of testosterone on brain organization
inn gonadectomized animals, whereas perinatal treatment with a non-aromatizable
androgenicc metabolite of testosterone, DHT, was unable to affect brain organization
inn a testosterone-like manner (see review McEwen, 1983; Balthazart and Ball, 1998;
Cookee et al., 1998). For example, estradiol treatment in female and castrated male rat
pupss increased the size of the SDN-POA, whereas perinatal DHT treatment did not
17 7
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(Gorski,, 1984; Jacobson et ah, 1987). Moreover, aromatase is highly expressed in
newbornn rodent and human brain areas that contain anatomical and neurochemical
sexx differences in adulthood, such as the preoptic area, hypothalamus and limbic
systemm (Naftolin et ah, 1975; 1996; Sasano et ah, 1998).
Thee conversion of testosterone into estradiol by aromatase may be responsible for
thee dramatic surge in estradiol levels in the male rodent hypothalamus around birth,
whichh is absent in the female rodent hypothalamus (Rhoda et ah, 1984). Masculinizingg effects of testosterone were also effectively blocked by estrogen antagonists
andd aromatase inhibitors (McDonald and Doughty, 1972; 1974;McEwene?a/., 1977;
Vreeburgg et al, 1977; Brandt et ah, 1991; Bakker et ah, 1993; 1995). These studies
stronglyy support that testosterone-derived estrogens facilitate sexual differentiation
off the rodent, and possibly the human brain.
Testosterone e

5a-reductase 5a-reductase

aromatase aromatase

\\

Estradiol l

DHT T

Sexuall Differentiation
off the Vertebrate Brain

//

FigureFigure 3. Schematic representation of testosterone conversion by aromatase or 5oc-reductase into
estradioll or dihydrotestosterone (DHT) respectively. Sexual differentiation is thought to be mainly
mediatedd by estradiol derived from testosterone, however there are evidence suggesting that
testosteronee and or DHT may also directly affect sexual differentiation of the central nervous system.

1.6.1.6. ORGANIZATIONAL VERSUS ACTIVATION AL EFFECTS
AA pivotal concept for understanding the actions of gonadal steroid hormones on
vertebratee brain sexual differentiation was put forward by Phoenix and colleagues in
1959,, who proposed that gonadal steroid hormone effects in vertebrates can be
categorizedd as organizational or activational. Organizational effects of gonadal
steroidd hormones are thought to be permanent and mainly occur during perinatal
development,, whereas activational effects are thought to be transient and mainly
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restrictedd to adulthood. An example of an organizational effect is the inability of
testosteronee treatment to markedly affect the anatomical organization of the female
SDN-POAA in adulthood, while testosterone treatment on postnatal day 1 markedly
increasess the SDN-POA size in female rats (Gorski et al., 1978; Jacobson et al.,
1981).. A good example of a transient activational effect of gonadal steroid hormones
iss the induction of female sexual behavior in rats during the estrous cycle, which
dependss on an increase in circulating estradiol followed by an increase in progesteronee (Fig. 4). Although, these changes in serum levels increase the expression
off the immediate early gene c-fos and progestin receptors in the VMH, these changes
doo not markedly affect VMH anatomy and more importantly are transient (Auger et
al,al, 1996). These hormonal changes prime the female brain for behavioral estrus, in
whichh female rats are receptive for males.
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Thesee hormonal changes prime the female rat brain for behavioral estrus, in which female rats are
receptivee to males.

1.7.1.7. GONADAL STEROID RECEPTORS
Actionss of gonadal steroid hormones are classically described as being mediated
throughh their specific receptors, which are part of a large family of nuclear steroid
hormonee receptors (Evans, 1988; Robyr et al., 2000). Despite the large diversity in
steroidd hormone receptors, they are highly conserved transcription factors, which are
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variationss of a general basic modular organization. They contain a ligand binding
domain,, DNA binding domain and transactivation domain (Fig. 5). The ligand - and
DNAA binding domain of the steroid receptor recognize specific ligand and hormone
responsee elements on DNA, thereby conveying specificity in "gonadal" steroid
hormonee action. Functional hybrids between one functional domain from a steroid
receptorr and a functional domain from another steroid receptor, nicely illustrate the
modularr organization of steroid receptors. For instance, swapping the DNA binding
domainn of an estrogen steroid receptor with a similar domain from a glucocorticoid
receptorr will render normally glucocorticoid responsive genes to be estrogensensitive. .
Classicall activation of steroid hormone receptors requires binding of their specific
ligand,, which causes the translocation of the ligand-receptor complex to the nucleus,
wheree it dimerizes with another ligand-receptor complex, which in turn will interact
throughh the DNA binding domain with its specific hormone response element on
DNAA in order to regulate gene transcription (Fig. 6). This process requires interaction
withh activation function 1 (AF-1) and recruitment of co-regulatory proteins (see
below),, which bind to AF-2 on the ligand binding part of the steroid receptor. DNA
bindingg capability is conveyed by the cysteine-rich motif called "zincfinger"present
inn the DNA binding domain. This zinc finger motif is based on a zinc ion with a
surroundingg tetrahedral protein structure containing either four cysteine residues or
twoo cysteine and two histidine residues.
Transactivationn
AF-1 1

DNA binding

Ligand binding
LBOO

AF-2

FigureFigure 5. Basic modular organization of steroid receptors (Adapted from Lemke, 1992; Auger, 2001).
Ligand-dependentt activation of steroid receptors is conferred by the ligand binding domain (LDB).
Thee ligand binding domain moreover contains an activation function 2 (AF-2) site which associates
withh specific co-regulatory proteins. Ligand-independent activation of steroid receptors are though
too be mediated through the activation function 1 (AF-1) site. Abbreviations: COOH = C-terminal
domain,, NH2 = N-terminal domain.

Estrogenn receptors (ER) were the first nuclear receptors to be discovered (Toft
andd Gorski, 1966), after which specific nuclear receptors were found for androgens
(AR),, progestins (PR), glucocorticoids (GR), mineralocorticoids (MR), thyroid
hormonee (TR), 2\\-trans retinoic acid (RAR), 9-cis retinoic (RXR), and vitamin D3
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(VDR).. The nuclear receptor superfamily also includes a new class of receptors called
orphann receptors (McKenna et al, 1999; 2000; Mueller and Korach, 2001).
1.7.a.1.7.a. Estrogen Receptors
Untill recently, it was believed that the mammalian brain only expressed one type of
estrogenn receptor (ER). However, several laboratories found a second type of ER in
thee mouse, rat, and human brain (Kuiper et al, 1996; Mosselman et al, 1996;
Tremblayy et al, 1997; Kuiper et al, 1998). The classical ER was referred as ER a,
andd the newly discovered ER was termed ER p. The two receptors are encoded by
separatee genes that are located on different chromosomes (Kuiper et al, 1996). ER
aa and ER p expression in the rat brain shows considerable overlap in brain areas,
suchh as the MPN, BST, MeAM, cortical AM, lateral habenula (LH), PAQ parabranchiall nucleus (PB), locus coeruleus (LC), and nucleus of the solitary tract (NTS)
(Simerlyy etal, 1990; Kuiper e* al, 1996; Shughrueef a/., 1997; 1998; 2001). On the
otherr hand, the VMH and subfornical organ contain almost exclusively ER a, while
neuronss of the olfactory bulb, SON, PVN, suprachiasmatic nucleus (SCN), zona
incerta,, ventral tegmental area, cerebellum (Purkinje cells), and pineal gland among
otherr areas are exclusively ER p positive (Shrughue et al, 1997; 1998; 2001). ER a
andd ER p distribution in the human brain is largely consistent with studies in
experimentall animals. Examples of human brain areas that contain ER a expressing
cellss are the diagonal band of Broca (DBB), nucleus basalis of Meynert (NBM),
SDN-POA,, BST, AM, PVN, SON, Arc, hippocampus, and cerebral cortex
(Goldsmithh et al, 1997; Blurton-Jones et al, 1999; Donahue et al, 2000; Österlund
etet al, 2000a, b; Ishunina et al, 2000; see review Österlund and Hurd, 2001). ER p
expressionn in the human brain can be found in similar brain areas and shows
considerablee overlap with the expression pattern of ER a (Ishunina et al, 2000;
Österlundd and Hurd, 2001).
Recentt data from our laboratory indicate that both ER a and ER p may differ in
expressionn in the SDN-POA and BST between men and women in adulthood
(Kruijverr et al, 2002 accepted; Kruijver unpublished observations). Expression of
ERss in rodents and primates is also regulated by circulating levels of gonadal steroid
hormones.. Unlike ARs, removal of circulating levels of testosterone or its metabolite
estradioll increases expression of ER a in the rat AVPv, MPN, BST, VMH and Arc
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(Simerlyy and Young, 1991; Lisciotto and Morrell, 1993; DonCarlos et al, 1995;
Simerlyy et al., 1996; Bethea et al., 1996; Funabashi et al, 2000). Gonadal steroid
hormonee regulation of ER (3 expression is presently not well-studied; however,
gonadotropinss seem to down-regulate ER (3 expression in the rat ovary (Byers et al,
1997).. Similarly, ER P expression in the PVN of the rat brain was shown to be
decreasedd by estradiol, while estradiol had no effect on ER P expression in the MPN
orr BST (Patisaul et al, 1999). On the other hand, estradiol seems to up-regulate ER
PP expression in the Arc of the rat brain (Österlund et al, 1998). In humans, ER P
expressionn may also be affected by circulating levels of gonadal steroids. For
example,, ER P expression was higher in the SON of young women as compared to
postmenopausall women, while ER a expression was lower in young women than in
postmenopausall women (Ishunina et ah, 2000).
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FigureFigure 6. Classical activation of gonadal steroid receptors by their ligands, which readily pass the
celll membrane. Upon binding their specific receptors in the cytoplasm or the nucleus, the ligandreceptorr complex in the cytoplasm translocate to the nucleus and dimerizes with another ligandreceptorr complex. This dimer complex binds to the hormone response element (HRE) and interacts
withh co-regulatory protein and general transcriptional proteins to alter gene expression, and thereby
modifyingg cell function (adapted from Auger, 2001).

1.7.b.1.7.b. Androgen Receptors
Highh levels of AR mRNA and protein have been detected in many of the sexually
dimorphicc and non-sexually dimorphic nuclei of the rat preoptic and hypothalamic
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brainn area. Examples are the LS, AVPv, MPN, BST, AM, and VMH (Simerly et al,
1990;; Zhou et ai, 1994; Kerr et al, 1995; Handa etal, 1996). ARs are also present
inn the main and accessory olfactory bulbs, hippocampus, neocortex, and in several
nucleii in the brain stem and spinal cord (Murphy and Hoffman, 2001). The
expressionn of ARs during early postnatal development of the rat AVPv, MPN, and
BSTprr is higher in males than in females, while no sex difference in AR expression
wass found in the VMH (Simerly et ai, 1990; Herbison et al, 1995; McAbee and
DonCarlos,, 1998). The expression of AR in the human brain has recently been
studiedd using in situ hybridization and immunocytochemistry (Puy et al, 1995; Tohgi
etet al, 1995; Fernandez-Guasti et al, 2000; Beyenburg et al, 2000). The expression
off AR in the adult human brain also shows a sexually dimorphic pattern in, for
example,, the SDN-POA among other areas in the human preoptic and hypothalamic
areaa (Fernandez-Guasti et al, 2000; Kruijver et al, 2001).
Thee expression of AR in the rodent brain is regulated by circulating levels of
testosteronee (Kerr et al, 1995; Handa et al, 1996; McAbee and DonCarlos, 1999).
Recentt studies suggest that aromatization of testosterone into its metabolite estradiol
facilitatess the induction of AR in the rat brain (McAbee and Don Carlos, 1999). The
regulationn of AR in the human brain is also thought to be regulated by gonadal hormonee status as suggested by recent studies, in which the expression of AR in the
mamillaryy bodies is increased following castration and aging (Kruijver et al, 2001).
I.7.C.I.7.C. Progestin Receptors
Progestinn receptors (PR) protein and mRNA, of which there are two major isoforms:
PR-AA and PR-B are like AR and ER widely distributed in the central nervous system
(OlsterandBlaustein,, 199\;Kato etal, 1993; Turcotte and Blaustein, 1993; Wagner
etet al., 1998). PR-B is the full length receptor, whereas PR-A lacks 40 amino acids at
thee N-terminal part of the receptor. Functional studies suggests that PR-A may act as
aa repressor of PR-B (Tung et al, 1993; Vegeto et al, 1993; Mulac-Jericevic et al,
2000).. In the rodent brain, high expression of PR mRNA and protein has been
detectedd in AVPv, MPN, BST, AM, VMH, and Arc (Romano et al, 1989; Simerly
etet al, 1996; Wagner et al, 1998). Interestingly, a dramatic sex difference in the
numberr of PR immunoreactive cell nuclei has been found in the perinatal rat MPN,
indeedd many more PR containing rat MPN cells can be found in males than in
femaless during perinatal development (Wagner et al, 1998). The expression of PR
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iss differentially regulated by estradiol, depending on brain area. For instance,
estradioll increases PR expression in the AVPv, MPN, and VMH, whereas no changes
inn PR expression were detected in the MeAM (Romano et al, 1989; Simerly et al,
1996;; Wagnersal, 1998).
1.8.1.8. STEROID RECEPTOR CO-REGULATORS
Ligand-boundd steroid hormone receptor dimers are stable and bind with high
efficiencyy to hormone response elements on DNA. The steroid receptor complex
boundd to DNA can interact with several combinations of so-called co-regulatory
proteins,, which influence genomic transcription (McKenna et al, 1999). Two main
classess of co-regulatory proteins have been found; those that increase steroid receptor
actionn are called co-activators, those that decrease steroid receptor action are called
co-repressors.. These co-regulatory proteins were biochemically identified through
theirr ability to interact with the hormone binding domain of gonadal steroid receptors
inn a ligand-dependent fashion and contain ATPase, acetyltransferase, methyltranferasee and ubiquitine ligase activity (McKenna et al, 1999; 2000). For example,
ligand-boundd gonadal steroid receptors can recruit steroid receptor coactivator 1 (Src1),, a histone acetyltransferase (HAT), which is involved in the disruption of the
nucleosomee causing the unwinding of chromatin (McKenna et al., 1999), a process
whichh is thought to be required for the recruitment of general transcription factors and
RNAA polymerase to enhance or repress gene transcription. For instance, transcriptionall activity of ligand bound ER can be modulated by coregulator RIP 140 (Brinton,
2001). .
Gonadall steroid receptor co-regulatory proteins are required for the anatomical,
neurochemicall and behavioral sexual differentiation of the vertebrate brain. Mice in
whichh Src-1 was deleted showed partial resistence to gonadal steroid hormone dependentt responses in the periphery. For example, testis, prostate and urethral weight in
Src-1Src-1 knockout male mice is lower as compared to wildtype mice (Xu et al, 1998).
Moreover,, the increase in uterus weight caused by estradiol is much smaller in Src-1
knockoutt mice as compared to Src-1 wildtype mice (Xu et al, 1998). Centrally,
reductionn of Src-1 protein by means of Src-1 antisense oligodeoxynucleotide
infusionss interfered with the masculinizing effects of testosterone on the developing
femalee SDN-POA. Testosterone-treatment on day of birth in female rats increases the
SDN-POAA volume and moreover decreases female sexual behavior (Wilson et ah,
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1940;; Feder et al, 1966; Gorski et al, 1978). However, the size of the SDN-POA in
testosterone-treatedd female rats was approximately 50% smaller in Src-1 antisense
treatedd animals versus control animals. Scr-1 antisense infusion also attenuated the
defeminizationn of female sexual behavior caused by early testosterone treatment
(Augerr et al, 2000).
1.9.1.9. GONADAL STEROID HORMONES AND APOPTOSIS
Onee of the proposed resultant gonadal steroid hormone effects during sexual differentiationn in the vertebrate brain has been hypothesized to be discrete sex-dependent
eliminationn of brain cells through "apoptotic cell" death (See reviews Arnold and
Gorski,, 1984; Breedlove, 1994; 1997). Apoptosis is a highly regulated distinct form
off cell death that histologically is characterized by shrinkage of cell cytoplasm, condensationn of chromatin, blebbing of cell membrane and formation of membraneboundd apoptotic bodies containing intact organelles and condensed chromatin (Fig.
8;; Kerr et al, 1972). Biochemical analysis indicated that fragmentation of DNA
duringg apoptosis occurs in multiples of 180-200 base pairs (Arends et al, 1990;
Schwartzz and Osborne, 1993). Many studies showed that apoptosis is a widespread
phenomenonn during early brain development, which is required to remove brain cells
thatt do not migrate, differentiate and/or form appropriate neuronal circuits in a given
developmentall time period (Davies, 1994; Oppenheim, 1991). Examples of apoptotic
celll death during brain development have been described early on, for instance in the
rodentt striatum, hippocampus, amygdala and cerebellum (Mensah, 1982; Janowski
andd Finlay, 1983). The presence of apoptotic cell death has also been documented in
aa number of studies investigating fetal human brain (e.g., Chan and Yew, 1998;
Simonatii et aL, 1999; Rakic and Zecevic, 2000; Itoh et al, 2001).
Apoptosiss has been observed during sexual differentiation of a number of regions
inn the preoptic area in the rat brain. For example, the incidence of apoptosis in the
perinatall AVPv was higher in males than in females, while the incidence of apoptosis
inn the postnatal SDN-POA was higher in females than in males (Arai et al, 1994;
Araii et al, 1996; Davis et al, 1996). Moreover, these studies showed that
testosteronee or its metabolite estradiol increased the incidence of apoptosis in the
perinatall rat AVPv, whereas testosterone or its metabolite estradiol decreased the
incidencee of apoptosis in the developing rat SDN-POA. These studies suggest that
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gonadall steroid hormones may indeed influence the sexual differentiation of the
vertebratee brain by inducing or preventing apoptotic cell death.

FigureFigure 7. Morphological characteristics during apoptosls (adapted from Kerr etal, 1972). A) Normal
healthyy cell, B-C) Shrinkage of cell nucleus and cytoplasm, D-E) condensation of cell nucleus
followedd by blebbing of cell membrane, F) disintegration of cell into apoptotic bodies.

2.0.2.0. SCOPE OF THESIS
Inn the present thesis, sexual differentiation of limbic and anterior hypothalamic brain
areass in the human and rodent forebrain in relation to apoptosis was examined. We
focused,, albeit not exclusively, on the human and rodent bed nucleus of the stria
terminalis. .
Inn humans, the BST is larger in men than in women, however, it was not clear at
whatt moment during development the BST became sexually dimorphic. This question
wass studied in chapter two, where the BST size was measured from fetal
developmentt onwards. Several seminal studies in animal experiments showed that
developmentall and adult gonadal steroid hormone actions are conveyed by their
specificc steroids receptors. In chapter three, we examined the distribution of gonadal
steroidd hormone receptors in the human brain from fetal ages onward.
Gonadall steroid hormone actions presumably working through their specific
steroidd receptors may differentiate the vertebrate BST in a sex-dependent fashion by
regulatingg apoptosis during brain development. In chapter four, we examined
whetherr apoptosis indeed plays a role in the sexual differentiation of, amongst other
brainn regions the neonatal rat BST. Moreover, we investigated whether testosterone
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whetherr sex differences in apoptosis only are sufficient to differentiate the vertebrate
brainn in a sex-dependent fashion. In chapter Jive, we examined the effects of the
proapoptoticc Bax gene deletion on the organization of the BST and amygdala in the
mousee brain. Recent studies showed that progestins may also be involved in the
modulationn of sexual differentiation in the vertebrate brain. In chapter six, we
investigatedd in an initial study whether antiprogestins affect the incidence of
apoptosiss in the neonatal rat SDN-POA.
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CHAPTERR TWO
SEXUALSEXUAL DIFFERENTIATION OF THE BED NUCLEUS OF THE STRIA
TERMINALISTERMINALIS MAY EXTEND INTO ADULTHOOD
Wilsonn C J. Chung, Geert J. de Vries and Dick F. Swaab

Gonadall steroids have remarkable developmental effects on sex-dependent brain
organizationn and behavior in animals. Presumably, fetal or neonatal gonadal
steroidss are also responsible for sexual differentiation of the human brain. A limbic
structuree of special interest in this regard is the sexually dimorphic central subdivisionn of the bed nucleus of the stria terminalis (BSTc), because its size has been
relatedd to the gender identity disorder transsexuality. To determine at what age the
BSTcc becomes sexually dimorphic, the BSTc volume in males and females was
studieddfrommid-gestation into adulthood. Using vasoactive intestinal polypeptide
andd somatostatin immunocytochemical staining as markers, we found that the
BSTcc was larger and contains more neurons in men than in women. However, this
differencee became significant only in adulthood showing that sexual differentiation
off the human brain may extend into the adulthood. The unexpectedly late sexual
differentiationn of the BSTc is discussed in relation to sex differences in developmental,, adolescent, and adult gonadal steroid levels.

PublishedPublished in: Journal ofNeuroscience, 22, 2002.
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INTRODUCTION INTRODUCTION
Severall regions in the human brain differ in organization between men and women.
Forr example, distinct cell groups in the preoptic and anterior hypothalamic area are
larger,, and the suprachiasmatic nucleus (SCN) contains more vasoactive intestinal
polypeptide-immunoreactivee (VIP-IR) cells, in young men than in young women
(Swaabb and Fliers, 1985; Allen et al, 1989; LeVay, 1991; Swaab et al, 1994; Byne
etet al, 2000). Clear anatomical sex differences have also been described in the human
bedd nucleus of the stria terminalis (BST). The darkly staining posteromedial componentt of the BST (BST-dspm) and the central subdivision of the BST (BSTc) are both
largerr in men than in women (Allen and Gorski, 1990; Zhou et al, 1995; Kruijver
etet al, 2000). Differences in the size of the human BSTc have been related to the
genderr identity disorder transsexuality, in which subjects voice the strong feeling of
beingg born in the wrong sex. In male-to-female transsexuals, the BSTc was similar
inn size to that of control women, whereas in the only female-to-male transsexual
studiedd so far, the BSTc was similar in size to that of control men (Swaab and
Hofman,, 1995; Zhou et al, 1995; Kruijver et al, 2000).
Inn general, perinatal sex differences in gonadal steroid levels are responsible for
organizingg the vertebrate brain in a sex-dependent fashion (Döhler, 1991; Cooke et
al,al, 1998). Studies showed that this was also the case for the sexual differentiation
off the BST in the rat brain. For instance, perinatal sex differences in testosterone are
requiredd for the principal nucleus of the BST in the rat brain to become larger and
containn more cells in males than in females (Del Abril et al, 1987; Guillamon et al,
1988;; Chung et al, 2000). Moreover, these sex-dependent morphological changes
occurr within the first week of postnatal life (Chung et al, 2000). Therefore, gonadal
steroidss are presumed to play a role in the sexual differentiation of the human BSTc,
whichh was predicted to be apparent early on during fetal or infant development. This
ideaa is further supported by observations in humans, which indicate that dramatic
changess in circulating gonadal steroid levels do not seem to alter the size of the
BSTcc in adult control subjects. For instance, high testosterone and androstenedione
levelss caused by an adrenal cortex tumor in a female control subject did not result
inn a larger BSTc, while gonadectomy in male control subjects with prostate cancer
didd not result in a smaller BSTc (Zhou et al, 1995; Kruijver et al, 2000).
Inn the present study, we used postmortem human brain tissue to determine at
whatt stage of development the volume of the human BSTc diverges between men
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andd women. Moreover, we assessed whether sex differences in total number of Nisslstainedd BSTc neurons contributed to the sexual differentiation of the BSTc size.
MATERIALSMATERIALS AND METHODS
HumanHuman brain tissue
Brainss of 50 control subjects (Table 1) were obtained through autopsies by the
Netherlandss Brain Bank following the required permissions for brain autopsy and
usee of tissue and medical information for research purposes. Brain tissue was fixed
inn formalin and embedded in paraffin. Serial coronal sections (6 //m) were made
usingg a Leitz microtome and mounted on aminoalkylsilane-coated glass slides.
Paraffin-embeddedd sections were processed for immunocytochemistry as described
inn earlier studies (Zhou et aly 1995; Kruijver et ah, 2000).
Immunocytochemistry Immunocytochemistry
Afterr deparaffmization and rehydration using xylene and decreasing grades of
ethanol,, sections were placed in 0.05 M citrate buffer pH 4.0 and microwave-treated
(forr antigen retrieval) at 90 °C for 10 minutes, cooled at room temperature (RT) for
300 minutes, rinsed 3 x 5 minutes in 0.05 M Tris-buffer saline (TBS) pH 7.6, and
placedd into 0.3% triton-X 100 (Sigma, St. Louis, MO), 5% milk powder (Elk,
Campina)) diluted with TBS (TBS-XM) for 30 minutes to reduce non-specific
staining.. Sections were then incubated overnight at 4 °C with rabbit anti-VIP polyclonall (VIPER) 1:600 or rabbit anti-somatostatin polyclonal (SOMAAR) 1:800
dilutedd in TBS-XM. Following, sections were rinsed 1 x 5 minutes in TBS-XM and
2x55 minutes in TBS and incubated with biotinylated goat anti-rabbit (1:300, Vector
Labs,, Burlingame, California) diluted in TBS-XM for 60 minutes at RT. Sections
weree rinsed 3 x 5 minutes in TBS and incubated with ABC elite kit (1:600, Vector
Labs,, Burlingame, California) diluted in TBS for 60 minutes, and after additional 3
xx 5 minutes rinses in TBS, reacted with 0.25% nickel-ammonium sulphate-enhanced
3,3'' diaminobenzidine tetrahydrochloride (0.5 mg/ml) and 0.01% H202 in TBS. The
reactionn was stopped after 10-to-20 minutes, dehydrated with increasing grades of
ethanol,, cleared with xylene and coverslipped using entellan (Merck, Darmstadt).
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TableTable 1. Control human brain material.
Sex Sex
NBB NBB
number number

Age Age

SOM SOM Ctinicopathological Ctinicopath
FixationFixation VIP
Postmortem Postmortem
Brain Brain
11
weightweight delay
)diagnosis
)
(days) (days)
(mm(mm (mm(mm
)
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(hours)
(0 (0
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388 l/7w 320 0

14:05 5

26 6

0.624 4 1.018 8

<17:00 0

31 1

1.284 4 2.125 5
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35 5

1.445 5 2.520 0

40w w
440 0
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88120 0
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mm
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88053 3
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3mos s

635 5

<< 17:00

73 3
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3mos s

710 0

<11:00 0

792 2

1.034 4 2.318 8

86041 1

mm

6mos s

800 0

<6:30 0

14 4

1.515 5 2.663 3

88092 2

mm

iy y

920 0

<41:00 0

31 1

2.587 7 4.536 6

88058 8

mm

ly y

1070 0 <35:35 5

28 8

2.597 7 3.843 3

mm
84016 6
mm
87057 7
mm
98116 6
mm
87036 6
adultadult period
mm
97083 3
mm
97173 3
mm
86042 2

5y y
6y y
8y y
14y y

1565 5
1550 0
nd d
1640 0

100 0
41 1
103 3
32 2

2.083 3
3.838 8
2.826 6
4.968 8

22y y
24y y
28y y

1334 4 <16:29 9
1364 4 <33:30 0
1450 0 <17:00 0

26 6
31 1
46 6

4.067 7 5.897 7
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3.618 8 5.254 4

96406 6
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35y y
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99071 1
88011 1
92011 1
97159 9

mm
mm
mm
mm

39y y
41y y
47y y
48y y

1400 0
1500 0
1500 0
1500 0

= 25)
Femaless (n ==
Fetal/NeonatalFetal/Neonatal period
255 6/7w 100 0
{{
89056 6

23:55 5
3:30 0
<17:10 0
<41:00 0

3.074 4
5.637 7
5.595 5
8.059 9

<16:30 0
20:30 0
<89:00 0
5:30 0

130 0
33 3
77 7
42 2

3.362 2
4.464 4
4.258 8
3.757 7

<65:00 0

31 1

0.362 2 0.579 9

6.919 9
6.745 5
4.915 5
5.948 8

ff

277 2/7w 77 7

<41:00 0

1301 1 0.217 7 0.460 0

98193 3
86030 0
87024 4

ff
ff
ff

300 6/7w 116 6
312/7w w 200 0
345/7w w 180 0

3:00 0
<41:00 0
<3:15 5

82 2
33 3
38 8

96403 3

ff

344 4/7w 197 7

<57:19 9

1288 8 0.385 5 0.951 1

88123 3
89092 2
88077 7

ff
ff
ff

377 6/7w 350 0
400 l/7w 380 0
400 2/7w 350 0

<41:00 0
30:45 5
<65:00 0

30 0
28 8
56 6

96401 1

32 2

0.579 9 1.023 3
1.011 1 1.545 5
0.368 8 0.770 0

1.067 7 2.544 4
0.696 6 1.066 6
0.782 2 1.378 8

Pulmonaryy failure
Cardiacc failure
Respiratory y
insufficiency y
Pericardiall rupture
Pulmonaliss atresia,
cardiacc insufficiency
Respiratory y
insufficiency y
Asphyxia a
Pulmonal l
insufficiency,, Fallot's
tetralogy y
Cardiacc failure,
aorticc stenosis,
cerebrall ischemia
Suddenn infant
deathdeath syndrome
Suddenn infant
deathdeath syndrome
Penthotal l
intoxication,, hypoxia
Bacterial l
meningitis,, sepsis
Sepsis s
Peritonitis s
Cardiomyopathy y
Lymphadenopathy y
Cardiomyopathy y
Accidentall death
Guillain-Barré é
syndrome e
Pulmonary y
aspergillosis s
Cardiacc failure
Suicide e
Sepsis s
Diabetess mellitus
typee I, euthanasia

Idiopathicc (infant)
respiratoryy distress
syndrome e
Congenital l
infection n
Sepsis s
Hypoxia a
Idiopathicc (infant)
respiratoryy distress
syndrome e
Developmental l
syndrome e
Cardiacc failure
Asphyxia a
Asphyxia a
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87028 8

ff

411 4/7w 350 0

Infant/pubertalInfant/pubertal period
ff
735 5
5mos s
86027 7

<41:00 0

33 3

0.880 0 2.444 4

Aspirationn of
maternall blood

10:00 0

40 0

1.028 8 1.890 0

Suddenn infant
deathh syndrome
Cardiomyopathy y
Hypoglycemia a
Kidneyy dysplasia,
sepsis s
Astrocytoma a
Histiocystic c
lymphoma,, cardiac
failure e
Diabetess mellitus,
acidosis s

89027 7
89036 6
85031 1

ff
ff
ff

6mos s
iy y
2y y

780 0
820 0
nd d

<17:00 0
nd d
<65:00 0

28 8
31 1
48 8

1.033 3 2.890 0
2.366 6 3.956 6
1.028 8 4.699 9

87077 7
87035 5

ff
ff

7y y
13y y

1320 0 <9:45 5
1250 0 <13:00 0

33 3
48 8

1.033 3 5.287 7
2.366 6 7.243 3

99060 0

ff

16y y

1364 4 <43:00 0

238 8

3.251 1 6.662 2

Adultperiod Adultperiod
85041 1
28y y
ff
29y y
85027 7
ff

5:25 5
nd d
1150 0 13:10 0

44 4
60 0

3.218 8 6.384 4
4.318 8 3.131 1

92037 7

ff

32y y

1280 0 30:00 0

45 5

3.518 8 3.334 4

86032 2
84002 2

ff
ff

33y y
36y y

1035 5 <41:00 0
1420 0 85:40 0

20 0
51 1

2.411 1 4.179 9
1.893 3 3.688 8

97131 1

ff

43y y

1345 5 <92:00 0

63 3

2.293 3 3.647 7

89104 4

ff

49y y

1260 0 <41:00 0

32 2

3.877 7 6.512 2

96423 3

ff

49y y

1253 3 <17:00 0

806 6

3.183 3 5.316 6

Cardiacc failure
Coma,, liver
cirrhosis s
Bronchitis, ,
pneumonia a
Adenocarcinoma a
Suicide,, multiple
fractures,, aortic
rupture e
Cardiacc failure,
liverr cirrhosis
Lungg carcinoma,
septicc shock
Adenocarcinoma, ,
thrombo-embolism m

NBBNBB = Netherlands Brain Bank; w = weeks of pregnancy; ƒ = female; m = male; nd = not determined; mos =
months;; y = years, VIP = = vasoactive intestinal polypeptide; SOM = somatostatin.

VolumeVolume measurements
Thee volume of the human BSTc in control subjects (males n = 25; females n = 25)
wass assessed both by using VIP and somatostatin immunocytochemical staining as
markers(Walterr et al, 1991; Zhou et al, 1995; Kruijver et al, 2000). Both markers
havee been shown previously to delineate clearly the borders of the BSTc in adult
maless and females (Zhou et al, 1995; Kruijver et al., 2000). The present study
showedd that the same markers delineate the BSTc from 25 th week of pregnancy
onwardss (Table 1). The volume of the BSTc was estimated by measuring the crosssectionall area delineated by VIP or somatostatin immunoreactivity in approximately
everyy 25th section (fetal/neonatal and infant/pubertal subjects) or every 50th section
(adultt subjects) using a 2.5 x objective (Plan-Neofluar) on a Zeiss Axioskop microscopee mounted with a Sony B/W CCD camera (model XC77CE), connected to an
IBASS imaging analysis system (Kontron Elektronik). The total volume of the BSTc
wass calculated according to the Cavalieri principle (Gundersen et al, 1988).
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EstimationEstimation of neuronal density and total neuronal number
Somatostatin-stainedd sections of the BSTc from adult males and females (between
222 and 49 years) (Table 2) were counterstained with Nissl staining to reveal all cells
andd to estimate total neuronal number in the adult BSTc. Cross-sectional digital imagess (every 50th to 100th section) were made using a 2.5 x objective (Plan-Neofluar)
onn a Zeiss Axioskop microscope, mounted with a Sony B/W CCD camera (model
XC77CE),, that was connected to an IBAS imaging analysis system (Kontron Elektronik).. The somatostatin-stained BSTc was outlined at 2.5 x magnification, subsequentlyy the imaging analysis system overlayed a grid of rectangular fields within
thee outlined cross-sectional area. Each field was equal in size to the area displayed
byy the camera at 63 x objective (Plan-Apochromat). For analysis, 25% of the rectangularr fields (each field covering at least 10% of the outlined area) were selected by
aa random systematic sampling procedure. In order to prevent double counting, only
neuronss containing a nucleolus (approximately 2 jum diameter) were counted. This
countingg procedure isfirstlybased on the assumption that the cell nucleus only containss one nucleolus. No multi-nucleolated nuclei were observed in our sections,
confirmingg the observation of Kruijver et al, (2000) for the BSTc. In the second
placee nucleoli are considered to be hard particles that will not be sectioned by a
microtomee knife, but instead are pushed either in or out the paraffin when hit by a
microtomee knife (Jones, 1937; Cammermeyer, 1967; Köningsmark, 1970; Braendgaardd and Gundersen, 1986). All visible neurons with a nucleus containing a clear
nucleolus,, within the exclusion lines were counted using a 63 x objective. The
neuronall density was calculated by multiplying the total number of nucleoli counted
byy the sampled volume. The total number of neurons was then estimated for the adult
BSTcc by multiplying neuronal density with the total BSTc volume. The measurementss were made without knowledge of age and sex.
StatisticalStatistical analysis
Thee data were categorized in a fetal/neonatal period (between 25th and 41th week of
gestation),, an infant/pubertal period (between 3 months and 16 years), and an adult
periodd (between 22 and 49 years), and tested for significant differences using onewayy analysis of variance (ANOVA) and Mests (Fig. 2).Ap< 0.05 was considered
ass significant.
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RESULTS RESULTS
BSTcc volume defined by VIP immunostaining was about 60.7 3.1 % (SEM) smaller
thann BSTc volume defined by somatostatin immunostaining across all age groups
(Fig.. 1,2), due to the presence of somatostatin-IR fibers in the cell sparse shell that
surroundss the VIP-IR fibers in the BSTc core. No postmortem delay or fixation time
effectss on the immunocytochemical staining were observed. Regression analysis
showedd that BSTc volume in both males and females defined by VIP immunocytochemistry,, is correlated with BSTc volume defined by somatostatin immunocytochemistryy (in males R = 0.96,p < 0.0001 and females R = 0.73,p < 0.0001; Fig. 2).
One-wayy ANOVA showed that the male BSTc volume significantly increased with
agee as based on its \TP [F (2, 24) = 27.4, p < 0.0001] or somatostatin immunocytochemicall staining [F (2,23) = 28.2,;? < 0.0001]. Post hoc analysis showed that
thee fetal/neonatal, infant/pubertal and adult age groups significantly differed from
eachh other (p < 0.05). The female BSTc volume significantly increased with age as
basedd on its VIP staining [F (2,24) = 22.2,/? < 0.0001] or somatostatin staining [F
(2,, 23) = 18.1,/? < 0.0001]. Post hoc analysis showed that only the fetal/neonatal infant/pubertall age groups and the fetal/neonatal - adult age groups (p < 0.05), but
nott the infant/pubertal age group - the adult age group significantly differed from
eachh other, (see Fig. 1A and B). Consequently, adult BSTc volume was on average
39%% larger in males than in females (t = 2.14, p < 0.001 for VIP and t = 2.14, p <
0.011 for somatostatin, Mest), thereby confirming earlier studies, which showed that
thee adult BSTc size is larger in males than in females (Zhou et al., 1995; Kruijver et
al,al, 2000) (Fig. 2C and £>). Moreover, the total number of BSTc neurons in
adulthoodd (i.e., between 22 and49 years) was significantly (/=2.16,/? < 0.05) larger
inn males (100088 5247) than in females (82505 5242) (Fig. 2E), which is
consistentt with the larger number of somatostatin-IR neurons found in males
comparedd to females in adulthood (Kruijver et al, 2000).
DISCUSSION DISCUSSION
Thee sex difference in BSTc volume, which reached significance only in adulthood,
developedd much later than we had expected. Sexual differentiation of the rat BST
occurss in the first weeks after birth, and requires perinatal sex differences in testosteronee levels (Del Abril et al, 1987; Chung et al, 2000). In humans, testosterone
levelss during fetal and neonatal development are higher in males than in females
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(Abramovichh and Rowe, 1973; Winter, 1978). In addition, dramatic alterations in
adultt testosterone levels have no obvious effects on the volume of the BSTc in either
maless or females (Zhou et al., 1995; Kruijver et al., 2000). Therefore, the BSTc was
presumedd to diverge between males and females early on in development. Moreover,
sexuall differentiation of the sexually dimorphic nucleus of the preoptic area and
otherr areas in the human anterior hypothalamus occurs between 4 and 10 years of
agee (Swaab and Hofman, 1988; Swaab et al, 1994).

FigureFigure 1. Representative photomicrographs depicting the BSTc in males (top panels) and females
(bottomm panels) in sections stained immunocytochemically for VIP A, C, E, G) and somatostatin
(SOM)) B, D, F, G) during development. (A, B) # 87036, 14 years old. (C, D) # 99071, 39 years old.
(E,, F) # 99060,16 years old. (G, H) # 92037,32 years old. Note that the BSTc in males is larger than
inn females only in adulthood (# 99071 vs. # 92037). Scale bar indicates 1 mm. ac = anterior
commissure,, ic = internal capsule, lv = lateral ventricle.

Thee late divergence of BSTc volume in males and females may be a general
characteristicc of the human BST. The human BST-dspm seems to become sexually
dimorphicc around puberty as suggested by the developmental time points that were
includedd in the study by Allen and Gorski (1990). Indeed, the BST-dspm appeared
too be smaller in females than in males from around 14 years of age (Allen and
Gorski,, 1990). Relatively late sexual differentiation has also been observed in the pig
hypothalamus.. The number of cells in the sexually dimorphic vasopressin and
oxytocin-containingg nucleus in the pig hypothalamus increases in (post)adolescent
femaless but not in males (Van Eerdenburg and Swaab, 1994). Recent studies also
showedd that several regions in the adult human and primate brain continuously
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producee new neurons and change in gray - and white matter volume (Eriksson et al.,
1998;; Gur et al, 1999; Sowell et al, 1999; Gould et al, 1999). Therefore, marked
morphologicall changes in the human brain including sexual differentiation may not
bee limited to childhood but may extend into adulthood.
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FigureFigure 2. BSTc development in males and females. A, C) BSTc volume as delineated by its VIP
innervation.. B, D) BSTc volume as delineated by its somatostatin innervation. E) Total number of
BSTcc neurons in males and females in adulthood.

TableTable 2. Total number of neurons in the BSTc.
TotalTotal number of
Fixation Fixation
Neuronal Neuronal
Age Age Brain Brain
NBB NBB Sex Sex
Postmortem Postmortem
weight weight
delay delay
BSTcBSTc neurons
(days) (days) density density
(hours) (hours)
(mm(mm33) )
re> re>
Maless (n== 8)
97083 3
m m 22y y
1334 4 <16:29 9
26 6
12930 0
76249 9
17012 2
97173 3
m m 24y y
1364 4 <33:30 0
31 1
114120 0
86042 2
m m 28y y
1450 0 <17:00 0
46 6
18240 0
96200 0
m m 35y y
96406 6
1430 0 13:30 0
1214 4
18095 5
119383 3
m m 39y y
99071 1
1400 0 <16:30 0
130 0
16346 6
113095 5
m m 41y y
88011 1
15158 8
1500 0 20:30 0
33 3
102247 7
92011 1
m m 47y y
1500 0 <89:00 0
77 7
89782 2
18267 7
97159 9
m m 48y y
1500 0 5:30 0
42 2
89630 0
15070 0
Femaless (n = 7)
85041 1
f f 28y y
29y y
ff
85027 7
33y y
ff
86032 2
36y y
ff
84002 2
43y y
ff
97131 1
49y y
ff
89104 4
f f 49y y
96423 3

nd d
1150 0
1035 5
1420 0
1345 5
1260 0
1253 3

5:25 5
13:10 0
<41:00 0
85:40 0
<92:00 0
<41:00 0
<17:00 0

44 4
60 0
20 0
51 1
63 3
32 2
806 6

16255 5
19597 7
19541 1
20204 4
20639 9
13552 2
17443 3

103774 4
61353 3
81669 9
74509 9
75268 8
88245 5
92717 7
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Theree are several possible explanations for the lack of a sex difference in the
BSTcc volume shortly after fetal or neonatal sex differences in testosterone levels
emerge.. Organizational effects of testosterone on sexual differentiation may become
clearr much later in life. An example of a long delay in organizational effects of
gonadall steroids is the development of the sexually dimorphic anteroventral periventricularr nucleus (AVPv) in the rat brain, which is larger in females than in males.
Although,, perinatal sex differences in testosterone cause this sex difference in AVPv
size,, its volume becomes only significantly different around puberty (Davis et al,
1996).. Alternatively, it is possible that sex differences in peripubertal or adult
gonadall steroid levels establish the sex difference in BSTc volume in adulthood.
Althoughh androgens and estrogens in puberty cause the development of secondary
sexuall characteristics in peripheral body structures, as far as we know no data exist
onn similar effects on human brain structures. However, data from 6 cases reported
inn earlier studies suggest that the BSTc volume, as delineated by VIP or somatostatin
immunocytochemicall staining, is not affected by marked increases or decreases in
gonadall steroid levels in adulthood. A normal female-sized BSTc was found in one
controll female with increased androgen levels and in two postmenopausal control
femaless with low gonadal steroid levels. Furthermore, a normal male-sized BSTc
wass found in a control male with high estrogen levels caused by a feminizing adrenal
tumorr and in two control males who were orchidectomized due to a prostate cancer.
Thee possibility that gonadal steroid dependent changes in VIP or somatostatin neuropeptidee expression underlie the changes BSTc volume, such as in quail preoptic area,
ratt medial amygdala and human amygdala (Giedd et al, 1996; Panzica et al, 1986;
Cookee et al., 1999), is also not supported by these 6 cases who had marked changes
inn gonadal steroid levels, while their the BSTc volume was normal for their gender
(Zhouu et al, 1995; Kruijver et al. 2000).
Inn addition to direct actions of gonadal steroids on the BSTc, the late emergence
off sex differences in BSTc volume may reflect relatively late sex-dependent changes
inn brain areas that supply the BST with its VIP-IR innervation, such as the amygdala
(Eidenn et al., 1985), which increases in size at a higher rate in males than in females
betweenn 4 and 18 years of age (Giedd et al, 1996). Although sex differences in
gonadall steroids are the most likely factor to cause sexual differentiation of the BSTc
andd the areas that innervate the BSTc, we cannot exclude gonadal steroidindependentt mechanisms on brain sexual differentiation, such as local expression of
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sexx chromosomal genes (Reisert and Pilgrim, 1991). A candidate gene for such an
effectt is the SRY gene, which was shown to be transcribed in the adult human
hypothalamuss and cortex of males but not in females (Mayer et aL, 1998).
Latee sexual differentiation of the human BSTc volume also affects our perception
aboutt the relationship between BSTc volume and transsexuality. Interestingly,
transsexualss receive their first consultation between the ages of 20 and 45 years,
whichh coincides with the period of sex-dependent divergence of BSTc volume found
inn the present study (Van Kesteren et aL, 1996). However, epidemiological studies
showw that the awareness of gender problems is generally present much earlier.
Indeed,, about 67% to 78% of transsexuals in adulthood report to have strong feelings
off being born in the wrong body from childhood onwards (Van Kesteren et aL,
1996),, supporting the idea that disturbances in fetal or neonatal gonadal steroid
levelss underlie the development of transsexuality. Moreover, observations that
phenobarbitall or diphantoin usage during pregnancy, which affect gonadal steroid
levels,, increases the prevalence of transsexuality in the offspring support this idea
(Dessenss et aL, 1999). Also girls who had been exposed to high androgen levels as
infantss caused by congenital adrenal hyperplasia show an increased incidence of
genderr problems, which supports early developmental programming of this disorder
(Meyer-Mahlburgg et aL, 1996; Zucker et aL, 1996). The lack of marked sexual
differentiationn of the BSTc volume in our study before birth and in childhood,
certainlyy does not rule out early gonadal steroid effects on BSTc functions. As
suggestedd by animal experiments, fetal or neonatal testosterone levels in humans
mayy first affect synaptic density, neuronal activity or neurochemical content during
earlyy BSTc development (Döhler, 1991; Park et aL, 1997). Changes in these parameterss could affect the development of gender identity, while not immediately
resultingg in overt changes in the volume or neuronal number of the BSTc. Alternatively,, it must also be taken into consideration that changes in BSTc volume in maleto-femalee transsexuals may be the result of a failure to develop a male-like gender
identity.. In summary, our finding of a sex difference in BSTc volume only in adulthoodd suggests that marked sex-dependent organizational changes in brain structure
aree not limited to early development, but may extend into adulthood.
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CHAPTERR THREE
DISTRIBUTIONDISTRIBUTION OF GONADAL STEROID RECEPTORS IN THE
DEVELOPINGDEVELOPING BED NUCLEUS OF THE STRIA TERMINALIS OF THE
HUMANBRAIN HUMANBRAIN
Wilsonn CJ. Chung, Marije Balfoort, Unga A. Unmehopa, Dragosh Mobach,
Mariaa J. Lopez, Geert J. de Vries and Dick F. Swaab

Sexuall differentiation of the mammalian brain is generally thought to be caused by
sexx differences in testosterone acting on estrogen as well as androgen receptors.
Recentt studies also suggest a role for progestin receptors. To study which of these
receptorss may play a role in the sexual differentiation of the human brain, we
investigatedd the development of estrogen receptor (ER) a, ER % androgen receptor
(AR),, and progestin receptor (PR) expression in the sexually dimorphic central
subdivisionn of the human bed nucleus of the stria terminalis (BSTc) during
fetal/neonatal,, infant/pubertal and adult ages. The BSTc is of special interest,
becausee it is larger in men than in women only in adulthood. Using immunocytochemistry,, we showed that ER a, ER p, AR and PR are expressed in the BSTc
fromm fetal age onwards. More nuclear stained ER P BSTc cells were observed in
femaless than in males during fetal/neonatal ages, whereas there were no overt sex
differencess in ER a, AR and PR during the same developmental period. During
infant/pubertall ages, more AR immunoreactive BSTc cells were observed in the
maless than in females, whereas no overt sex differences in ER a, ER p and PR
weree detected. ER a and PR immunoreactivity in the BSTc was higher in men than
inn women only in adulthood, whereas no marked sex differences in ER P were
observedd in the adult BSTc. The results are discussed in relation to possible mechanismss involved in the regulation of sexual differentiation of the human brain.
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INTRODUCTION INTRODUCTION
Thee bed nucleus of the stria terminalis (BST) contains several well-described subdivisionss that differ between males and females (Swaab et al, 2001 ).Both the darkly
stainingg posteromedial BST (BST-dspm) and the central subdivision of the BST
(BSTc)) in the human brain are larger in men than in women (Allen and Gorski, 1990;
Zhouu et al, 1995; Kruijver et al, 2000; Chung et al, 2002). The adult BSTc also
containss a higher total number of neurons in men than in women (Chung et al., 2002)
andd more somatostatin immunoreactive (IR) neurons in men than in women
(Kruijverr et al, 2000).
Sexuall differentiation of the vertebrate brain is thought to be regulated by circulatingg levels of testosterone, which are higher in males than in females during fetal
andd perinatal development (Abramovich and Rowe, 1973; Griffin and Wilson, 1980).
Animall studies showed that testosterone in brain cells is converted into estradiol by
aromatasee or into dihydrotestosterone (DHT) by 5a-reductase (MacLusky and
Naftolin,, 1981; MacLusky etal, 1985; Holloway and Clayton, 2001). Accordingly,
estradioll typically mimics the effects of testosterone on differentiation of most sex
differencess found in the rodent brain (e.g., Gorski et al, 1978; Döhler et al, 1984;
Wangg and De Vries, 1995; Arai et al, 1996), indicating that the sex-dependent effectss of testosterone are mediated mainly through its estrogenic metabolite. Some sex
differences,, e.g., in cytoarchitecture of the hippocampus depends directly on testosteronee or DHT (Igor and Sengelaub, 1998). Similarly, sexual differentiation of the
ratt spinal nucleus of the bulbocavernosus (SBN) is primarily regulated by DHT
(Sengelaubb et al, 1989; Forger et al, 1992; Goldstein and Sengelaub, 1992). In
humans,, sexual differentiation seems to depend more on androgens than on estrogenss than it does in rodents. For example, men with androgen insensivity syndrome
(AIS),, who have a non-functional androgen receptor are phenotypically female,
whilee men with a non-functional estrogen receptor a or aromatase enzyme remain
phenotypicallyy male (Smith et al, 1994; Morishima et al, 1995; Quigley et al,
1995;; Bilezikian et al, 1998; Carani et al, 1999; Rochira et al, 2001). Progestins
mayy also affect the sex-dependent development of the vertebrate brain. For example,
elevatedd levels of maternal progesterone levels, to which the fetal brain is exposed
too around birth have been correlated to changes in male and female sexual behavior
inn rats (Hull, 1981; Wagner et al, 1986). In humans, progestin treatment during
pregnancyy may affect a number of behaviors, such as physical aggression in the
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offspringg (Ehrhardt etal, 1977; Reinisch, 1981).
Actionss of gonadal steroids are conveyed by specific steroid receptors, which are
partt of a large family of nuclear receptors (Evans, 1988; Robyr et al, 2000). Studies
inn developing and adult rat brain showed that expression of estrogen receptor (ER)
a,, ER p, androgen receptor (AR) and progestin receptor (PR) are most abundant in
sexuallyy dimorphic brain regions, such as the preoptic area and BST (Simerly et al,
1990;; DonCarlos and Handa, 1994; Handa et al, 1996; DonCarlos, 1996; Simerly
etet al, 1996; McAbee and DonCarlos, 1998; Wagner et al, 1998b; Shughrue et al,
2001)) suggesting that such areas are direct targets of the sexually dimorphic effects
off gonadal steroids. Gonadal steroid receptor containing cells are also found in the
adultt human brain. Recent studies identified the presence of ER a, ER p, AR and PR
inn the adult human brain (Puy et al, 1995; Beyenburg et al, 2000; Österlund et al,
2000a,, b; Fernandez-Guasti et al, 2000; Ishunina et al, 2000; Ishunina and Swaab,
2001;; Kruijver and Swaab., 2002; Kruijver et al, 2002 accepted). There is no
informationn about the expression of these steroid receptors in the human brain during
development,, however.
Inn the present study we focused on the expression of steroid receptors in the
BSTcc in the human brain. The area is of special interest because of its protracted
periodd of sexual differentiation. The BSTc does not differ in size between males and
femaless during fetal/neonatal or infant/pubertal development, whereas it is larger in
menn than in women during adulthood (Chung et al, 2002). In addition, the BSTc
volumee has been related to a specific gender identity disorder called transsexuality,
inn which subjects convey the strong feeling of being born in the wrong sex. In maleto-femalee transsexuals, the BSTc volume was similar to that of control women, while
inn one female-to-male transsexual studied so far the BSTc volume was similar to that
foundd in control men (Zhou et al, 1995; Kruijver et al, 2000), As a first step to
betterr understand the mechanisms underlying sexual differentiation of the BSTc in
thee human brain, we studied the expression of ER a, ER P, AR and PR during fetal/
neonatal,, infant/pubertal and adult ages in the human BSTc and compared males and
femaless using immunocytochemistry.
MATERIALSMATERIALS AND METHODS
BrainBrain tissue

Postmortemm brain tissue from male (n=25) and female (n=25) subjects with no
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primaryy neurological or psychiatric disease were collected by the Netherlands Brain
Bankk (NBB), after the required permissions for autopsy and use of the tissue and
medicall information for research purposes. The brain tissue was immersion-fixed in
4%% buffered formaldehyde and embedded in paraffin wax (Table 1). Serial sections
(66 //m) were made using a Leitz microtome and approximately every 100th adjacent
sectionn through the anterior-posterior axis of the BSTc was mounted on glass slides
andd used for ER a, ER f$, AR or PR immunocytochemistry.
TableTable 1. Control human brain material.
NBB NBB
Sex Sex
number number

Age Age

Maless (n =25) )
Fetal/neonaitalital
Fetal/neona
period
81024 4
mm
266 4/7w
84032 2
mm
27w w
97154 4
mm
333 6/7w
82002 2
mm
355 l/7w
94054 4
mm
366 2/7w

FixationFixation Clinicopathological
Brain Brain
Postmortem Postmortem
diagnosis diagnosis
(days) (days)
weightweight delay
(8) (8) (hours) (hours)
1:52 2
21:45 5
7:55 5
<41:00 0
<24:00 0

51 1
45 5
32 2
32 2
118 8

90095 5
mm
388 l/7w 320 0
440 0
88120 0
mm
40w w
infant/pubertalinfant/pubertal period
485 5
mm
88053 3
3mos s

14:05 5
<17:00 0

26 6
31 1

<41:00 0

35 5

no
142 2o
186 6
322 2
357 7

Pulmonaryy failure
Cardiacc failure
Respiratoryy insufficiency
Pericardiall rupture
Pulmonaliss atresia, cardiac
insufficiency y
Respiratoryy insufficiency
Asphyxia a

85036 6

mm

3mos s

635 5

<17:00 0

73 3

84019 9
86041 1

mm
mm

33 mos
6mos s

710 0
800 0

<11:00 0
<6:30 0

792 2
14 4

Pulmonall insufficiency, Fallot's
tetralogy y
Cardiacc failure, aortic stenosis,
cerebrall ischemia
Suddenn infant death syndrome
Suddenn infant death syndrome

<41:00 0
<35:35 5
23:55 5
3:30 0
<17:10 0
<41:00 0

31 1
28 8
100 0
41 1
103 3
32 2

Penthotall intoxication, hypoxia
Bacteriall meningitis, sepsis
Sepsis s
Peritonitis s
Cardiomyopathy y
Lymphadenopathy y

<16:29 9
<33:30 0
<17:00 0
13:30 0
<16:30 0
20:30 0
<89:00 0
5:30 0

26 6
31 1
46 6
1214 4
130 0
33 3
77 7
42 2

Cardiomyopathy y
Accidentall death
Guillain-Barréé syndrome
Pulmonaryy aspergillosis
Cardiacc failure
Suicide e
Sepsis s
Diabetess mellitus type I, euthanasia

<65:00 0

920 0
mm
88092 2
iy y
1070 0
mm
88058 8
iy y
1565 5
mm
84016 6
5y y
1550 0
mm
87057 7
6y y
nd d
mm
98116 6
8y y
1640 0
mm
87036 6
14y y
adultadult period
1334 4
mm
97083 3
22y y
1364 4
mm
97173 3
24y y
1450 0
mm
86042 2
28y y
1430 0
mm
96406 6
35y y
1400 0
mm
99071 1
39y y
1500 0
mm
88011 1
41y y
1500 0
mm
92011 1
47y y
mm
1500 0
97159 9
48y y
Femaless (n== 25)
Fetal/NeonatalFetal/Neonatal period
89056 6
255 6/7w 100 0
ff
77 7
116 6
200 0
180 0

<41:00 0
3:00 0
<41:00 0
<3:15 5

96403 3
ff
344 4/7w 197 7
88123 3
ff
377 6/7w 350 0
89092 2
ff
400 l/7w 380 0
88077 7
ff
400 2/7w 350 0
87028 8
ff
411 4/7w 350 0
Infant/pubertalInfant/pubertal period
86027 7
735 5
5mos s
ff
89027 7
780 0
6mos s
ff

<57:19 9
<41:00 0
30:45 5
<65:00 0
<41:00 0

Idiopathicc (infant) respiratory distress
syndrome syndrome
1301 1 Congenitall infection
Sepsis s
82 2
Hypoxia a
33 3
Idiopathicc (infant) respiratory distress
38 8
syndrome syndrome
1288 8 Developmentall syndrome
Cardiacc failure
30 0
Asphyxia a
28 8
Asphyxia a
56 6
Aspirationn of maternal blood
33 3

10:00 0
<17:00 0

40 0
28 8

96401 1
98193 3
86030 0
87024 4

46 6

ff
ff
ff
ff

277 2/7w
300 6/7w
312/7w w
344 5/7w

31 1

Suddenn infant death syndrome
Cardiomyopathy y
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ff
89036 6
ff
85031 1
87077 7
ff
87035 5
ff
99060 0
ff
AdultAdult period
85044 f
ff
85027 7
ff
92037 7
ff
86032 2
ff
84002 2
ff
97131 1
89104 4
96423 3

ff
ff
ff

3,
,
16y y

820 0
nd d
1320 0
1250 0
1364 4

nd d
<65:00 0
<9:45 5
<13:00 0
<43:00 0

31 1
48 8
33 3
48 8
238 8

Hypoglycemia a
Kidneyy dysplasia, sepsis
Astrocytoma a
Histiocysticc lymphoma, cardiac failure
Diabetess meOitus, acidosis

28y y
29y y
32y y
33y y
36y y

nd d
1150 0
1280 0
1035 5
1420 0

5:25 5
13:10 0
30:00 0
<4I:00 0
85:40 0

44 4
60 0
45 5
20 0
51 1

43y y
49y y
49y y

1345 5 <92:00 0
1260 0 <41:00 0
1253 3 <17:00 0

Cardiacc failure
Coma,, liver cirrhosis
Bronchitis,, pneumonia
Adenocarcinoma a
Suicide,, multiple fractures, aortic
rupture e
Cardiacc failure, liver cirrhosis
Lungg carcinoma, septic shock
Adenocarcinoma,, thrombo-embolism

%%

63 3
32 2
806 6

NBBNBB = Netherlands Brain Bank; w = weeks of pregnancy; ƒ = female; m = male; nd = not determined; mos =
months;; y = years.

EstrogenEstrogen receptor

immunocytochemistry

Thee distribution of ER a in the BSTc during fetal/neonatal, infant/pubertal and adult
agess was characterized using a polyclonal antibody raised in rabbit, which was
directedd against the C-terminal part of ER a from mouse origin (Santa Cruz MC-20,
Santaa Cruz, USA), while the distribution of ER p in the BSTc during fetal/neonatal,
infant/pubertall and adult ages was characterized using a polyclonal raised in goat,
whichh was directed against the N-terminal part of ER P from human origin (Santa
Cruzz N-19, Santa Cruz, USA).
Sectionss were deparaffinized and rehydrated using xylene and decreasing grades
off alcohol. Sections were: a) rinsed 2 x with H 2 0, placed in 0.05 M citrate buffer pH
6.00 and microwave-treated (700 W) for 10 -15 min, b) cooled on a rotating shaker
forr 30 min at room temperature (RT), c) rinsed 3 x 5 min in Tris-buffered saline
(TBS;; 0.05 M Tris, 0.9% NaCl, pH 7.6), d) incubated in TBS-XM containing 5%
milkk powder (Elk, Nutricia) and 0.3% triton-X 100 (Sigma, St Louis) for 30 min, e)
incubatedd with 2 //g/ml purified rabbit anti-ER a polyclonal IgG (Santa Cruz MC20,, Santa Cruz, USA) or 4 //g/ml purified goat anti-ER p polyclonal IgG (Santa Cruz
N-19,, Santa Cruz, USA) diluted in TBS-XM for 2 x overnight at 4°C, f) rinsed 3 x
55 min in TBS, g) incubated with biotinylated goat anti-rabbit IgG (for ER a; Vector
Laboratories,, Burlingame, C A) 1:400 or biotinylated rabbit anti-goat IgG (for ER p;
Vectorr Laboratories, Burlingame, CA) 1:400 diluted in TBS-X for 60 min at RT, h)
rinsedd 3 x 5 min with TBS, i) incubated in ABC Elite kit (Vector Laboratories,
Burlingame,, CA) 1:800 diluted in TBS forr 60 min at RT, j) rinsed 3 x 5 min in TBS.
Following,, sections used for ER P mapping were incubated with biotinylated tyra47 7
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minee 1:1500, 0.01% H 2 0 2 diluted in TBS for 15 - 20 min, a signal amplification
proceduree described in detail by Adams (1992), rinsed 3x5 min and incubated with
ABCC Elite kit (Vector Laboratories, Burlingame, CA) 1:800 diluted with 60 min at
RT,, k) incubated with 0.05 mg/ml diaminobenzidine, 0.25% nickelammonium
sulphate,, 0.01% H 2 0 2 made in TBS for 10 - 15 min, 1) rinsed in 3 x 5 min in TBS,
m)) dehydrated with increasing grades of alcohol and xylene and coverslipped using
entellann (Merck, Darmstadt, Germany).
AndrogenAndrogen receptor immunocytochemistry
Thee distribution of androgen receptors in the BSTc was characterized using the
polyclonall antibody, PG-21 (provided by Dr. GS. Prins and L.A. Birch, University
off Illinois, Chicago, USA), raised in rabbit and directed against a synthetic peptide
containingg the first 21 amino acids of the N-terminal part of human AR (Prins et al.,
1991).. We limited this study to fetal/neonatal and infant/pubertal developmental
ages,, because the distribution of AR in the human BSTc during adulthood has been
describedd in earlier studies (Fernandez-Guasti et al., 2000).
Sectionss through the hypothalamus and adjacent areas were deparaffinized and
rehydratedd using xylene and decreasing grades of alcohol. Sections were: a) rinsed
22 x in H 2 0, placed in 0.05 M citrate buffer pH 6.0 and microwave-treated (700 W)
forr 30 min, b) cooled on a rotating shaker for 30 min at room temperature (RT), c)
rinsedrinsed 3 x 5 min in Tris-buffered saline (TBS; 0.05 M Tris, 0.9% NaCl, pH 7.6), d)
incubatedd in TBS-XS containing 1% normal goat serum and 0.3% triton-X 100
(Sigma,, St Louis) for 30 min, e) incubated with 15 //g/ml purified rabbit anti-AR
polyclonall (PG-21) diluted with TBS-XS for 2 x overnight at 4°C, f)rinsed3 x 5 min
inn TBS, g) incubated with biotinylated goat anti-rabbit IgG (Vector Laboratories,
Burlingame,, CA) 1:400 diluted with TBS-XS for 60 min at RT, h) rinsed 3 x 5 min
inn TBS, i) incubated with ABC Elite kit (Vector Laboratories, Burlingame, CA)
1:8000 diluted with TBS for 60 min at RT, j) rinsed 3 x 5 min in TBS, k) incubated
withh biotinylated tyramine 1:500, 0.01% H 2 0 2 diluted in TBS for 10 min, 1) rinsed
33 x 10 min with TBS, m) incubated with ABC Elite kit (Vector Laboratories,
Burlingame,, CA) 1:800 diluted with TBS for 60 min at RT, n) rinsed 3 x 10 min in
TBS,, o) incubated with 0.05 mg/ml diaminobenzidine, 0.25% nickelammonium
sulphate,, 0.01% H 2 0 2 made in TBS for 10 -15 min, p) rinsed 3 x 5 min in TBS, q)
dehydratedd with increasing grades of alcohol and xylene and coverslipped using
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entellann (Merck, Darmstadt).
ProgestinProgestin receptor immunocytochemistry
Thee distribution of progestin receptors (PR) in the BSTc was characterized using the
polyclonall antibody, raised in rabbit and directed against the DNA binding domain
off the (amino acids 533-547) of the human PR-A and PR-B, which are produced by
alternatee splicing (Kastner et al., 1990; Traish and Wotiz, 1990, Wagner et al.,
1998b).. PR-B is the full length receptor, while PR-A misses the first 165 amino acids
off the N-terminal part (Kastner et al., 1990).
Sectionss through the hypothalamus and adjacent areas were deparaffinized and
rehydratedd using xylene and decreasing grades of alcohol. Sections were: a) rinsed
22 x in H 2 0, placed in 0.05 M citrate buffer pH 6.0 and heated in a water bath at 90°C
forr 30 min, b) cooled on a rotating shaker for 30 min at room temperature (RT), c)
rinsedd 3 x 5 min with Tris-buffered saline (TBS; 0.05 M Tris, 0.9% NaCl, pH 7.6),
d)) sections were incubated with 20 //g/ml purified rabbit anti-PR polyclonal (DAKO
Corp,, Glostrup, Denmark) diluted with TBS-X containing 0.3% triton-X 100 (Sigma,
Stt Louis) for 2 x overnight at 4°C, f) rinsed 3 x 5 min in TBS, g) incubated with
biotinylatedd goat anti-rabbit (Vector Laboratories, Burlingame, CA) 1:400 diluted
withh TBS-XM containing 0.3% triton-X 100, 0.5 milk powder (Elk, Campina BV,
Eindhoven)) for 60 min at RT, h) rinsed 3 x 5 min in TBS, i) incubated with ABC
Elitee kit (Vector Laboratories, Burlingame, CA) 1:800 diluted with TBS for 60 min
att RT, j) rinsed 3 x 5 min with TBS, k) incubated in biotinylated tyramine 1:750,
0.01%% H 2 0 2 diluted in TBS for 20 min, 1) rinsed 3 x 10 min in TBS, m) incubated
withh ABC Elite kit (Vector Laboratories, Burlingame, CA) 1:800 diluted in TBS for
600 min at RT, n) rinsed 3x10 min in TBS, o) incubated with 0.05 mg/ml diaminobenzidine,, 0.25% nickelammonium sulphate, 0.01% H 2 0 2 made in TBS for 20 min,
p)) rinsed with 3x5 min in TBS, q) dehydrated with increasing grades of alcohol and
xylenee and coverslipped using entellan (Merck, Darmstadt, Germany).
SpecificitySpecificity of the primary antibodies
Earlierr studies confirmed the specificity of the antibodies against ER a and ER p
(Ishuninaa et al., 2000; Kruijver et ah, 2002 accepted): Omission of the primary antibodiess for ER a and ER (3 eliminated staining in human brain tissue; both ER a and
ERR P antibodies preadsorped with the peptide used for immunization eliminated
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stainingg in human brain tissue; ER a and ER p antibodies revealed nuclear and
cytoplasmicc staining in human tissue from pituitary, testis and ovary (Kuiper et al,
1998;; Ishunina et al, 2000; Kruijver et al, 2002 accepted).
Specificityy of PG-21 was verified using western blot analysis, which revealed
immunoreactivee band of the expected molecular weight of AR (i.e., around 110 kDa)
(Prinss et al, 1991; Iqbal et al, 1995). In addition, in our studies staining with PG-21
preadsorpedd with the peptide used for immunization completely eliminated staining
ass did immunocytochemical staining in absence of PG-21. As in earlier studies
(Smithh et al, 1996; Fernandez-Guasti et al, 2000), some sections were immunocytochemicallyy stained for AR with PG-21 that was used once before, which in agreementt with these earlier studies did not adversely affect the immunocytochemical
staining. .
Earlierr studies extensively characterized the specificity of the primary antibody
againstt human PR (Traish and Wotiz, 1990). In addition, preadsorption of the primaryy antibody with recombinant human PR and immunocytochemical staining withoutt primary antibody study completely eliminated staining in the rodent brain
(Wagnerr et al, 1998). In our studies immunocytochemical staining was absent when
thee primary antibody was omitted.
WesternWestern blot analysis ofER a and ER J3 antibodies
Fresh-frozenn human brain tissue from subjects were obtained by the Netherlands
brainn bank and stored at -80°C. Samples (approximately 1 mm3) from the hypothalamuss for ER a and the amygdala for ER P were placed in a tube containing 500
mll suspension buffer (containing 0.01 M Tris-HCl (pH 7.6), 0.1 M NaCl, 0.001 M
EDTAA (pH 8.0), phenylmethylsulfonyl fluoride (100 //g/ml) and leupeptin (10
/zg/ml),, homogenized using an ultra-turrax and centrifuged (Eppendorf, 5415 C) at
140000 rpm for 5 min at 4°C. Protein concentration from each sample was measured
inn a Bradford assay using bovine serum albumin standards. For analysis, protein
sampless were mixed with equal volume of 2x loading buffer (containing 100 mM
Tris-HCll (pH 6.8), 200 mM DTT, 4% SDS, 0.2% bromophenol blue and 20%
glycerol),, boiled for 5 min, loaded on a 7.5% SDS polyacrylamide gel and run at 250
W,, 30 mA, in running buffer (25 mM Tris, 250 mM glycin, 0.1% SDS). Final protein
samplee concentration was 1 jug per lane. The resolved proteins were transferred onto
nitrocellulosee paper (pore size of 0.45 mm) in Townin buffer (containing 0.025 M
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Tris-HCl,, 0.2 M glycin and 20% methanol v/v) for 1 hour at 250 W, 100 V, 100 mA.
Nitrocellulosee sheets used to test ER a antibody specificity were baked in an oven
att 95°C for 10 min. The nitrocellulose sheets were rinsed with TBS-T (containing
0.0655 M Tris-HCl (pH 7.5), 0.15 M NaCl and 0.05% tween) for 10 min, blocked
withh 0.5% normal goat serum in TBS-T for 1 hour at room temperature and
incubatedd with 0.3 //g/ml rabbit polyclonal anti-ER a (MC-20, Santa Cruz) or with
0.255 //g/ml goat polyclonal anti-ER P (N-19, Santa Cruz) diluted in TBS-T with
0.5%% milk powder for 1 hour at room temperature followed by an overnight
incubationn at 4°C. The nitrocellulose sheets were rinsed with 2 x 1 0 min TBS-T,
incubatedd with a secondary swine anti-rabbit IgG conjugated to horse radish
peroxidasee (HRP, 1:1000, DAKO Corp, Glostrup, Denmark) for ER a or a secondary
rabbitt anti-goat IgG conjugated to HRP (1:1000, DAKO Corp, Glostrup, Denmark)
forr ER P diluted with TBS-T for 1 hour at room temperature, rinsed with 2 x 1 0
TBS-TT and incubated with Lumi Light Western Blotting Substrate (Roche) for 5
min,, exposed to Lumi Chemiluminescent detection film (Roche) for 15 min,
developedd in D-19 developer (Kodak, Rochester),rinsedwith running tap water and
fixedfixed with Maxfix (Kodak, Rochester). As a negative control, nitrocellulose sheets
fromm the same run and treatment were also incubated without primary antibodies.
AA KDa

ERa

BB KDa

ERP

1488 —
mm
600

—

1055 —
755 —
500

422

—mm

—

FigureFigure 1. Western blot analysis of A) ER a and B) ER p antibodies using fresh frozen human brain
tissuee from the hypothalamus and amygdala. Note the presence of a single band -68 KDa, which
iss the molecular weight of ER a and ~ 54 KDa, which is the molecular weight of ER p.

RESULTS RESULTS
Thee male and female BSTc expressed ER a, ER p, AR and PR during fetal/neonatal
(betweenn 25th week of gestation and 41th week of gestation), infant/pubertal
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(betweenn 3 months and 16 years) and adult ages (between 22 years and 49 years)
(Tablee 1). The most prominent sex differences in the BSTc were found for ER (3 during
fetal/neonatall development and PR in adulthood, while sex differences of ER a and AR were
moree subtle. No relationship between immunocytochemical detection level (i.e., of
ERR a, ER p, AR, PR) and postmortem delay or fixation duration was found. Clear
immunocytochemicall gonadal steroid receptor staining was obtained up to at least
922 hrs of postmortem (see NHB 97131) and 1301 days of fixation (see NHB 96401).
Westernn blot analysis showed immunoreactive bands around ~ 68 kDa for ER a
andd ~ 54 kDa for ER (3 (Fig. 1) indicating the specificity of the primary antibodies
usedd to detect ER a and ER (3 in human brain tissue.

Estrogenn receptor a

Estrogen receptor p

*F<rhdebtde3crpl^ofARdisbTbL^oninadul8x^seeFemanöez-GuastJetsé.,*F<rhdebtde3crpl^ofARdisbTbL^oninadul8x^seeFem
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FigureFigure 2. Schematic representation of ER a, ER p\ AR and PR immunoreactivity during fetal/neonatal,
infant/pubertall and adult ages in males and females. Light gray represents weak immunoreactivity, gray
representsrepresents moderate immunoreactivity, while dark gray represents strong immunoreactivity. Note: More nuclear
ERR P was found in the fetal/neonatal BSTc (indicates as n) in females than in males, while more AR containing
BSTcc cells were found in males than in females (indicated as n c) during infant/pubertal ages. ER a and PR
immunoreactivityy was higher in males than in females during adulthood. Additional AR immunoreactivity data
wass added for comparison with the adult human BSTc (Fernandez-Guasti et ai, 2000).

ERER a

immunoreactivity

ERR a immunoreactive (IR) BSTc cells were observed from fetal/neonatal ages onwardss (Table 2; Fig. 2 and 3). ER a immunoreactivity was primarily localized in cell
nucleii in all ages examined. In some instances during adult ages, ER a was also
detectedd in the BSTc cell bodies and processes (Fig. 3). ER a staining in the BSTc
wass weak-to-moderate during fetal/neonatal ages and became to moderate-to-strong
duringg infant/pubertal and adult ages (Fig. 2 and 3). No marked sex differences in ER
aa expression in BSTc cells were detected during fetal/neonatal and infant/pubertal
ages.. However, ER a immunoreactivity in the nucleus and cytoplasm of BSTc cells
wass clearly stronger in men than in women during adulthood (Fig. 3 C, F).
TableTable 2. Semi-quantification
ERa-IR' ERafn)
NBB B Sexx Age
Fetal/NeonatalFetal/Neonatal period (n = 5)
810244 m 264/7w +
971544 m 33 6/7w ++
940544 m 36 2/7w ++
900955 m 38 l/7w ++
881200 m 40w
+(+)

of estrogen receptor a in the BSTc
2

ERa(c) 2

NBB
Sex Age
ERa-IRR ERotfn)
Fetal/NeonatalFetal/Neonatal period (n = 9)
89056 6 f f 255 6/7w + +
+/-96401 1 f f 277 2/7w -98193 3 f f 300 6/7w -H+) )
86030 0 f f 311 2/7w + +
96403 3 f f 344 4/7w -88123 3 f f 377 6/7w + +
89092 2 f f 400 l/7w ++ +
88077 7 f f 400 2/7w +/-87028 8 f f 411 4/7w H+) H+)
))

nn = 8)period (
Infant/PubertalInfant/Pubertal
88053 3 m m 33 mos +/-85036 6 m m 3mos s +++ +
84019 9 m m 3mos s ++ +
86041 1 m m 6mos s + +
88092 2 m m iy y
++(+) )
88058 8 m m iy y
-98116 6 m m 8y y
++
87036 6 m m 14y y
--

-5) -5)
Infant/PubertalInfant/Pubertal
period (n
++(+) )
86027 7 f f 5mos s
89027 7 f f 6mos s
++(+) )
85031 1 f f 2y y
))
-K+) )
87035 5 f f 13y y
++
99060 0 f f 16y y

AdultAdult period (n —
97083 3 m m 22y y
97173 3 m m 24y y
96406 6 m m 35y y
99071 1 m m 39y y
88011 1 m m 41y y
92011 1 m m 47y y
97159 9 m m 48v v

AdultAdult period
ii = (5;
85041 1 f f 28y y
92037 7 f f 32y y
86032 2 f f 33y y
97131 1 f f 43y y
89104 4 f f 49y y
96423 3 f f 49y y

7)
++(+) )
+-K+) )
++
+++ +
+-K+) )
++ +
++(+) )

ERoUc)

-K+) )
+(+) )
++
++ +
++<+) )

--

'IR:: +-H- = strong immunoreactivity, -H- = moderate immunoreactivity, + = weak immunoreactivity, - =
absent-^umberr immunoreactive cells: i i i i = very many immunoreactive cells, +++=many immunoreactive
cells,, ++ = moderate number of immunoreactive cells, + = very small number of immunoreactive cells, - =
none.. Abbreviations: c = cytoplasmic, f = female, m = male, mos = months, n = nuclear, w = weeks, y = years.
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FigureFigure 3. Representative photomicrographs showing nuclear (arrows) and cytoplasmic (open
arrows)) ER a in the male (top panels) and female (bottom panels) BSTc during A, D) fetal/neonatal,
B,, E) infant/pubertal and C, F) adult ages. Note: Increase in nuclear and cytoplasmic ER a immunoreactivityy with age. Both nuclear and cytoplasmic ER a immunoreactivity was stronger in males
thann in females during adulthood. Bar = 25 /an.

EstrogenEstrogen receptor /3
Weak-to-strongg ER P immunoreactivity was localized in cell nuclei, cytoplasm and
processess in the male and female BSTc from fetal/neonatal ages onwards (Table 3;
Fig.. 2 and 4). In addition, moderate-to-strong ER (3 immuno-reactivity was also
detectedd in a dense pattern of punctate terminal varicosities during fetal/neonatal,
infant/pubertall and adult ages, which during infant/ pubertal and adult ages
concentratedd around the cell soma in a basket-like manner (Fig. 4). No marked sex
differencess in ER (3 immunoreactivity were observed in the BSTc during
infant/pubertall and adult ages. However, more nuclear ER |3-IR BSTc cells were
foundd in females than in males during fetal/neonatal ages (Fig. 4 A, D).
AndrogenAndrogen receptors
Weak-to-strongg AR immunoreactivity was found in cell nuclei and cytoplasm in the
BSTcc during fetal/neonatal ages, while weak-to-moderate AR immunoreactivity was
observedd during infant/pubertal ages (Table 4; Fig. 2 and 5). No overt sex differences
inn AR immunoreactivity were found during fetal/neonatal and infant/pubertal ages.
However,, more BSTc cells that were immunoreactive for AR were found in males
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thann in females during infant/pubertal ages (Fig. 5 B, D).

TableTable 3. Semi-quantification of estrogen receptor /3 in the BSTc
NBBB
Sex Age
ER B-IR!
ERB(n)Fetal/NeonatalFetal/Neonatal
== Vperiod ft
840322 m 27w w
+++ +
820022 m 355 l/7w +++ +
940544 m 366 2/7w ++(+) )
900955 m 388 l/7w +++ +
881200 m 40w w
+
+++

Infant/pubertalInfant/pubertal period (n = 8)
880533 m 3mos s +++ +
850366 m 3mos s +++ +
840199 m 3mos s + +
860411 m 6mos s +++ +
880922 m iy y
++
880588 m iy y
+(+) )
981166 m 8y y
++
870366 m 14y y
-AdultAdult period (n - 7)
970833 m 22y y
++(+) )
971733 m 24y y
++ +
860422 m 28y y
++(+) )
964066 m 35y y
++
990711 m 39y y
++ +
920111 m 47y y
-971599 m 48v v
+++ +

+

Fetal/Neonatall

ER 3 (O2 NBB
Sex Age
ER B-IR ER 3 (n)
Fetal/NeonatalFetal/Neonatal period (n
89056 6 f f 255 6/7w +++ +
--96401 1 f f 277 2/7w ---++
98193 3 f f 300 6/7w +++ +
-++
f
f
86030
0
311
2/7w
+++
+
-++
344
5/7w
f
f
87024
4
+++
+
-88123 3 f f 377 6/7w ++ +
-89092 2 f f 400 l/7w ++ +
+(+) )
88077 7 f f 400 2/7w ++ +
-87028 8 f f 411 4/7w ++ +
+(+) )

------------

++

--__

Infant/pubertalInfant/pubertal
period (n
== 6)
++ +
86027 7 f f 55 mos
-++ +
89027 7 f f 6mos s
-++
89036 6 f f iy y
++ +
85031 1 f f 2y y
--++ +
87035 5 f f 13y y
-99060 0 f f 16y y
---

AdultAdult period
ii = (6)
85041 1 f f 28y y
92037 7 f f 32y y
84002 2 f f 36y y
97131 1 f f 43y y
89104 4 f f 49y y
96423 3 f f 49y y

Infant/Pubertal

++ +
++
++(+) )
++(+) )
+++ +

--

ER 3(c)

---------++

--

++

--

++

--

++

++

------

------

Adult

FigureFigure 4. Representative photomicrographs showing nuclear (arrows) and basket-like (open arrows)
ERR P in the male (top panels) and female (bottom panels) BSTc during A, D) fetal/neonatal, B, E)
infant/pubertall and C, F) adult ages. Note: Presence of nuclear ER (5 immunoreactivity in females
duringg fetal/neonatal ages, which was absent in males. Moreover, ER p immunoreactivity was
mainlyy detected in punctate terminal varicosities, which outline BSTc cell bodies in a basket-like
fashion.. Bar = 25//m.
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TableTable 4. Semi-quantification
NBBB
Sex Age
AR-IR''
AR (nf
Fetal/NeonatalFetal/Neonatal period (n = 7)
81024 4 m m 266 4/7w
84032 2 m m 27w w
97154 4 m m 333 6/7w
82002 2 m m 355 l/7w
94054 4 in n 366 2/7w
90095 5 in n 388 l/7w
88120 0 m m 40w w

of androgen receptor in the BSTc
AR (cV

NBB B Sexx Age AR-IR
Fetal/NeonatalFetal/Neonatal period
255 6/7w + + +
89056 6 f f
277 2/7w +-H-96401 1 f f
98193 3 f f 300 6/7w + +
86030 0 f f 3 1 2 / 7 w w + + +
344 5/7w + + +
87024 4 f f
96403 3 f f 344 4/7w +++ +
377 6/7w +(+) )
88123 3 f f
400 l/7w + + +
89092 2 f f
400 2/7w + +
88077 7 f f
411 4/7w
87028 8 f f

ARR (n)
(n = 10)
++(+) )
+++ +
++(+, ,
++

AR (c)

++
+++ +
+++ +
ii i i i
++ +

--

Infant/PubertalInfant/Pubertal period (n = 10)
88053 3 in n 3mos s
85036 6 m m 3mos s
+(+) )
K+) )
84019 9 in n 3mos s
86041 1 in n 6mos s
88092 2 in n lv v
88058 8 m m lv v
++(+) )
84016 6 m m 5v v
87057 7 in n 6y y
98116 6 m m 8y y
87036 6 m m 14y y

Fetal/Neonatall

ilil period (n-6) -6)
ubert ubert
Infant/P Infant/P
++ +
86027 7 f f
5mos s
++ +
89027 7 f f
6mos s
++
89036 6 f f
iy y
85031 1 f f
2y y
++
87035 5 f f
13y y
++
99060 0 f f
16y y

--

+++ +
+++ +
++ +

--

++

--

Infant/Pubertal
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FigureFigure 5. Representative photomicrographs showingg nuclear (arrows) and basket-like (open
arrows)) AR in the male (top panels) and female
(bottomm panels) BSTc during A, D) fetal/neonatal,
B,, E) infant/pubertal and C, F) adult ages. Note:
Presencee of more AR containing BSTc cells in
maless than in females during infant/pubertal ages.
Barr = 25 ftm.

ProgestinProgestin receptors
Weak-to-moderatee PR nuclear and cytoplasmic immunoreactivity was observed in
thee male and female BSTc from fetal/neonatal ages onwards (Table 5; Fig. 2 and 6).
Weak-to-strongg PR immunoreactivity was observed in the BSTc during fetal/
neonatal,, infant/pubertal and adult ages (Fig. 2 and 6). No marked sex differences in
PRR immunoreactivity were found in the BSTc during fetal/neonatal and infant/
56 6

Gonadall Steroid Receptors during Development
pubertall ages. However, more BSTc cells immunoreactive for PR were found in
maless than in females during adulthood (Fig. 6 C, F).
TableTable 5. Semi-quantification
2

NBB B Sexx Age
PR-1R'
PR(n)
Fetal/NeonatalFetal/Neonatal period (n - 5)
84032 2 m m 27w w -K+) )
97154 4 m m 333 6/7w ++ +
82002 2 m m 355 l/7w + +
94054 4 m m 366 2/7w + +
90095 5 m m 388 l/7w +++ +++

Infant/PubertalInfant/Pubertal period (n = 8)
88053 3 mm
3mos +(+) )
84019 9 mm
3mos + +
6mos +(+) )
860411 mmm
880922
m iy y
+(+) )
+ +
880588
m iy y
+(+) )
+/-870577
m 6y y
+ +
+ +
981166
m 8y y
+ +
870366
m 14y y +/-AdultAdult period (n - 5)
970833
m 22y
++(+) )
971733
m 24y y +(+) )
860422
m 28y y + +
964066
m 35y y ++(+) )
990711
m 39y y

of progestin receptor in the BSTc
PR(c)2

+++ +
+ +
+ +
+ +

+(+) )

NBB
Sex Age
PR-IRR
PR (n)
Fetal/NeonatalFetal/Neonatal period (n :
96401 1
277 2/7w
98193 3
300 6/7w +(+) )
86030 0
311 2/7 w + +
87024 4
344 5/7w
88123 3
377 6/7w
89092 2
400 l/7w
88077 7
400 2/7w +/-+(+) )
87028 8
411 4/7w

PR (c)

Infant/PubertalInfant/Pubertal period (n = 5)
86027 7
5mos s
89027 7
6mos s
+(+) )
85031 1
2y y
+(+) )
87077 7
7y y
87035 5
13y y

AdultAdult period (n = 5)
+/-85041 1
28y y
+/-85027 7
29y y
+/-92037 7
32y y
86032 2
33y y
84002 2
36y y

+ +
+/--

Infant/Pubertal l

Fetal/Neonatal l
d*. B

O""

C.

'd' 'd'

FigureFigure 6. Representative photomicrographs showing nuclear (arrows) and basket-like (open arrows)
PRR in the male (top panels) and female (bottom panels) BSTc during A, D) fetal/neonatal, B, E)
infant/pubertall and C, F) adult ages. Note: Presence of more PR containing BSTc cellss in males than
inn females during infant/pubertal ages. Bar = 25 firn.
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DISCUSSION DISCUSSION
Thee presence of gonadal steroid receptors during fetal/neonatal and infant/pubertal
agess in the male and female BSTc indicates that gonadal steroid hormones can exert
directt organizational effects on the developing BSTc. These effects may differ
independentt of gonadal steroid hormone levels as more BSTc cells containing
nuclearr ER [3 immunoreactivity were found in females than in males during fetal/
neonatall ages only, while more BSTc cells containing AR immunoreactivity were
foundd in males than in females during infant/pubertal ages only. Both ER a and PR
inn the BSTc were more abundant in males than in females during adulthood only.
Thesee data suggest that the protracted sexual differentiation of the human BSTc may
resulttfromgonadal steroid hormones acting directly on cells in the BSTc from fetal
developmentt onwards.
ERR a, ER P, AR and PR immunoreactivity found in the male and female BSTc
duringg fetal/neonatal, infant/pubertal and adult ages is in agreement with earlier studiess showing that the human BSTc in adulthood is a major brain area containing
gonadall steroid receptor expression (Donahue et al, 2000; Fernandez-Guasti et al,
2000;; Österlund et al, 2000a, b; Kruijver et al, 2001; Kruijver et al, 2002
accepted).. Earlier studies also describe the presence of gonadal steroid receptors in
developingg and adult BST in mammalian species ranging from rodents to primates
(e.g.,, PfafTandKeiner, 1972; Pfaff etal, 1976; Simerly et al, 1990; DonCarlosand
Handa,, 1994; Bethea etal, 1996; Handa etal, 1996; DonCarlos, 1996; Simerly et
al,al, 1996; Goldsmith etal, 1997; McAbee and DonCarlos, 1998;Choateefa/., 1998;
Shughruee et al, 2001; Greco et al, 2001). Similar to the adult human hypothalamus
(Kruijverr and Swaab, 2002), we found PR-IR cells in the BSTc during fetal/neonatal,
infant/pubertall and adult ages.
Accumulationn of gonadal steroid receptor immunoreactivity in the fetal/neonatal,
infant/pubertall and adult human BSTc was found in the cell nucleus as well as cell
cytoplasm,, neurites and terminal varicosities. These findings are consistent with
manyy studies in rodents, sheep, primates including humans (Handa et al, 1988;
Blausteinn and Turcotte, 1989; Blaustein, 1992; Blaustein and Ulster, 1993; Lehman
etet al, 1993; Van Leeuwen et al, 1995; Wagner et al, 1998; Wood and Newman,
1999;; Mufson et al, 1999; Blurton-Jones et al, 1999; Donahue et al, 2000;
Fernandez-Guastii et al, 2000; Ishunina et al, 2000; Ishunina and Swaab, 2001;
Kruijverr et al, 2001; Milner et al, 2001; Vanderhorst et al, 2002; Kruijver and
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Swaab,, 2002; Zhang et al., 2002). Further evidence support the presence and
accumulationn of gonadal steroid receptors in the cytoplasmic cell compartment. For
instance,, AR, PR, glucocorticoid receptor and thyroid hormone receptor tagged with
thee jelly fish-derived green fluorescent protein, which enable the direct detection of
thesee steroid receptors have been detected in both the cell nucleus and cell cytoplasm
(LimetaL,(LimetaL, 1999; Hager etal, 2000; Tyagi etal, 2000). Together these data indicate
thatt the localization of gonadal steroid receptors is not limited to the nucleus, but can
accumulatee in the cell cytoplasm, fibers, arborizations and terminal varicosities. In
addition,, these cytoplasmic gonadal steroid receptors are not without functional
activityy as suggested by several studies indicating rapid estrogen effects on second
messengerr systems, such as cAMP response element binding (CREB) protein,
phosphatidylinositoll 3-kinase (PI3-kinase) and Akt (Razandi et al., 1999; Brinton,
2001). .
Thee events causing late sexual differentiation of the BSTc were expected to take
placee in fetal/neonatal or infant/pubertal development during which levels of testosteronee are much higher in males than in females (Chung et ah, 2002). This idea is
furtherr supported by the lack in volumetric changes of adult BSTc volume in
subjectss with dramatic increases or decreases in adult gonadal steroid hormone
levels.. For example, a normal female-sized BSTc was found in one control female
withh increased androgen levels and in two postmenopausal control females with low
gonadall steroid levels. Furthermore, a normal male-sized BSTc was found in a
controll male with high estrogen levels caused by a feminizing adrenal tumor and in
twoo control males who were orchidectomized due to a prostate cancer (Zhou et ah,
1995;; Kruijver et ah, 2000). In rodents, early postnatal presence of testosterone
increasess the rat BST size and cell number in males and females (Guillamon et ai,
1988;; Chung et al., 2000). Our results demonstrated a clear sex difference in nuclear
ERR b already during fetal/neonatal development and a subtle sex difference in AR-IR
cellss during infant/pubertal ages. Therefore, our results support the view, that sexual
differentiationn of the BSTc may occur from fetal development onwards and is as in
rodentss likely mediated by gonadal steroid receptors.
Testosteronee effects, mediated by its estrogenic metabolite, may organize sexual
differentiationn of BSTc at multiple cellular levels during fetal/neonatal development.
Studiess using HeLa cells containing an AP-1 luciferase reporter gene showed that
estrogenss and anti-estrogens stimulate partial-to-full transcriptional activity with ER
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a.a. This was also the case for anti-estrogens with cells expressing ER (3, however, in
thosee cells estrogens repressed ER ^-dependent transcriptional activity (Paech et al.,
1997;; Weatherman and Scan-Ian, 2001). Consequently, expression of nuclear ER pIRR BSTc cells may indicate inhibition of transcriptional activity in the female BSTc
duringg fetal/neonatal ages.
AA large proportion of ER P immunoreactivity in the BSTc was localized in punctatee terminal varicosities from fetal/neonatal ages onward, which during infant/
pubertall and adult ages concentrated around BSTc cells bodies in a basket-like
manner.. Similar basket-like ER p immunoreactivity was also detected in the adult
malee and female DBB and NBM of the human brain (unpublished observations
W.C.J.C.).. Many studies clearly showed that estrogens induce rapid changes, such
ass in membrane potential and synaptic spine density in rodents indicating direct
actionss of estrogen at the membrane site (Woolley and McEwen, 1993; Murphy and
Segal,, 1996; Pozzo Millers al., 1999;Toran-Allerand^a/., 1999; Kelly and Levin,
2001).. These actions may be mediated by ER a and/or ER p that are, in part, targeted
too the cell surface as found in Chinese hamster ovary (CHO) - and pituitary cells
(Razandii et al., 1999; Watson etaL, 1999). Evidence show that both membrane ER
aa and ER p in CHO cells are coupled to G-proteins suggesting that these ERs can
influencee G-protein-induced intracellular signaling (Razandi et al., 1999). Membrane
ERR a and ER p were also shown to have opposite effects on activation of intracellularr signaling pathways. For instance, c-Jun kinase (i.e., a mitogen-activated
kinase)) activity in CHO cells was increased by ER p activation, while ER a
activationn inhibited C-Jun kinase activity (Razandi etaL, 1999). Similarly, estrogens
inn developing BSTc cells interacting with ER a may have opposite effects to
estrogenss interacting with ER p.
ERR p may directly regulate glutamate decarboxylase (GAD), the rate limiting
enzymee of y-aminobutyric acid (GABA) synthesis, which is also localized in similar
terminall varicosities arranged around BST cell bodies (Sun and Cassell, 1993;
Heimerr et al., 2000). GABA, which during development influences neuronal
survival,, neurite outgrowth, synapse formation and membrane potential (Barbin et
al,al, 1993; Ikeda et al., 1997; Obata, 1997) has been viewed as a possible candidate
forr the modulation of sex-dependent actions of gonadal steroid hormones during
developmentt (McCarthy etaL, 2002). In rats, GABA concentration and GAD mRNA
inn the hypothalamus are responsive to estrogens and are higher expressed in neonatal
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maless than in females (McCarthy et al, 1995; Sagrillo and Selmanoff, 1997; Davis
etet al, 1999). Moreover, activation of the GABAA receptor during early rat hypothalamicc development resulted in sex-dependent responses in the phosphorylation
off CREB (Auger ef al, 2001). Modulation of these proteins affect critical developmentall processes involved in sexual differentiation, such as neuronal survival and
synapticc plasticity (Shaywitz and Greenberg, 1999). Sexual differentiation of the
BSTT in rats is dependent on a sex difference in apoptotic cell death during early
postnatall development, which is regulated by circulating levels of testosterone
presumablyy mediated by its estrogenic metabolite (Arai et al, 1996; Chung et al,
2000).. Together, our results suggest that fetal/neonatal sex-dependent organization
off the BSTc may be the result of an interaction between sex differences in ER oc/ER
PP mediated transcriptional activity at the level on the cell nucleus and ER p mediated
"rapid"" effects at the level of the cell membrane.
Testosteronee may also directly influence sexual differentiation of the human
BSTcc as sexual differentiation in humans seems to depend more on androgens than
onn estrogens (Robbins et al, 1996). For example, men with complete AIS have a
femalee body - and psychosexual phenotype, while men with a non-functional ER a
orr defective aromatase enzyme remain phenotypically and behaviorally male (Smith
etet al, 1994; Morishima et al, 1995; Quigley et al, 1995; Bilezikian et al, 1998;
Caranii et al, 1999; Rochira et al, 2001). Both the male and female BSTc during
fetal/neonatall and infant/pubertal development contained many AR-IR cells suggestingg that testosterone can influence sexual differentiation of the BSTc by acting
onn AR from early development onwards.
Androgenss may also differentiate the BSTc in a sex-dependent fashion during
infant/pubertall development, because more AR-IR BSTc cells were detected in
maless than in females. Studies in rodents showed that AR expression in the perinatal
-- and adult BST is higher in males than in females (Wersinger et al, 1998; McAbee
andd DonCarlos, 1998; Wood and Newman, 1999). The sex difference in AR
expressionn in the BSTc is likely controlled by the estrogenic and androgenic
metabolitess of testosterone. Both estradiol and DHT treatment increased AR
expressionn in the adult hamster preoptic and hypothalamic areas (Wood and
Newman,, 1999). In adult humans, AR expressions in the mamillary bodies in the
hypothalamuss also depends on endocrine status (Kruijver et al, 2001). The consequencess of an AR sex difference during the development of the infant/pubertal
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BSTcc are unclear. Given that earlier studies showed that the BSTc size does not
differr between males and females during infant/pubertal ages (Chung et aL, 2002),
wee hypothesize that androgens may be required for the maintenance and/or further
differentiationn of the BSTc in a sex-dependent fashion in this period of life. This idea
seemss to be supported by data showing that the male BSTc size stabilizes, while the
femalee BSTc size decreases around late puberty and early adulthood (Chung et aL,
2002). .
Progestinss in rats and humans have been hypothesized to modulate sexual differentiationn of vertebrate brain (Peppe et aL, 1972; Sanyal, 1978; Weisz and Ward,
1980;; Wagner et aL, 1998; Luisi et aL, 2000). Maternal and fetal progestin levels increasee during pregnancy followed by a dramatic decrease during the end-stages of
pregnancy.. Elevated maternal progesterone levels, to which the fetal brain is exposed
too during pregnancy have been correlated to changes in male and female sexual behaviorr in rats (Hull, 1981; Wagner et aL, 1986), while in humans, progestin
treatmentt during pregnancy may affect a number of sexually dimorphic behaviors,
suchh as physical aggression in the offspring (Ehrhardt et aL, 1977; Reinisch, 1981).
Studiess in rats during development showed the presence of PR containing cells in
severall preoptic and hypothalamic regions, such as the BST indicating that
progestinss may directly affect sexual differentiation of the vertebrate brain (Wagner
etet aL, 1998b). Although, progestins may also influence the sexual differentiation of
thee human brain as suggested by the presence of PR containing cells during fetal/
neonatall and infant/pubertal ages in the BSTc, the exact role of progestins during
humann brain development is still not well understood.
Inn the present study, we found that ER a immunoreactivity and PR containing
cellss was higher in the adult male BSTc than in the female BSTc, wheras no overt
sexx difference in ER (3 expression was observed in adulthood. Earlier studies showed
thatt AR did not differ between the male and female BSTc in adulthood (FernandezGuastii et aL, 2000). Theoretically, late overt development of a sex difference in
BSTcc size may be facilitated by the sex difference in ER a and/or PR expression.
Indeed,, changes in adult estrogen and progesterone levels have been shown to affect
thee size of the rat SDN-POA (Bloch et aL, 1988). However, this does not seem to be
thee case for the human BSTc, because large fluctuations in gonadal steroid hormone
levelss during adulthood did not affect BSTc size, regardless of genetic sex (Zhou et
aL,aL, 1995; Kruijver et aL, 2000). Therefore, it is unlikely that the sex differences in
ERR a and PR are directly involved in the sex-dependent organization of the BSTc
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sizee but rather in the regulation physiological functions of the BST.
Bothh ER a and PR expression are regulated by circulating levels of estrogens in
aa region-dependent fashion (e.g., DonCarlos and Handa, 1994; Sisk and DonCarlos,
1995;; DonCarlos et al, 1995; Bethea et al, 1996; Greco et al, 2001). Studies in
rodentss also showed that estrogen down-regulates ER a expression in the rat preoptic
andd hypothalamic areas (DonCarlos and Handa, 1994; Sisk and DonCarlos, 1995;
DonCarloss e> al, 1995; Bethea etal, 1996; Greco et al, 2001). Estrogens, which are
higherr in women than in men during adulthood are also thought to down-regulate ER
aa expression in the hypothalamus of women. The number of vasopressinergic SON
cellss containing ER a is higher during postmenopausal ages (> 50 years of age) than
duringg premenopausal ages (< 50 years of age) (Ishunina et al, 2000). Studies in
monkeyss further showed that progesterone decreases ER a expression in the ventromediall nucleus (Bethea et al, 1996). Therefore, the lower ER a expression in the
adultt female BSTc may be caused by circulating levels of estrogens and progestins.
Estrogenss may be responsible for the higher abundance in PR containing BSTc cells
inn adult males than in females. Indeed, estrogens have been shown to increase PR
expressionn in several species including primates (e.g., Brown et al, 1987; Gasc and
Baulieu,, 1988; Bethea etal, 1992).
ConcludingConcluding remarks
Thee present results provide insight into the distribution of gonadal steroid receptor
expressionn in human brain tissuefromthe middle of the third trimester of pregnancy
onwardss only. We did not examine gonadal steroid receptor expression and
distributionn in the BSTc during the first and second trimester of pregnancy, in which
circulatingg levels of testosterone are higher in males than in females (Abramovich
andd Rowe, 1973; Griffin and Wilson, 1980). Although, we recognize that it is of
utmostt importance to study the expression of gonadal steroid receptors in the early
fetall brain, the early fetal BSTc can not be reliably identified using Nissl staining.
Inn addition, vasoactive intestinal polypeptide or somatostatin immunocytochemistry,
whichh has been used to identify the BSTc from 25 weeks of gestation onwards
(Chungg et al, 2002) did not allow consistent immunocytochemical delineation of the
fetall BSTc prior to 25 weeks of pregnancy (unpublished observations W.C.J.C).
Althoughh sexual differentiation of the BSTc extends well into adulthood, it is
likelyy that gonadal steroid hormones organize the BSTc in a sex dependent fashion
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muchh earlier. Indeed, we found evidence suggesting that gonadal steroid hormone
actionss on the BSTc may differ between males and females during fetal/neonatal and
infant/pubertall ages as indicated by sex differences in ER p and AR. Moreover, we
foundd evidence that gonadal steroid hormones continue to exert sex-dependent
effectss on the BSTc as suggested by the higher abundance of ER a and PR containingg cells in males than in females during adulthood.
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CHAPTERR FOUR
APOPTOSISAPOPTOSIS DURING SEXUAL DIFFERENTIATION OF THE BED
NUCLEUSNUCLEUS OF THE STRIA TERMINALIS IN THE RAT BRAIN
Wilsonn CJ. Chung, Dick F. Swaab and Geert J. De Vries

Thee bedd nucleus of the stria terminalis (BST) in the rat forebrain differs between
maless and females. To test whether apoptosis may contribute to the development
off sex differences in the BST, the incidence of apoptosis was determined in shamtreatedd males and sham-treated females sacrificed on postnatal day (PN) 2,4,6,8,
10,, and 12 (PN 1 being day of birth). More apoptotic nuclei were found in the
principall nucleus of the BST (BSTpr) in females than in males, whereas the reverse
wass true for the lateral division of the BST (BSTL). Moreover, the volume of the
BSTprr was larger in males than in females whereas there was no sex difference in
thee volume of the BSTL. Our results also confirmed earlier reports indicating that
thee incidence of apoptosis in the central part of the medial preoptic nucleus (MPNc)
iss higher in females than in males. No sex difference in apoptosis was found in the
ventromediall hypothalamus (VMH) and paraventricular nucleus (PVN). The
volumee of the MPNc and VMH was larger in males than in females whereas the
PVNN volume did not differ between males and females. To test whether sex differencess in neonatal levels of gonadal steroids may cause sex differences in the
incidencee of apoptosis in the BSTpr, the incidence of apoptosis was compared
betweenn castrated males and females that were treated with testosterone propionate
orr vehicle on the day of birth. In the BSTpr of gonadal steroid-treated animals, the
incidencee of apoptosis was lower when compared to animals treated with vehicle,
whichh was also true for the MPNc. These results are consistent with the hypothesis
thatt gonadal steroids contribute to the sexually dimorphic differentiation of the
BSTT by controlling the incidence of apoptosis.
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INTRODUCTION INTRODUCTION
Severall areas in the mammalian brain show robust sex differences in volume (Swaab
andd Hofman, 1995; Cooke et al, 1998). For example, in rats, the central part of
mediall preoptic nucleus (MPNc) is larger in males than in females (Gorski et al,
1978;; Simerly et al, 1985), whereas the anteroventral periventricular nucleus
(AVPv)) is larger in females than in males (Bleier et al., 1982). Sexual differentiation
off the MPNc and AVPv is regulated by perinatal levels of gonadal steroids (Jacobson
etet al, 1981a; Ito et ah, 1986), which differ between males and females (Döhler and
Wuttke,, 1975; Weisz and Ward, 1980).
Gonadall steroids have been postulated to cause sex differences in volume by
affectingg developmental processes, such as neurogenesis, neuromigration, apoptosis,
orr differentiation of cell phenotype (Arnold and Breedlove, 1985; Jacobson et al.,
1985;; Tobet et ah, 1994). Of these, apoptosis and differentiation of cell phenotype
appearr to be major contributors to the development of sex differences found in the
centrall nervous system. For example, the incidence of apoptosis in the rat spinal
nucleuss of the bulbocavernosus (SNB), MPNc, and bed nucleus of the accessory
olfactoryy tract (BAOT) is higher in females than in males (Nordeen et al., 1985;
Daviss et ah, 1996; Collado et al, 1998) whereas the reverse is true for the AVPv
(Araii et al., 1994; Arai et al., 1996). Differentiation of cell phenotype appears to
contributee to the sexually dimorphic development of, for example, the male nucleus
off the preoptic area (MN-POA) of the ferret. The MN-POA is larger in males than
inn females (Tobet et ah, 1986) mainly because male MN-POA cells are larger
(Cherryy et al., 1992).
Muchh is still unknown about the molecular and cellular mechanisms through
whichh gonadal steroids induce sexual differentiation. Important obstacles for the
identificationn of these mechanisms are the relatively small size of sexually dimorphic
structuress and the heterogeneity of the tissue in which they reside. An attractive area
forr such an analysis is the relatively large bed nucleus of the stria terminalis (BST)
whichh contains a number of robust sex differences. For example, the principal
nucleuss of the BST (BSTpr) in rats is larger and has more cells in males than in
femaless (Del Abril et al, 1987; Guillamon et al, 1988; Hines et al, 1992). Furthermore,, the BST contains more immunoreactive cells for vasopressin, substance P and
cholecystokininn in males than in females (Van Leeuwen et al, 1985; De Vries and
Al-Shamma,, 1990; Malsbury and McKay, 1989; Micevych et al, 1987). The rela72 2
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tivelyy large size of the BST was exploited by Hutton et al, 1998, who studied the
developmentt of connections between the BST, AVPv, and MPNc by implanting Dil
crystalss into the BST. This study showed that on postnatal day 11 males have dense
projectionss from the BST to the AVPv and MPNc, whereas females have virtually
nonee (Hutton et al.t 1998).
Inn the present study, we examined the role of apoptosis during sexual differentiationn of the BST. Firstly, we tested whether the incidence of apoptosis differs
betweenn sham-treated males and sham-treated females in the BST. A similar analysis
wass performed in the sexually dimorphic MPNc, ventromedial nucleus of the
hypothalamuss (VMH) (Matsumoto and Arai, 1983), and in the non-sexually dimorphicc paraventricular nucleus (PVN). Secondly, we tested whether sex differences in
neonatall gonadal steroids can induce sex differences in the incidence of apoptosis
inn the BST and MPNc.
MATERIALSMATERIALS AND METHODS
Animals Animals
Spraguee Dawley rat pups were born of dams (Charles River Laboratories) mated in
ourr own animal facilities. A 10 h light: 14 h dark cycle was maintained throughout
thee study. Rat pups were sexed by examining the anogenital distance on postnatal
dayy (PN) 1 (day of birth), and randomly placed in one of the following treatment
groups:: sham-treated, testosterone propionate-treated (TP) or vehicle-treated. On PN
1,, male pups in the sham treatment group received a small skin incision located
aroundd the anogenital area, while male pups in the TP and vehicle treatment groups
weree gonadectomized. None of the female pups were gonadectomized. All males and
femaless in the TP-treated and vehicle-treated groups were given a single subcutaneouss injection of TP (1 mg/0.05 ml; Sigma Chemicals Co, St Louis) or vehicle (sesamee oil, 0.05 ml). All male and female pups were subjected to hypothermia anesthesia,, marked by clipping of specific toes and allowed to recover under a warm lamp
beforee returning to the nest in litters of 8 -12. To avoid litter effects, rat pups from
thee same litter were distributed across treatment groups. Pups were sacrificed on PN
2,4,6,, 8,10, or 12 (n = 5 per group; unless indicated differently in the Results). In
thee first analysis, the incidence of apoptosis was compared between sham-treated
malee and sham-treated female rat pups. In the second analysis, the incidence of
apoptosiss was compared between TP-treated and vehicle-treated animals.
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BrainBrain tissue processing and cresyl violet staining
Animalss were anaesthetized by means of hypothermia (PN 2 - 8) or chloral hydrate/
pentobarbitall (PN 10-12) and decapitated. The brains were removedfromthe skull
andd immersion-fixed in 10% buffered formalin (Histoprep, Fischer Scientific,
Pittsburgh)) for three days and stored in 0.05 M Tris-buffered saline (TBS) pH 7.6 at
4°C.. Brains were dehydrated in increasing grades of ethanol followed by toluene
(Fischerr Scientific, Pittsburgh) and embedded in paraffin (Fischer Scientific,
Pittsburgh).. Transverse serial sections (15 //in) were made with a rotary microtome
andd mounted on gelatine-coated glass slides. The sections were deparaffinized using
HemoDD (Fischer Scientific, Pittsburgh), rehydrated with decreasing grades of ethanol
followedd by Rho-purified H 2 0, and stained with cresyl violet. Following staining,
sectionss were dehydrated and coverslipped using permount (Fischer Scientific,
Pittsburgh). .
EstimationEstimation of total volume
Thee boundaries of the BSTpr, BSTL, MPNc, VMH, and PVN were identified with
thee atlas of the developing rat brain by Alvarez-Bolado and Swanson (1996) using
brightt field microscopy (Olympus BH 2 microscope). Digital images from every
secondd section through these structures were taken with a CCD72 camera (Dage,
MTI,, Michigan City, IN) attached to a Quick Capture frame grabber board (Data
Translation,, Marlboro, MA) in a Macintosh IIFx computer. The Scion IMAGE
programm v. 1.57 developed by Dr. Rasband at the National Institutes for Health was
usedd to measure the unilateral cross-sectional areas through the BSTpr, BSTL,
VMH,, and PVN. Bilateral cross-sectional measurements were made for the MPNc.
Thee volume of each brain structure was calculated by multiplying the sum of the
cross-sectionall areas for each structure with 30 fim (i.e., the combined thickness of
twoo sections) (Gundersen et ah, 1988).

EstimationEstimation of total apoptosis
Apoptoticc cell nuclei, identified by very intense staining, condensation, and often
fragmentationfragmentation of nuclear material, were counted in every second section at 4
magnificationn (Fig. 1). The total number of apoptotic cell nuclei in a brain area was
estimatedd by multiplying the total number of apoptotic cell nuclei by two
(Königsmarkk and Murphy, 1970; Collado et a/., 1998). Because, this analysis as74 4
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sumess an uniform size of apoptotic profiles, a counting error between treatment
groupss could be induced, if the cross-sectional area of apoptotic profiles differed
betweenn the treatment groups. Therefore, the cross-sectional area (unit2) of apoptotic
profiless in the BST of males and females across treatment groups was measured on
PNN 6, on which a sex difference in the incidence of apoptosis was detected.
StatisticalStatistical analysis
Thee data of the first analysis were examined for significant differences in the
incidencee of apoptosis and volume of the BSTpr, BSTL, MPNc, VMH and PVN
duringg development with a two-way analysis of variance (ANOVA) with age and sex
ass between subject variables. For the second analysis a three-way ANOVA was used
withh age, sex, and hormonal treatment as between subject variables. A StudentNewman-Keulss test was used for post hoc analysis. Measurements of cross-sectional
areaa of apoptotic profiles were tested for differences using a two-way ANOVA.
Differencess were considered significant if/? < 0.05. All measurements were conductedd by an observer who was blind to sex, treatment, and specific age of the subjects.

FigureFigure 1. Representative photomicrograph of an apoptotic cell nucleus (arrow) in the rat forebrain.
Scalee bar, 10//m.

RESULTS RESULTS
Att all ages, we were able to recognize the different subdivisions of the BST as
indicatedd in the atlas of Alvarez-Bolado and Swanson,1996. We could not analyze
alll sections of every area for each subject, because some sections were folded or torn.
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Wee have indicated below, in which cases less than five subjects per group were
analyzed. .
PrincipalPrincipal nucleus of the bed nucleus of the stria terminalis (BSTpr)
Fourr males were analyzed on PN 10 and three females on PN 12. Overall, females
showedd a higher incidence of apoptosis than males in the BSTpr [F (1,45) = 19.18,
pp < 0.0001 ]. In addition, the incidence of apoptosis changed with age, peaking at PN
66 [F(5,45) = 16.06,/? < 0.0001), but these changes varied by sex [F(5,45) = 7.43,
pp < 0.0001] (Fig. 2A). Post hoc analysis showed that on PN 6 female rat pups had
aa higher incidence of apoptosis than male rat pups (p < 0.05).
Overall,, BSTpr volume was larger in males than in females [F(l, 45) = 17.78,
pp < 0.0005). In addition, BSTpr volume increased with age [F (5,45) = 18.80,/? <
0.0001],, and this increase varied by sex [F(5,45) = 4.28,/? < 0.005] (Fig. 2B). Post
hochoc analysis revealed that the BSTpr volume was sexually dimorphic on PN 12 (p
<< 0.05).
CentralCentral part of the MPN (MPNc)
Threee males were analyzed on PN 2, four males on PN 6, four females on PN 4, and
twoo females on PN 12. Overall, females showed a incidence of apoptosis than males
inn the MPNc [F (1,41) = 5.78,/? < 0.05]. Although the incidence of apoptosis did not
varyy significantly by age, there was a significant interaction between age and sex [F
(5,41)) = 4.49,/? < 0.005] (Fig. 2C). Post hoc analysis showed that on PN 8, females
hadd a significantly higher incidence of apoptosis (p < 0.05).
Overall,, the MPNc was larger in males than in females [F (1,41) = 29.23,/? <
0.0001].. In addition, MPNc volume increased with age [F (5,41) = 3.36,/? < 0.05].
However,, this increase did not vary by sex (Fig. 2D). Post hoc analysis showed that
onn PN 10 and PN 12, males had a significantly larger MPNc than females (p < 0.05).
LateralLateral division of the BST (BSTL)
Fourr males were analyzed on PN 2 and PN 10 and three females on PN 12. Overall
maless showed a higher incidence of apoptosis than females [F (1, 44) = 5.86,/? <
0.05].. In addition, the incidence of apoptosis decreased with age [F(5,44) = 36.74,
pp < 0.0001], but did not vary by sex (Fig. 3A).
Overall,, the BSTL volume did not differ between males and females. However,
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BSTLL volume increased with age [F (5,44) = 13.37,/? < 0.0001], but this increase
didd not vary by sex (Fig. 3B).
VentromedialVentromedial hypothalamus (VMH)
Fourr females were analyzed on PN 12. Overall, there was no sex difference in the
numberr of apoptotic nuclei in the VMH. However, the incidence of apoptosis decreasedd with age [F (1,47) = 66.9,/? < 0.0001 ], but this decrease did not vary by sex
(Fig.. 2E).
Overall,, the VMH volume did not differ between males and females, but it increasedd with age [F(5,47) = 14,1,/? < 0.0001], and this increase varied by sex [^(5,
47)) = 3.2,/? < 0.009] (Fig. 2F). The volume of the VMH increased between PN 10
too PN 12 in males, but not in females (p < 0.05).
ParaventricularParaventricular nucleus (PVN)
Fourr females were analyzed on PN 12. Overall, there was no sex difference in the
numberr of apoptotic nuclei in the PVN. However, the incidence of apoptosis decreasedd with age [F (5,47) = 12.40,/? < 0.0001], but this decrease did not vary by
sexx (Fig. 3C).
Overall,, the PVN volume did not differ between males and females, but it increasedd with age [F (5,47) = 18.81,/? < 0.0001 ]. However, this increase did not vary
byy sex (Fig. 3D).
GonadalGonadal steroid effects on apoptosis: BSTpr
Overall,, the incidence of apoptosis was significantly reduced in animals treated with
TPP when compared to animals treated with vehicle [F(l, 96) = 70.1,/? < 0.0001].
Thee incidence of apoptosis changed with age [F ( 5, 96) = 50.3, p < 0.0001], and
thesee changes varied by treatment [F (5,96) = 19.3,/? < 0.0001] (Fig. 4A). Post hoc
testingg revealed that incidence of apoptosis was lower in TP-treated animals than in
vehicle-treatedd animals on PN 4, PN 6, and PN 8 (p < 0.05). Overall, there was no
sexx difference in the incidence of apoptosis nor was there an interaction between sex
andd treatment.
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FigureFigure 2. Graphs showing the incidence of apoptosis per total nucleus A, C, E) and the volume of
eachh nucleus B, D, F) during postnatal development of the BSTpr A, B), MPNc C, D), and VMH E,
F).. The incidence of apoptosis was higher in the BSTpr and MPNc of females (open circles) than
maless (filledcircles), whereas no sex difference in apoptosis was observed in the VMH. Bars, S.E.M.
** p < 0.05.
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Thee volume of the BSTpr in animals treated with TP was larger when compared
too animals treated with vehicle [F (1, 96) = 52.0, p < 0.0001]. The BSTpr volume
increasedd with age [F(5, 96) = 37.1,p < 0.0001], and this increase varied by treatmentt [F (5,96) = 3.5,/? < 0.01 ] (Fig. 4B). Post hoc analysis revealed that the volume
off the BSTpr was larger in TP-treated animals than in vehicle-treated animals on PN
8,, PN 10, and PN 12 (p < 0.05). Overall, there was no sex difference in the volume
norr was there an interaction between sex and treatment.
GonadalGonadal steroid effects on apoptosis: MPNc

Duee to difficulties in the delineation of the MPNc on PN 2, we only analyzed the
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MPNcc between PN 4 and 12. Of the TP-treated animals three males on PN4, four
maless and three females on PN 6, four males on PN 8 and PN 12 were analyzed. Of
thee vehicle-treated animals four males and four females on PN 4, four males on PN
6,, four males on PN 10 and 12 were analyzed. Overall, the incidence of apoptosis
wass significantly reduced in animals treated with TP when compared to animals
treatedd with vehicle [F(l, 69) = 8.7,/? < 0.005]. The incidence of apoptosis changed
withh age [F (4,69) = 3.9,p < 0.01 ], and these changes varied by treatment [F (4,69)
== 4.4, p < 0.005] (Fig. 4C). Post hoc testing revealed that the incidence of apoptosis
wass lower in TP-treated animals than in vehicle-treated animals on PN 8 (p < 0.05).
Overall,, there was no sex difference in the incidence of apoptosis nor was there an
interactionn between sex and treatment.
Thee volume of the MPNc was larger in animals treated with TP when compared
too animals treated with vehicle [F (1, 69) = 35.6,/? < 0.0001]. The MPNc volume
significantlyy changed with age [F (4, 69) = 11.5, p < 0.0001], but these changes
variedd by treatment [F (4, 69) = 7.25, p < 0.0001] (Fig. 4D). Post hoc analysis
revealedd that the volume of the MPNc was larger in TP-treated animals than in
vehicle-treatedd animals on PN 10 and 12 (p < 0.05). In addition, there was a significantficant sex difference in MPNc volume [F (1, 69) = 10.1, p < 0.005], but no
significantt interaction between sex and treatment. Post hoc analysis showed that the
MPNcc was larger in males than in females on PN 10 (p < 0.05).
Cross-sectionalCross-sectional area of apoptotic profiles on PN 6
Overall,, there was no sex difference [F(l, 54) = 0.03,p = 0.84] in the cross-sectional
areaa nor a treatment effect [F (2,54) = 1.3,/? = 0.2] between sham-males (27.2
7
22
2
2
pmpm ),), sham-females (28.3 3.6//m ), TP-treated males (32.0 3.0/zm ), TP-treated
femaless (30.3
1 pm2), vehicle-treated males (25.2 2.7 pm2) or vehicle-treated
femaless (27.2
7 pm2). In addition, there was no significant interaction between
sexx and treatment [F (2, 54) = 0.2, p = 0.82].
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FigureFigure 4. Graphs showing the incidence of apoptosis between postnatal days 2 and 12 in the BSTpr
A)) and MPNc C) and the volume of the BSTpr B) and MPNc D) in males (filled circles, filled
triangles)) and females (open circles, open triangles) treated with TP (circles) or vehicle (triangles).
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BSTprr and MPNc volume in animals treated with TP when compared to vehicle-treated animals.
Barss indicate S.E.M. * indicates p < 0.05 for treatment effect.

DISCUSSION DISCUSSION
Inn the present study, we found that the incidence of apoptosis in the BSTpr was
higherr in females than in males, and we also confirmed previous findings that the
samee was true for the MPNc (Davis et ah, 1996). In the BSTL, the incidence of
apoptosiss was only slightly higher in males than in females, whereas no sex
differencee in apoptosis was found in the VMH and PVN. Gonadal steroids seem to
controll the incidence of apoptosis in the BSTpr and MPNc, because TP treatment
reducedd the incidence of apoptosis in females and castrated males. These results are
consistentt with the hypothesis that sex differences in perinatal levels of testosterone
generatee volumetric and numerical sex differences in the BST and MPN, in part, by
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suppressingg naturally occurring apoptosis in males.
Inn contrast to earlier studies investigating apoptosis during sexual differentiation,
terminall deoxynucleotidyl nick end-labeling (TUNEL) (Arai et al, 1996; Davis et
al,al, 1996) was not used to detect apoptotic nuclei. Instead, sections were stained with
cresyll violet, which reveals the typical darkly stained and condensed profiles of
apoptoticc nuclei. Because cresyl violet does not exclusively stain apoptotic cells,
somee apoptotic nuclei may have been theoretically masked by the cresyl violet
stainingg in non-apoptotic neighboring cells. However, this does not seem to be a
majorr problem, because many studies have shown that the number of apoptotic cells
detectedd with cresyl violet or a similar histological staining strongly correlates with
thee number of apoptotic cells as visualized by the TUNEL method (for example,
Rabacchii et al, 1994; Bonfanti et al, 1996; Park et al, 1998a).
Inn the present study, TP was more effective in reducing the incidence of apoptosis
inn the BSTpr than in the MPNc of females and castrated males. In the BSTpr, the
incidencee of apoptosis was similar between sham-treated males from the first
analysiss and animals treated with TP from the second analysis. The same was true
betweenn sham-treated femalesfromthefirstanalysis and animal treated with vehicle
fromfrom the second analysis. In the MPNc, however, the incidence of apoptosis showed d
noo obvious peak of apoptosis in sham-treated malesfromthe first analysis, whereas
aa peak of apoptosis was observed around PN 10 in animals treated with TP in the
secondd analysis. These MPNc results seem to be inconsistent with earlier findings
thatt showed that TP completely inhibited developmental apoptosis in the MPNc
(Daviss et al, 1996). However, this disparity may well be explained by differences
inn the timing of TP treatment. In earlier studies, pups received TP several days after
birthh (Davis et al, 1996), whereas in the present study TP was given on the day of
birth,, which may have resulted in different TP levels during the MPNc cell death
period.. Differences in the pattern of ontogenesis between BSTpr and MPNc cells
mayy be responsible for the difference in effectiveness of TP in curtailing the
incidencee of apoptosis in these two areas. Counting the day of conception as
embryonicc day 1, BSTpr cells are born around embryonic day 16 and 17, whereas
MPNcc cells are born one to two days later (Jacobson et al, 1981b; Bayer, 1987;
Bayerr and Altman, 1987). Hence, perinatal BSTpr cells may well be more advanced
inn their development than MPNc cells during the same perinatal period. An
indicationn for such a difference may be the level of androgen receptor (AR) mRNA
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expression,, which is present in high abundance in the perinatal BSTpr and MPN
(McAbeee and DonCarlos, 1998). Indeed, the perinatal AR mRNA expression
betweenn the BSTpr and MPN appears to develop more rapidly in the BSTpr than in
thee MPN (McAbee and DonCarlos, 1998), supporting the idea that neonatal TP
administrationn may protect the more mature BSTpr cells better against postnatal
apoptosiss than the more immature MPNc cells.
Ourr findings in the VMH and BSTL demonstrate that the presence or absence of
sexx differences in apoptosis does not necessarily predict the presence or absence of
sexx differences in volume. For example, although the VMH showed no sex
differencee in the incidence of apoptosis, its volume was larger in males than in
femaless on PN 12. The sex difference in VMH volume is in agreement with earlier
findingss suggesting that the rat VMH is larger in males than in females (Matsumoto
andd Arai, 1983). This volumetric sex difference is likely to be a function of the
perinatall sex difference in gonadal steroids, because manipulation of gonadal steroid
levell affected the VMH volume (Matsumoto and Arai, 1983). It is unknown how
gonadall steroids promote the sexual differentiation of the VMH. In the absence of
aa sex difference of apoptosis, it may be that gonadal steroids act on soma size, as
theyy appear to do in the preoptic area of the ferret brain (Park et aLt 1998a; Park et
al,al, 1998b). Therefore, we propose that the volumetric sex difference found in the
VMHH may be a result of gonadal steroid action of the cell soma size, indicating that
differentiationn of cell phenotype may be important for the sexual differentiation of
thee VMH.
Itt is unknown precisely where gonadal steroids act to influence apoptosis during
sexuall differentiation. In case of the BSTpr, gonadal steroids may act directly on
BSTprr cells to prevent apoptotic cell death. Indeed, mRNA for gonadal steroid
receptorss is highly concentrated in neonatal BSTpr cells (DonCarlos and Handa,
1994;; McAbee and DonCarlos, 1998). Alternatively, gonadal steroids may promote
BSTprr cell survival indirectly by preventing apoptosis in important projection areas,
suchh as the MPN or AVPv (Simerly and Swanson, 1986; Hutton et al., 1998), which
alsoo contain high levels of androgen receptor and estrogen receptor a mRNA
(McAbeee and DonCarlos, 1998; DonCarlos and Handa, 1994). Indeed, the present
andd earlier studies showed that gonadal steroids regulate apoptosis in the MPN and
AVPvv (Arai et al, 1996; Davis et al, 1996). Such an indirect mechanism underlies
thee sexual differentiation of the motoneurons in the SNB in the rat spinal cord.
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Testosteronee promotes the survival of cellss in perineal muscles that are innervated
byy the SNB motoneurons. In the absence of testosterone, these muscle cells die
(Cihakk et al, 1970) and, consequently, SNB motoneurons die as well (Nordeen et al,
1985).. Moreover, testosterone can not prevent SNB motoneurons cell death in the
absencee of the perineal muscles (Kurz et al, 1992). Presumably, the target muscle
cellss provide trophic factors, such as ciliary neurotrophic factor which has been
shownn to prevent SNB motoneurons from dying (Forger et al, 1993).
Inn analogy, gonadal steroid action on the MPN and AVPv may affect apoptotic
celll death in the BSTpr in a similar fashion. However, it is unlikely that testosterone
preventedd apoptosis in the BSTpr by acting on AVPv and/or MPN cells, because
BSTprr fibers projecting to the AVPv and MPN seem to be established after the
apoptosiss period in the BSTpr, in fact, between PN 8 and PN 10 (Hutton et al,
1998).. Furthermore, in contrast to the SNB motoneurons, BSTpr cells express
receptorss for gonadal steroids during development (DonCarlos and Handa, 1994;
McAbeee and DonCarlos, 1998). Therefore, it is more likely that gonadal steroids
regulatee the incidence of apoptosis directly in the BST. Because of the robust effects
off gonadal steroids on apoptosis in the BST, this area appears well-suited to
investigatee the molecular and cellular mechanisms that regulate sex-dependent
apoptosis. .
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ELIMINATIONELIMINATION OF BAX IN MICE INCREASES THE SIZE OF THE LIMBIC
BEDBED NUCLEUS OF THE STRIA TERMINALIS AND AMYGDALA
Wilsonn C.J. Chung, Annette A. Markus and Dick F. Swaab

Thee bed nucleus of the stria terminalis (BST) and the amygdala are two major
heterogeneouss components of the limbic system in the vertebrate brain. In
humans,, studies from fetal ages onwards showed that the central subdivision of the
BSTT (BSTc) volume, as defined by its vasoactive intestinal polypeptide (VIP)
fibers,, became larger in men than in women only in adulthood. Studies in rats
suggestt that apoptosis may play an important role in the anatomical organization
off the BST. However, it is not clear whether attenuation of apoptosis itself is
sufficientt to overtly change the BST and amygdala, as defined by its dense VIPimmunoreactivee (IR) fibers. Therefore, we compared the volume of the VIP-IR
componentt in the lateral BST (BSTL) and central lateral amygdaloid nucleus (CeL)
inn Bax wildtype (+/+) mice with Bax knockout (-/-) mice. Bax is a proapoptotic
memberr of the Bcl-2 gene family, that activates pro-apoptotic caspases. We further
investigatedd whether the BSTL and CeL size in Box mice is sexually dimorphic.
Ourr results showed the BSTL and CeL were largerr in Box -I- mice than in Bax +/+
mice.. These results indicate that attenuation of apoptosis only can overtly change
thee BST and amygdala volume. However, the BSTL and CeL volume in neither
BaxBax +/+ nor Bax -I- mice differed between males and females. Therefore, these
micee do not seem to be well-suited for studying sex differences in the BST and
amygdalaa as found in humans and rats.
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INTRODUCTION INTRODUCTION
Thee bed nucleus of the stria terminalis (BST) and the amygdala are two major
heterogeneouss components of the limbic system in the vertebrate brain, both of
whichh are considered to be responsible for the regulation of a number of behavioral,
endocrinee and stress responses, in accordance with their neurochemical characteristicss and dense fiber connections to the preoptic, hypothalamic and brainstem
areass (Gray et al, 1987; De Vries and Al-Shamma, 1990, for review see Newman
etet al, 1999; De Vries and Simerly, 2002).
Inn humans, vasoactive intestinal polypeptide (VIP) immunoreactivity was used
too describe the volumetric changes of the central subdivision of the BST (BSTc)
fromfrom fetal development onwards (Zhou et al, 1995; Chung et al, 2002). Surprisingly,, the size of the BSTc, as delineated by its dense VIP immunoreactive (IR)
fiberss become larger only in men than in women in adulthood (Chung et al,
2002).Thiss male-biased sex difference in volume was confirmed using somatostatin
immunoreactivityy as a marker for the BSTc borders (Kruijver et al, 2000; Chung et
al,al, 2002). Moreover, the total number of somatostatin immunoreactive (IR) and
Nissl-stainedd BSTc neurons was higher in adult men than in adult women (Kruijver
etet al, 2000; Chung et al, 2002).
Earlierr studies in the rats showed that apoptosis is in important mechanism
responsiblee for the anatomical organization of specific brain areas, such as the
sexuallyy dimorphic nucleus of the preoptic area (SDN-POA), anteroventral periventricularr nucleus (AVPv) and visual cortex (Arai et al, 1996; Davis et al, 1996a;
Nunezz et al, 2000). Similarly, apoptosis is also an important process during the
earlyy development of the rat BST as suggested by the high incidence of apoptosis
(Chungg et al, 2000). Moreover, the incidence of apoptosis in the early postnatal rat
principall nucleus of the BST (BSTpr) was much higher in females than in males, as
reflectedd by the BSTpr size which was larger in males than in females (Chung et al,
2000). .
BoxBox is a proapoptotic member of the Bcl-2 gene family, which encodes a
cytoplasmicc protein that translocates into the mitochondrial membrane in response
too cell death signals (see for review Gross et al, 1999; Putcha et al, 1999). This
incorporationn results in the release of cytochrome C, which activates caspases
leadingg to apoptotic cell death (Putcha et al, 1999). Studies in Bax knockout mice
showedd the deletion of Bax results in the impaired regulation of normally occurring
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apoptoticc cell death during early brain development, causing an increased total cell
numberr in the facial nucleus and cerebellum (Deckwerth et alt. 1998; Fan et ai,
2001). .
Althoughh apoptosis can affect the organizational development of the BST, it is
however,, not clear whether attenuation of apoptosis itself is sufficient to overtly change
thee BST and amygdala, as defined by its dense VIP-immunoreactive (IR)fibers.In the
presentt study, we investigated whether Box deletion in mice would result in overt
changess the volume of the BSTL and central lateral amygdaloid nucleus (CeL), as
delineatedd by VTP immunocytochemical staining. For this purpose, we compared the
BSTLL and CeL volume between Bax wildtype (+/+) and Bax knockout (-/-) mice
(Knudsonn et ai, 1995). Moreover, we studied whether the volume of the BSTL and
CeLL in mice, as delineated by VIP immunocytochemical staining in Bax +/+ and Box
-I--I- mice differed between males and females.
MATERIALSMATERIALS AND METHODS
Micee heterozygous for Box (Knudson et ah, 1995) were mated to yield Box +/+
(malee n=5, female n=5) and Bax -I- (male n=7, female n=6) Fl offspring mice. DNA
derivedd from the tail was used to screen for the normal and mutant allele using a
singlee polymerase chain reaction (Deckwerth et al.t 1996). Mice were sacrificed at
22 months of age, perfusion-fixed with 4% paraformaldehyde in 0.1 M phosphate
buffer,, post-fixed for 24 hours in the same fixative and stored in 0.05 M Trisbufferedd saline (TBS) containing sodium azide at 4 °C. The brain tissue was placed
inn 30% sucrose prior to sectioning with a cryostat. Sections (25 //m) were placed in
seriess of four in cryoprotectant (30% sucrose, 1% polyvinylpyrrolidone and 30%
ethylenee glycol) and stored at -20 °C.
HistologicalHistological examination
Sectionss were rinsed 3 x 5 min in 0.05 M Tris-buffered saline (TBS) pH 7.6 and
mountedd on gelatine-coated slides and airdried. Sections were hydrated in Rhopurifiedd H 2 0, stained with 0.5% thionine for 1 min, dehydrated with increasing
gradess of ethanol and cleared with xylene. The boundaries of the BST and amygdala
subdivisionss were identified with the mouse brain atlas by Franklin and Paxinos
(1997). .
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VIPVIP Immunocytochemistry
Sectionss were rinsed 3 x 5 min in 0.05 M Tris-buffer saline (TBS) pH 7.6, and
placedd into 0.3% triton-X 100 (Sigma, St. Louis, MO), 5% milk powder (Elk,
Campinaa Melkunie BV, Eindhoven, Netherlands) diluted with TBS (TBS-XM) for
300 min to reduce non-specific staining. Sections were then incubated overnight at
4°CC with rabbit anti-VIP polyclonal (VIPER)) 1:600 diluted in TBS-XM. Following,
sectionss were rinsed 1x5 min in TBS-XM and 2 x 5 min in TBS and incubated with
biotinylatedd goat anti-rabbit (1:300, Vector Labs, Burlingame, California) diluted in
TBS-XMM for 60 min at RT. Sections were rinsed 3 x 5 min in TBS and incubated
withh ABC elite kit (1:600, Vector Labs, Burlingame, California) diluted in TBS for
600 min, and after additional 3 x 5 min rinses in TBS, reacted with 0.25% nickelammoniumm sulphate-enhanced 3,3'-diaminobenzidine tetrahydrochloride (0.5 mg/ml)
andd 0.01% H 2 0 2 in TBS. The reaction was stopped after 15 min, sections were
mountedd on gelatine coated slides, dehydrated with increasing grades of ethanol,
clearedd with xylene and coverslipped using entellan (Merck, Darmstadt, Germany).
VolumeVolume measurements
Thee volume of the lateral BST (BSTL) and lateral central amygdaloid nucleus (CeL)
weree assessed using VIP immunocytochemical staining clearly delineated the
borderss of the BSTL and CeL, a method which has been described in earlier studies
(Waltere// aL, 1991;Zhouefa/., 1995; Ball et aL, 1995; Kruijver^a/., 2000; Chung
etet aL, 2002). The volume of the BSTL and CeL was estimated by measuring the
unilaterall cross-sectional area delineated by VIP immunoreactivity in approximately
everyy fourth section using a 2.5 x objective (Plan-Neofluar) on a Zeiss Axioskop
microscopee mounted with a Sony B/W CCD camera (model XC77CE), connected
too an IBAS imaging analysis system (Kontron Elektronik). The unilateral crosssectionall measurements were left/right counterbalanced between individual animals.
Thee volume of the BST and CeL was calculated according to the Cavalieri principle
(Gundersenn et aL, 1988).
StaticalStatical analysis
Thee data were examined for significant differences in the BST and CeL volume as
measuredd by VIP immunocytochemical staining with a two-way analysis of variance
(ANOVA)) with sex and genetic background as between subject variables. Dif90 0
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ferencess were considered significant ifp < 0.05. All measurements were conducted
withoutt knowledge of sex or genetic background of the animals.
RESULTS RESULTS
VIPVIP immunoreactivity in the limbic system of Bax mice
Inn agreement with earlier studies (e.g., Sims et al, 1980), densely packed VIP immunoreactivee (IR) fibers were detected in the medial anterior BST (BSTMA) surroundingg the anterior commissure, lateral dorsal BST (BSTLD), lateral posterior BST
(BSTLP)) and juxtacapsular BST (BSTLJ) (Fig 1 A, B). VIP-IR fibers were also detectedd in the stria terminalis in the BST. No VIP-IR cell bodies were detected in the
BST. .

FigureFigure 1. Representative photomicrograph of VIP immunocytochemically stained fibers in sections
counterstainedd for Nissl in the A) BSTL and C) CeL. Schematic subdivisions are given in B) and
D).. Abbreviation: ac = anterior commissure; BSTMA = medial anterior BST; BSTMV = medial
ventrall BST; CeL = lateral central amygdaloid nucleus; CeM = medial Ce; f= fornix; ic = internal
capsule;; LSV = ventral lateral septum; Me = medial amygdaloid nucleus.
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Inn the central amygdaloid nucleus (Ce), densely packed VIP-IR fibers were
mainlyy detected in the rostrocaudal extent of the lateral Ce (CeL) and capsular Ce
(CeC)) (Fig 1 C, D). Similarly, scattered VIP-IR fibers were detected in the medial
Cee (CeM) and stria terminalis present in the amygdala. In contrast to the BST, VIPIRR cell bodies were detected in the rostrocaudal extent of the basolateral amygdaloid
nucleuss (BLA).
VolumeVolume of the lateral BST
Onee female Box +/+ could not be measured due to torn sections through the BSTL.
Thee BSTL volume as delineated by VIP-IRfiberswas significantly larger in Bax -/micee than in Box +/+ [F (1,22) = 6.7, p < 0.05]. However, the volume of the BSTL
didd not significantly differ between males and females [F (1, 22) = 0.01, p = 0.9].
Norr was there a significant interaction between Bax genotype and sex [F (1, 22) =
0.2,/>> = 0.2](Fig2A).
VolumeVolume of the lateral central amygdaloid nucleus
Thee CeL volume as delineated by VIP-IR fibers was significantly larger in Box -/micee than inBax+f+ [F(\, 23) = 7.2,/? < 0.05]. However, the volume of the CeL did
nott significantly differ between males and females [F (1,23) = 12,p = 0.3]. Nor was
theree a significant interaction between Bax genotype and sex [F (1, 23) = 1.0, p =
0.3]] (Fig 2 B).
DISCUSSION DISCUSSION
Ourr results indicate that Box deletion results in a significant increase in the volume
off the BSTL and CeL in Box mice. The vulnerability and hence cell survival is
determinedd by relative levels of interacting anti-apoptotic and pro-apoptotic factors
(Yinn et al., 1994; Sedlak et al, 1995). For instance, increase in Bax homodimerizationn likely results in an increased incidence of apoptosis, whereas heterodimerizationn of Bax with an anti-apoptotic Bcl-2 or Bcl-x results in a decreased
incidencee of apoptosis (Sedlak et al, 1995). Therefore, deletion of Box will change
thee survival/apoptosis balance favoring survival over apoptosis, which may underlie
thee increase in BSTL and CeL volume found in Box -I- mice.
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FigureFigure 2. Effects of Bax deletion on BSTL and CeL size. A, B) BSTL and CeL size as defined by VIP
fibersfibers is larger in Bax -/- mice as compared to Bax +/+ mice.

Fromm earlier studies it was inferred that apoptotic cell death is important for the
volumetricc organization of the rat BST (Chung et al, 2000), which was also the case
forr other brain regions, such as the SDN-POA, AVPv and visual cortex (Arai et al,
1996;; Davis et al, 1996a; Chung et al, 2000; Nunez et al, 2000). However, these
studiess did not directly manipulate the molecular mechanisms that control apoptosis.
Therefore,, it remained uncertain whether the anatomical organization of the BST
couldd be significantly affected by manipulating apoptosis only. The present results
suggestt that attenuation of apoptotic cell death through the elimination of Bax results
inn a significant increase in BSTL and CeL volume. The volumetric increase is likely
too be a result of an increase in total cell number in the BSTL and CeL, because
earlierr reports showed a large increase in the number of motoneurons in the facial
nucleus,, sympathetic cervical ganglion neurons and Purkinje cells in the cerebellum
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off Bax -I- mice (Deckwerth et al, 1996; Fan et al, 2001). An alternative cause for
thee observed increase in BSTL and CeL volume may be caused by an increase in the
numberr of densely packed VIP-IRfiberscaused by an increase in the number of VIP
producingg cells located in the mesenphalic periaquaductal grey and linear raphe
nucleii (Eiden et al, 1985; Kozicz et al, 1997; 1998).
Thee volume of the BSTL in either Bax +/+ or Bax -I- mice did not differ between
maless and females, which was also the case in the CeL. The absence of a sex
differencee in the BSTL and CeL volume found in the present study in mice is
differentt from the situation in the adult human brain, in which a marked sex
differencee in the BSTc, as delineated by VIP immunocytochemical staining was
foundd (Zhou et al, 1995; Chung et al, 2002). An explanation for this discrepancy
mayy be the period of sexual differentiation, which extends well into adulthood in the
humann BSTc. Indeed, the BSTc volume in the human brain became only in the
adulthood,, whereas no sex difference in BSTc size was found in fetal/neonatal or
infant/pubertall development (Chung et al, 2002). Late sexual differentiation of
anatomicall brain structures also occurs in other species. For example, the vasopressin
andd oxytocin containing nucleus in the pig hypothalamic area contains a higher
numberr of neurons in females than in males only in adulthood (Van Eerdenburg and
Swaab,, 1994). The AVPv in the rat brain, which is larger in females than in males,
becomess sexually dimorphic only near the end of puberty (Davis et al., 1996b).
Therefore,, the lack of a sex difference in the BSTL in Box mice may be related to the
relativelyy young age of the mice (i.e., 2 months of age) used in our study. An
alternativee and more probable explanation for our findings may be attributed to
speciess differences. Several findings in the mouse brain support this possibility. For
instance,, one of the best-known anatomical sex difference rat brain is the SDN-POA,
whichh is several times larger in males than in females (Gorski et al, 1978), but
cannott be detected in C57BL/6J mice (Brown et al, 1999). The lack of a sex
differencee in the BSTL and CeL suggest that the organization of the BSTL and CeL
mayy not be affected by sex differences in circulating gonadal steroids and that the
BaxBax -I- mouse is not suitable for studying the sex differences in the BST and
amygdalaa that have been found in the human and rat brain.
Bothh the BST and amygdala are target areas for gonadal steroid action during
earlyy rat development, which affect the anatomical organization of the BST and
amygdala.. The adult testis in Bax -I- males are atrophied and, moreover, the
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epididymiss and vas deferens were shown to be empty, suggesting a complete cessationn of mature sperm production in Bax -/- males, as reflected by the observed
infertilityy of Box -/- males (Knudson et al, 1995). One may presume that these testicularr changes in the male Bax -I- testis have an impact on the circulating levels of
testosteronee during development or adulthood, and therefore affected sexual differentiationn of the BST and amygdala. However, this does not seem to be the case,
becausee the lack of a sex difference in the volume of BSTL was observed in both
wildtypee and knockout Bax mice. Therefore, the marked defects in testicular organizationn in Bax -/- males are not likely to be a confounding factor in this study.
Thee present study showed that attenuation of the incidence of apoptosis during
earlyy brain development caused by the deletion of Bax significantly increased the
volumee of the BSTL and CeL in mice. Although, the changes in BST and amygdala
organizationn suggest that the regulation of a number of behavioral, endocrine and
stresss responses may be affected in Box -I- mice this remains to be investigated. In
addition,, the lack of a sex difference indicates that Bax mice may not be well-suited
forr studying the mechanism of sexual differentiation in the BST and amygdala as
foundd in humans and rats.
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EFFECTSEFFECTS OF PROGESTIN

RECEPTOR ANTAGONISTS

ON

APOPTOSIS

ININ THE DEVELOPING MEDIAL PREOPTIC AREA IN THE RAT BRAIN
Wilsonn C J . Chung, Dick F. Swaab and Christine K. Wagner

Thee sexually dimorphic nucleus of the preoptic area (SDN-POA) in the rat brain
iss much larger in males than in females and is one of the best examples of
involvementt of testosterone-dependent apoptosis during sexual differentiation. The
incidencee of apoptosis in the developing SDN-POA is higher in females than in
males,, which is significantly attenuated with testosterone or its estrogenic metabolitee estradiol on the day of birth. The mechanism(s) that underlie this protective
effectt are not known. Progestin receptors (PR) in SDN-POA may be important in
thiss process, because ligand-bound PRs prevent apoptosis in endometrial cells
derivedd from the uterus, while PR antagonists: ZK 98,299 or RU 486 negate this
protectivee effect. Indeed, the number of PR containing SDN-POA cells is much
higherr in males than in females. Therefore, we hypothesized that testosteronederivedd estradiol protect male SDN-POA cells by increasing PR expression during
earlyy development. This was tested by comparing the incidence of apoptosis and
thee volume of the SDN-POA between male and female rat pups on postnatal day
(PN)) 8, which were injected daily until PN 7 with vehicle, ZK 98,299 or RU 486.
Inn vehicle-treated animals, the incidence of apoptosis was higher in females than
inn males and the SDN-POA volume was larger in males than in females. Although
PRR antagonist treatment did not significantly affect the incidence of apoptosis or
SDN-POAA volume, post hoc tests showed that neither the incidence of apoptosis
norr the SDN-POA volume significantly differed between males and females. The
absencee of any sex differences in the incidence of apoptosis or SDN-POA between
PRR antagonist-treated males and females indicate that postnatal treatment with ZK
98,2999 or RU 486 affects sexual differentiation of the SDN-POA in an unexpected
fashion. .
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INTRODUCTION INTRODUCTION
Sexuallyy dimorphic levels of circulating testosterone have profound permanent
effectss on rat brain development, which are clearly illustrated in the sexually dimorphicc nucleus of the preoptic area (SDN-POA) of the medial preoptic nucleus (MPN).
Thee SDN-POA in the rat brain is several times larger and contains more neurons in
maless than in females (Gorski et al, 1978; Simerly et al, 1985; Davis et al, 1996).
Lesionn studies suggest that the SDN-POA may be involved in certain aspects of male
sexuall behavior, such as control of penile erection, intromission, mounting and
sexuall orientation (MacLean and Ploog, 1962; Turkenburg et al, 1988; De Jong et
al,al, 1989; Paredes andBaum, 1995; Meisel and Sachs, 1994). Because SDN-POA
iss also highly interconnected with the anteroperiventricular nucleus, arcuate nucleus
andd paraventricular nucleus, which are involved in the cyclic release of gonadotropins,, it may also be involved in female sexual behavior (Simerly and Swanson,
1986;; Simerly and Swanson, 1988; De Vries and Simerly, 2002).
Testosteronee isfirstconverted by aromatase into estradiol, before it facilitates the
sex-dependentt development of the rat SDN-POA. Indeed, SDN-POA volume is
increasedd in both males and females after neonatal testosterone and/or estradiol treatment,, an effect which can not be mimicked by the non-aromatizable androgenic
metabolitee of testosterone, dihydrotestosterone (Gorski et al, 1978; Döhler et al,
1982;; Döhler et al, 1984; Jacobson et al, 1984; Davis et al, 1996). Moreover, the
increasee in SDN-POA volume caused by neonatal testosterone can be prevented by
aromatasee inhibitors or antiestrogens (Döhler et al, 1986; Houtsmuller et al, 1994).
Severall studies showed that testosterone or its metabolite estradiol attenuate the incidencee of apoptosis in the developing postnatal rat SDN-POA, which is higher in
femaless than in males (Arai et al, 1995; Davis et al, 1995; Chung et al, 2000).
Perinatall testosterone or estradiol treatment markedly decreased the incidence of
apoptosiss in the female SDN-POA to that found in the male SDN-POA, whereas
neonatall castration increased the incidence of apoptosis in the male SDN-POA to
thatt found in the female SDN-POA (Arai et al, 1996; Davis et al, 1995; Chung et
al,al, 2000). These data suggest that male SDN-POA cells are protected against
apoptosiss by the presence of testosterone-derived estradiol during early perinatal
development. .
Recentt studies showed that the number of progestin receptor immunoreactive
(PR-IR)) cells in the perinatal rat SDN-POA are much higher in males than in females
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(Wagnerr et al, 1998). This sex difference in the number of PR expressing SDN-POA
cellss depends on the presence of perinatal levels of testosterone or estrogens
(Wagnerr et al, 1998; Wagner et al, 2001). In vitro studies showed that ligandactivatedd PRs protected endometrial cells derived from the uterus against apoptosis,
whichh was negated by treatment with PR antagonists: ZK 98,299 (onapristone) or
RUU 486 (mifepristone) (Pecci et al, 1997). Furthermore, PRs have been shown to
inducee overexpression of Bcl-XL, which is an apoptosis inhibiting factor (Pecci et al.,
1997;; Tsujimoto and Shimizu, 2000). Therefore, we hypothesized that testosteronederivedd estradiol may protect male SDN-POA cells by increasing PR expression
duringg early development. This hypothesis was tested by blocking PRs in male and
femalee rat pups with PR antagonists: ZK 98,299 or RU 486frompostnatal day (PN)
11 (is day of birth) until PN 7. The incidence of apoptosis and SDN-POA volume was
comparedd between males and females on PN 8 for significant differences.
MATERIALSMATERIALS AND METHODS
Animals Animals
Sprague-Dawleyy rat pups were born of dams (Taconic Farms, Germantown) mated
inn our own animal facilities in accordance with protocols approved by the Institutionall Animal Care and Use Committee at the University of Massachusetts, Amherst.
Ratss were kept at a 10 h light: 14 dark cycle throughout the study and fed ad libitum.
Ratt pups were sexed by examining the anogenital distance on postnatal day (PN) 1
(dayy of birth). Littersfromall dams were culled to six pups (3 males and 3 females).
Forr our studies we used steroidal PR antagonists: ZK 98,299 and RU 486 in dosages,
whichh have been shown to be effective in blocking female sexual behavior (Auger
etet al, 1997). The antagonistic effects of ZK 98,299 are conveyed in a different mannerr than that of RU 486. ZK 98,299 is a type I PR antagonist, which promotes conformationall change in PR distinct from the type II PR antagonist RU 486
(Henderson,, 1987; Clemmetal, 1995; Allan etal, 1996). Moreover, RU486 stimulatedd phosphorylation at hormone-dependent sites on PRs, while ZK 98,299 does not
(Beckk et al, 1996). Male and female pups were treated daily until PN 7 with a
subcutaneouss injections of: ZK 98,299 (Schering, 8 mg/0.01cc/g body weight, n =
66 males, n = 6 females) or RU 486 (Sigma, 20 mg/0.01cc/g body weight, n = 9
males,, n = 9 females) or an equal volume of vehicle (sesame oil, n = 9 males, n= 8
females)) and sacrificed on PN 8.
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BrainBrain tissue processing and cresyl violet staining
Animalss were anesthetized with choral hydrate/pentobarbital and decapitated. The
brainn was removed from the skull and immersion-fixed in 5% acrolein made in 0.1
MM phosphate buffer (PB) pH 7.4. overnight and stored in 0.05 M Tris-buffered saline
(TBS),, pH 7.6 at 4°C. Brains were dehydrated in increasing grades of ethanol
followedd by toluene and embedded in paraffin wax. Transverse serial sections (15
//m)) were made with a rotary microtome and mounted on gelatine-coated glass
slides.. The sections were deparaffinized using HemoD (Fischer Scientific), rehydratedd with decreasing grades of ethanol followed by Rho-purified H 2 0, stained with
cresyll violet, dehydrated and coverslipped using permount (Fischer Scientific).
EstimationEstimation of total volume and incidence ofapoptosis
Thee volume of the MPNc and the incidence ofapoptosis were estimated as described
earlierr in Chung etaL, 2000. The boundaries of the SDN-POA were identified accordingg to the atlas of the developing rat brain by Alvarez-Bolado and Swanson (1996)
usingg brightfieldmicroscopy (BH-2 microscope; Olympus,, Lake Success, NY) with
aa 10X objective. Digital images from every section through the SDN-POA were
takenn with a CCD72 camera (Dage; MTI. Michigan City, IN) attached to a Quick
Captureeframegrabber board (Data Translation, Marlboro, MA) in a Macintosh IIFx
computer.. The Scion IMAGE program v. 1.5 7 developed by Dr. Rasband at the
Nationall Institutes of Health was used to measure the bilateral cross-sectional areas
throughh the SDN-POA. The total SDN-POA volume was calculated by multiplying
thee sum of all the cross-sectional areas with 15 fim (i.e, thickness of each section)
(Gundersenn et al, 1988).
Apoptoticc nuclei identified by intense staining, condensation, and often fragmentationn of nuclear material, were counted in every other section with a 40X objective
(Fig.. 1). The total bilateral number of apoptotic nuclei in the SDN-POA was
estimatedd by multiplying the total number of apoptotic cell nuclei counted in all
sectionss through the SDN-POA by two (Königsmark and Murphy, 1970; Collado et
al.,al., 1998, Chung et al., 2000). The term "incidence ofapoptosis" was used to describee the total number of apoptotic nuclei per//m3.
StatisticalStatistical analysis
Thee data were analyzed for significant differences in the incidencee ofapoptosis
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andd SDN-POA volume using a two-way analysis of variance (ANOVA) with treatmentt and sex as between-subject variables. Student-Newman-Keuls tests were used
forr post hoc analysis. Differences were considered significant iïp < 0.05. All measurementss were conducted without knowledge of sex and treatment.
RESULTS RESULTS
VehicleVehicle vs. ZK 98,299 effects
Overall,, the incidence of apoptosis in the SDN-POA was significantly higher in
vehicle-- treated females than in vehicle-treated males [F(l, 28) = S.l,p < 0.05; Fig.
22 A]. However, the incidence of apoptosis in the SDN-POA was not significantly
affectedd by ZK 98,299 treatment, nor was there a significant interaction with sex. In
addition,, post hoc analysis showed that the incidence of apoptosis in ZK 98,299treatedd males didd not significantly differ from ZK 98,299-treated females.
Overall,, the volume of the SDN-POA was significantly higher in vehicle-treated
maless than in vehicle-treated females [F(l, 28) = 6.6,p < 0.05; Fig. 2 B]. However,
thee volume of the SDN-POA was not significantly affected by ZK 98,299 treatment,
norr was there a significant interaction with sex. In addition, post hoc analysis
showedd that the SDN-POA volume in ZK 98,299-treated males did not significantly
differr from ZK 98,299-treated females.
VehicleVehicle vs. RU 486 effects.
Overall,, the incidence of apoptosis in the SDN-POA was significantly higher in
vehicle-treatedd females'than in vehicle-treated males [F (1,34) = 7.7,p < 0.05; Fig.
22 C], However, the incidence of apoptosis in the SDN-POA was not significantly
affectedd by RU 486 treatment, nor was there a significant interaction with sex. In
addition,, post hoc analysis showed that the incidence of apoptosis in RU 486-treated
maless did not significantly differ from RU 486-treated females.
Overall,, the volume of the SDN-POA was significantly higher in vehicle-treated
maless than in vehicle-treated females [F (1, 34) = 15.7, p < 0.001; Fig. 2 D].
However,, the volume of the SDN-POA was not significantly affected by RU 486
treatment,, nor was there a significant interaction with sex. In addition, post hoc
analysiss showed that the SDN-POA volume in RU 486-treated males did not
significantlyy differ from RU 486-treated females.
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FigureFigure 1. Effects of PR antagonists on the incidence of apoptosis in the SDN-POA on postnatal day
8.. Note that the sex difference in apoptosis is not present in animals treated with A) ZK 98,299 or
B)) RU 486.

DISCUSSION DISCUSSION
Sexuall differentiation of the SDN-POA in the rat brain depends on testosteronederivedd estradiol regulated apoptosis (Arai et al., 1996; Davis et al., 1996; Chung et
ai,ai, 2000). In agreement with these earlier studies, we showed that the incidence of
apoptosiss is higher in vehicle-treated females than in vehicle-treated males, which
wass also reflected by the smaller SDN-POA volume found in females as compared
too males. Even though statistical analysis showed no significant effects of PR antagonistt on the incidence of apoptosis or volume of the SDN-POA, neither the incidencee of apoptosis nor SDN-POA volume differed between male and female animals
treatedd with PR antagonists. The absence of any sex differences in the incidence of
apoptosiss or SDN-POA between PR antagonist-treated males and females suggests
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thatt postnatal treatment with ZK 98,299 or RU 486 could have affected sexual differentiationn of the SDN-POA, albeit in an unexpected fashion.
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FigureFigure 2 Effects of PR antagonists on SDN-POA volume onn postnatal day 8. Note the sex difference
inn SDN-POA volume is not present in animals treated with A) ZK 98,299 or B) RU 486.

Cresyll violet staining was used to reveal the typical darkly stained and condensed
profiless of apoptotic nuclei instead of the terminal deoxynucleotidyl nick-end labelingg (TUNEL), which was used in earlier studies studying sexual differentiation (Arai
etal,etal, 1996; Davis etal, 1996; Parketal., 1998; Chungetal., 2000). Because cresyl
violett does not exclusively stain apoptotic nuclei, some apoptotic cells may theoreticallyy be masked by cresyl violet staining in neighboring non-apoptotic cells. However,, this does not seem to be a major problem because many studies showed that the
numberr of apoptotic cells detected with cresyl violet or a similar histological staining
stronglyy correlates with the number of apoptotic cells as visualized by the TUNEL
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methodd (e.g., Rabacchi et al, 1994; Bonfanti et al, 1996; Park et al, 1998).
Visualizationn of apoptotic cells using TUNEL relies on the presence of condensed
andd fragmented cell nuclei and is therefore not a specific marker for apoptosis, but
aa marker for DNA damage (Wijsman et al, 1994; Lucassen et al, 1996).
Perinatall activation of the hypothalamus-pituitary-adrenal (HPA) axis decreased
thee sex difference magnitude of the SDN-POA in the rat brain (Anderson et al,
1985).. Prenatal immobilization or nutritional stress on pregnant female rats attenuatedd the SDN-POA sex difference between male and female offspring. Stress in
pregnantt female rats reduced the volume of the SDN-POA in the male offspring by
aboutt 50% as compared to control males, while not affecting the SDN-POA volume
inn the female offspring (Anderson et al, 1985). The absence of sex differences in the
incidencee of apoptosis or SDN-POA volume in ZK 98,299 or RU 486-treated
animalss may be due to the stress induced by the daily injections. However, activation
off the HPA axis does not seem to be involved, because both the incidence of apoptosiss and SDN-POA volume in animals injected daily with vehicle remained
significantlyy different between males and females.
Earlierr pharmacological studies showed that both ZK 98,299 and RU 486 can act
ass glucocorticoid receptor (GR) antagonists because of their affinity for GRs, albeit
lowerr than that for PRs (Henderson, 1987). Therefore, both ZK 98,299 and RU 486
mayy have had an effect on the incidence of apoptosis and/or SDN-POA volume
throughh GRs. Indeed, removal of the adrenals, the primary source of corticosteroids,
inn adulthood induced apoptosis in the hippocampus (Sloviter et al., 1993), which was
preventedd by corticosteroid replacement immediately after adrenalectomy (Hu et al.,
1997).. However, this is not a likely scenario because the neonatal rat pup is hyporesponsivee to corticosteroids (De Kloet etal., 1988; Vasquez et al, 1998). Moreover,
thee expression of GR mRNA are low in the neonatal rat hypothalamus, except in the
paraventricularr nucleus, supraoptic nucleus and suprachiasmatic nucleus (Rosenfeld
etet al, 1988;Van Eekelen et al, 1991; Yi et al, 1994).
PRR antagonists were expected to mainly affect the incidence of apoptosis in the
malee SDN-POA, because males have far more PR-IR SDN-POA cells than females
duringg perinatal development. However, PR antagonist-treated animals showed an
absencee of sex differences in the incidence of apoptosis and SDN-POA, which seems
too be primarily caused by a subtle decrease in the incidence of apoptosis and a subtle
increasee in the volume of the female SDN-POA, whereas no changes in either para106 6
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meterss weree observed in males (see Fig. 2). These results may be explained by the
partiall estrogenic effects that are exerted by progestin antagonists (Jeng etal, 1993;
Bigsbyy et al, 1994; Dibbs et al, 1995). For instance, RU 486 mimicked estrogeninducedd increase of oxytocin receptors in uteri of ovariectomized rats, which was
effectivelyy inhibited by simultaneous treatment with the pure antiestrogen ICI182,
7800 (Dibbs etal, 1995). Moreover, in absence of estradiol in vitro RU 486 treatment
significantlyy increased the expression of an estrogen response element-containing
reporterr gene by binding to estrogen receptors (ER: Dibbs et al., 1995). Similar
estrogenicc effects have been attributed to ZK 98,299 (Bigsby et al, 1994). Activationn of ERs by testosterone-derived estradiol has been presumed to convey the
protectivee effects of testosterone, therefore, it is possible that the partial estrogenic
effectss of both ZK 98,299 and RU 486 may have decreased the incidence of
apoptosiss in the female SDN-POA. Indeed, both males and females contain high
levelss of mRNA and protein for ERs in the SDN-POA (DonCarlos and Handa, 1994;
Yokosukaa et al, 1997), which may have interacted with the PR antagonists. The
estrogenicc effects of PR antagonists may have had little or no effect on the male
SDN-POA,, because the male animals were not castrated, and therefore, contained
circulatingg levels of testosterone already protecting SDN-POA cells against apoptosis.. Alternatively, PR antagonists may affect circulating serum levels of testosteronee or estradiol, which in turn could attenuate the magnitude of the sex difference
inn the incidence of apoptosis and SDN-POA volume. Serum levels of testosterone
andd estradiol were increased in rats and in pregnant or post-menopausal women
treatedd with RU 486 (Lamberts et al, 1991; Wang et al, 1994; Ruiz et al, 1997;
Heikinkeimoo et al, 2000). These subtle effects of either PR antagonists may be the
basiss for the absence of sex differences in apoptosis and SDN-POA volume in
animalss treated with either ZK 98,299 or RU 486.
Progestinn receptors were hypothesized to mediate the protective effects of testosteronee or its metabolite estradiol during the sexually dimorphic development of the
ratt SDN-POA. However, since neither ZK 98,299 nor RU 486 postnatal treatment
significantlyy affected the incidence of apoptosis or SDN-POA volume, it is possible
thatt testosterone or its metabolite estradiol may not act through PR to protect SDNPOAA cells against apoptosis. This could be the case, since neonatal treatment with
progesteronee does not markedly change the size of the SDN-POA (Gorski et al,
1978).. Moreover, aromatase inhibitors and estradiol antagonist in early development
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weree very effective in preventing the sexually dimorphic organization of the SDNPOAA (Döhler et al, 1984; 1986; Houtsmuller et al, 1994). Therefore, our results
reiteratee the idea that the sex-dependent organization of the rat SDN-POA is mainly
regulatedd by direct effects of testosterone or its metabolite estradiol (Arai et al,
1996;; Davis et al, 1996; Chung et al, 2000), which act independent from PRs.
Alternatively,, PR antagonist treatment given only during early postnatal developmentt may not have been sufficient to prevent possible PR effects on prenatal SDNPOAA development. Studies from this laboratory showed that the number of PR-IR
cellss in the SDN-POA is already sexually dimorphic from embryonic day 19
onwardss coinciding with the peak in testosterone levels found only in male rat
fetusess (Wagner et ah, 2000). Earlier studies showed that the increase of the female
SDN-POAA volume comparable to that found in males requires the presence of both
pree - and postnatal testosterone or its metabolite estradiol (Döhler et al, 1984;
Tarttelinn and Gorski, 1988). Therefore, in order to affect sexual differentiation of the
SDN-POA,, both prenatal and postnatal treatment with ZK 98,299 or RU 486 may
bee required. However, this idea can not be verified directly using PR antagonists,
becausee PR binding by its ligand progesterone is essential for the maintenance of
pregnancy. .
Althoughh the present study did not find any marked effects of PR antagonists
duringg postnatal SDN-POA development in relation to apoptosis and volumetric
changes,, PR antagonists do seem to affect the regulation of behavioral processes,
suchh as sexual and fearful behaviors in adulthood (Lonstein et al, 2001). RU 486
treatmentt in first ten postnatal days affected behavioral functions. Male sexual
behaviorr was decreased by RU 486 treatment, while having no affect on female
sexuall behavior. Fear response in both males and females treated with RU 486 in
neonatall development was also reduced. Therefore, antiprogestins during early postnatall development can have influenced the organization of the developing rat brain,
whichh may not be reflected by the incidence of apoptosis or SDN-POA volume. For
instance,, marked changes may have occurred in the number of synaptic contacts,
dendriticc field and/or neurochemical phenotype, which are not reflected by the
numberr of apoptotic cells or SDN-POA volume. The absence of any sex differences
inn the incidence of apoptosis or SDN-POA between PR antagonist-treated males and
femaless indicate that postnatal treatment with ZK 98,299 or RU 486 affects sexual
differentiationn of the SDN-POA in an unexpected fashion.
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7.1.7.1. MAIN RESULTS
Thee vertebrate brain is organized in a sex-dependent fashion under regulation of
geneticc and gonadal steroid hormone factors, which profoundly affect vertebrate
physiologyy and behavior. Similar to other sexually dimorphic areas, the central subdivisionn of the bed nucleus of the stria terminalis (BSTc) in the human brain was
thoughtt to become sexually dimorphic during fetal, newborn and/or infant ages. To
ourr surprise, the size of the BSTc was larger only in men than in women during
adulthoodd suggesting that overt sex-dependent changes of the BSTc anatomy
extendedd well into adulthood {chapter two). The mechanisms underlying sexual differentiationn of the human BSTc, i.e., expression of estrogen receptor (ER) a, ER (3,
androgenn receptor (AR) and progestin receptor (PR) were studied during fetal/
neonatal,, infant/pubertal and adult ages. The expression of these gonadal steroid
receptorss in the developing BSTc differed between males and females depending on
developmentall age (chapter three). Sex differences in "ligand-bound" gonadal
steroidd receptors may induce sex differences in the incidence of apoptosis during
brainn development in a sex-dependent fashion. This hypothesis was studied in the
neonatall rat brain. The incidence of apoptosis during the first postnatal week in the
ratt BST and sexually dimorphic nucleus (SDN-POA) was higher in females than in
males.. Moreover, testosterone decreased the incidence of apoptosis, regardless of
geneticc sex (chapter four). However, these studies did not address whether sex
differencess in apoptosis alone were sufficient to cause marked anatomical differences
betweenn males and females. To study this, we compared the volume of the BST and
amygdalaa in male and female Box +/+ and Bax -/- mice. The BST and amygdala
weree larger in Box -I- mice as compared to Box +/+ mice suggesting that deletion of
aa single pro-apoptotic gene was sufficient to overtly change the morphological
characteristicss of the BST and amygdala. However, neither the BST nor the amygdalaa differed in size between males and females, regardless of genetic background.
Consequently,, these mice may not be well-suited for studying the involvement of
apoptosiss during sexual differentiation as found in the human and rat BST (chapter
five).five). Evidence suggested that PRs may play a larger role in the regulation of sexual
differentiationn than envisaged earlier, specifically sex-dependent apoptosis. In a first
study,, we found that the incidence of apoptosis in the rat SDN-POA, which contains
manyy more PR cells in males than in females did not differ between PR antagonisttreatedd males and females, while the incidence of apoptosis in the SDN-POA was
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higherr in vehicle-treated females than in vehicle-treated males (chapter six). These
resultss are discussed in the following sections in relation to gonadal steroid hormonedependentt apoptosis during the sexual differentiation of thee mammalian brain.
7.2.7.2. COMPARISON OF THE HUMAN AND RAT BST
Duee to the existence of many disparate sets of nomenclatures used to describe BST
subdivisionss in human and rodent brain, it is difficult to directly envisage BST subdivisionn homologies between species. The lack of a coherent nomenclature hampers
aa clear and consistent analysis of the mechanisms that may be involved in the sexual
differentiationn of the human BST based on data already obtained from studies in
otherr vertebrate species. The following section will discuss the comparative anatomy
off the BST in human and rodent brain in more detail.
7.2.7.2. a. Nomenclature in Humans
Twoo major nomenclatures describe the medial-lateral BST subdivisions in the human
brain.. Thefirstset of nomenclatures (Fig. 1 A) advocates the presence of three major
subdivisions:: medial, central and lateral (Gaspar et al, 1985; Lesur et al, 1989;
Walterr et al., 1991), whereas the second set of nomenclatures (Fig. IB) recognizes
onlyy two major BST divisions: medial and lateral (de Olmos, 1990; Martin et al,
1991;; Heimer et al., 1999). The second set of nomenclatures embedded the central
subdivisionn of the BST, as defined by the first nomenclature within the lateral BST
(BSTL),, which is called lateral dorsal central subdivision of the BST (BSTLDcn)
(seee Fig. 1). In order to limit confusion within this thesis, we referred to the central
subdivisionn of the BST as BSTc, while recognizing that the BSTLDcn refers to the
same.. The BSTc core is surrounded by a cell sparse capsule, which contains thick
tubularr fibers and is called the lateral dorsal capsular subdivision of the BST
(BSTLDc)) (Heimer et al, 1999).
Neurochemically,, the human BSTc is characterized by a dense network of fibers
immunoreactivee (IR) for vasoactive intestinal polypeptide (VIP) (Walter et al., 1991)
andd thickfibersand cell bodies IR for somatostatin (Gaspar et al, 1985; Lesur et al,
1989;; Walter et al, 1991). The BSTc is also IR for glutamic decarboxylase, neurotensin,, CCK, neuropeptide Y, enkephalin, synaptophysin, calbindin and acetylcholinesterase,, whereas it is almost devoid of substance P and myelin binding
protein,, which are present in other subdivisions of the human BST (Gaspar et al,
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1985,, Lesur et al, 1989; Walter et al, 1991; Heimer et ah, 1999).
7.2.b.7.2.b. Nomenclature in Rats
Panellationn of the BST in the rat brain is also disparate and depends on authors and
theirr methodologies (see e.g., McDonald, 1983; de Olmos et al., 1985; Moga et al,
1989;; Ju and Swanson, 1989; Ju et al, 1989). The medial division of the BST in the
ratt brain is comparable to the human BSTM, while the lateral division of the BST
(BSTL)) in the rat brain, which includes the dorsal division of the BSTL (BSTLD)
iss comparable to the BSTL in the human brain (Heimer et al, 1999)(Fig. 2). The
BSTMM is further parcellated, in an anterior BSTM (BSTMA) and a posterior BSTM
(BSTMP)) (Fig. 2). The rat BSTMP is at rostral levels located above the receding
anteriorr commissure, while at more caudal levels the medial BSTMP (BSTMPM)
andd intermediate BSTPM (BSTPMI) are structures consisting of tightly packed
neuronss located diagonally along the fornix (Fig. 2B) (Paxinos and Watson, 1978;
Dell Abril et al., 1987; Guillamon et al, 1988; Moga et al, 1989). Recently, the
BSTMAA and BSTMP together have been referred to as the principal nucleus of the
BSTT (BSTpr) (Ju and Swanson, 1989; Ju et al, 1989), a term adopted in our studies
(Chungg et al, 2000).

FigureFigure 1. Schematic representation of the human bed nucleus of the stria terminalis (BST) adapted
fromm Walter et al., 1991 and Heimer et al., 1999. The medial-lateral subdivisions according to A)
e.g.,, Lesur era/., 1989, Walter era/, 1991 and to B) e.g., de Olmos, 1990; Martin et al., 1991;Heimer
etet al, 1999. Note that the BSTc in A) refers to the same BST subdivision as the BSTLDcn in B).
Abbreviations:: ac = anterior commissure, BSTc = central subdivision of the stria terminalis, BSTL
== lateral BST, BSTLDcn = lateral dorsal central subdivision of the BST, BSTM = medial BST, fx
== fornix, ic = internal capsule, lv = lateral ventricle.
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Althoughh the rat BSTpr is larger and contains more cells in males than in females
(Dell Abril et al, 1987; Guillamon et al, 1988; Hines et al, 1990; Chung et al,
2000),, it is probably not homologous to the human BSTc. The rostral-caudal extend
off the rat BSTpr is mainly localized in close proximity of the fornix, whereas the
rostral-caudall extend of the human BSTc is located in close proximity of the internal
capsulee (Fig. 1 and Fig. 2B). Moreover, the rat BSTpr does not contain dense VIP-IR
terminall fields as found in the human BSTc.
Thee BSTLD in the rat brain is much more likely to be homologous to the human
BSTc,, because they share anatomical location (Fig. 1 and Fig. 2A) and extensive
overlapp in neuropeptide expression. The BSTLD in the rat brain, which is also
referredd to as oval nucleus by a number of cyto- and chemoarchitectural studies
describingg the rat BST (Moga et al, 1989; Ju and Swanson, 1989; Ju et al, 1989) is
ÏRR for VIP, somatostatin, neurotensin, CCK, enkephalin, substance P and corticotropinn releasing hormone (CRH), whereas it is virtually devoid of galanin (Woodhams
etet al, 1983; Eiden et al, 1985; Ju et al, 1989; Gustafson and Greengard, 1990).
However,, there are discrepancies in, for example, substance P expression, which
mayy be due to evolutionary adaptions in specific BST functions between humans and
rats. .
7.2.c.7.2.c. Origin of VIP-IR Fibers
VIPP immunoreactivity has been used to delineate the human BSTc during different
stagess of life and several (non)-physiological conditions (Zhou et al., 1995; Chung
etet al, 2002). For instance, we showed that the BSTc, defined by its dense VIP-IR
fibersfibers was sexually dimorphic only in adulthood and not during earlier ages (Chung
etet al, 2002). Moreover, the VIP-IR BSTc in male-to-female transsexuals is similar
inn size as that found in control women (Zhou et al, 1995). To further and better
understandd the functions of the human BSTc, it is of utmost importance to establish
thee in - and outputs of the BSTc in the human brain. Recently, tracing studies have
beenn developed using human postmortem brain tissue (e.g., Dai et al., 1998a; Dai et
al,al, 1998b), however no such studies are available for the human BSTc. The efferents
andd afferents of the BST are well-known in the rat brain (See review Dong et al,
2001).. Anterograde tracing studies showed that the rat BSTLD projected mainly to
thee central amygdala (CeAM), substantia inominata (SI), paraventricular nucleus
(PVN),, lateral hypothalamic area (LHA) and brainstem regions including the
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periaquaductall gray (PAG), parabranchial nucleus (PB), dorsal (DR) and linear raphe
nucleii (Cli), and nucleus solitary tract (NTS) (Dong et al, 2001). Retrogradely
transportedd cholera-toxin B (CTB) injected in the rat BSTLD showed that it receives
directt input from cell bodies located in the amygdala subdivisions: CeAM, CoAM,
LBAM.. Moreover, cells in the PVN, VMH, PAG, raphe nucleus, PB, NTS and
dorsall vagal nucleus project directly to the BSTLD (Holstege et al, 1985; Eiden et
al,al, 1985; Moga et al, 1989; Kozicz et al, 1998).
BB

AA
::

..

~7^~~7^~ '

fx \
/ B S T M A //
J^J^

— < ^^

t

,1
1 1

jBSTLO

ac c

11

BSTLW

11

11

\

'c

kk BSfCMP/J 1

fx x

W )) i BSTL \

FigureFigure 2. Schematic representation of the A) anterior and B) posterior portion of the rat BST
(adaptedd from Paxinos and Watson, 1997; Ju et al., 1989; Moga et al, 1989). Abbreviations: ac =
anteriorr commissure, BSTc = central subdivision of the stria terminalis, BSTL = lateral BST,
BSTLDD = dorsal lateral BST, BSTMA = anterior medial BST, BSTMP = medial posterior BST,
BSTprr = principal nucleus of the BST, fx = fornix, ic = internal capsule, lv = lateral ventricle.

VIPP containing fibers in the rat BSTLD originate from VIP-IR cell bodies located
inn the brainstem, because CTB and VIP double-labeled cell bodies were found only
inn the PAQ DR and Cli (Eiden et al, 1985; Petit et al, 1995; Kozicz et al, 1998).
Earlierr studies showed that transsections of the amydalofugal pathway, stria terminaliss and medial forebrain bundle rostral to the DR resulted in dramatic decreases in
VIPP immunoreactivity in the BSTLD. These studies illustrate that the VIP-IR fibers
inn the human BSTc may not originate from the amygdala as proposed by Zhou et al,
1995,, but ascend from the brainstem through the medial forebrain bundle, amydalofugall pathway and stria terminalis (Fig. 3). Given that VIP-IR fibers cover a larger
volumee in the BSTc of adult men than in adult women, it is not unreasonably to
hypothesizee that the brainstem may contain sex differences in the number of VIP-IR
celll bodies or VIP expression levels. This hypothesis can only be tested by directly
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examiningg in the human brainstem, specifically comparing the male and female
PAG,, DR and Cli. Circulating levels of gonadal steroid hormones during
developmentt can directly affect the organization of the human brainstem, since
gonadall steroid receptors, such as ER a and PR may be present as suggested by
reportss in the rat brainstem (Alves etal, 1998). Moreover, sex differences have been
foundd in the infant human median raphe nucleus, which contains more Golgi-Cox
stainedd neurons in females than in males (Cordero et al., 2000).
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FigureFigure 3. Schematic representation of VIP-IR fibers in the human BSTc thought to originate from
thee brainstem as inferred from rodent studies indicated by black arrows. Select BSTc afferents from
thee amygdala indicated by light gray broken arrows. Abbreviations: BSTc = central subdivision
off the BST, CeAL = lateral central amygdala, CeAM = medial central amygdala, Cli = linear raphe
nucleus,, DR = dorsal raphe nucleus, PAG = periaquaductal gray, SI = substantia inominata, st =
striaa terminalis.

VIPP fibers terminating in the human BSTc may play a role in the regulation of
stresss responses. Indeed, VIP-IR fibers in the rat BSTLD synapse onto CRH cell
bodies,, which in turn project back to the dorsal vagal nucleus, PB and midbrain
centrall gray, modulate the cardiovascular system during stress (Kozicz et al, 1997;
Dongg et al., 2001a). In addition, the rat BSTLD projects to the CRH component of
thee PVN, which is a major component of the hypothalamic-pituitary-adrenal (HPA)
axis.. The lack of data on whether VIP-IR fibers terminate on CRH containing cell
bodiess in the human BSTc, can be easily addressed in future studies using double117 7
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immunocytochemistryy for VIP and CRH and comparing males and females.
7.3.7.3. PROTRACTED SEXUAL DIFFERENTIATION OF THE HUMAN BST
Thee adult human BSTc is larger and contains more Nissl-stained neurons in men
thann in women (Zhou et al, 1995; Kruijver et al, 2000; Chung et al, 2002a). Moreover,, the number of somatostatin-IR BSTc neurons is higher in men than in women
(Kruijverr et al, 2000). Studies in the rat brain showed that sexual differentiation of
thee BST is signaled and regulated by sex differences in circulating levels of testosteronee during fetal and perinatal development (Del Abril et al, 1987; Guillamon et
al,al, 1988; Chung et al, 2000). Therefore, we expected the BSTc size to diverge in
aa sex-dependent fashion during a similar early period of life. Surprisingly, we found
thatt the size of the BSTc, as defined by its VIP or somatostatin immunoreactivity,
didd not differ between males and females from the 25th week of pregnancy until 16
yearss of age, while the BSTc was larger in men than in women during adulthood
(Chungg et al, 2002).
Latee divergence of BSTc volume between males and females may be a general
characteristicc of the human BST. The human darkly-staining posteromedial BST
(BST-dspm)) seems to become sexually dimorphic around puberty as suggested by
thee developmental time points in the study by Allen and Gorski (1990). Indeed, the
BST-dspmm appeared to be smaller in females than in males from around 14 years of
agee (Allen and Gorski, 1990). The number of cells in the sexually dimorphic vasopressinn and oxytocin-containing nucleus in the pig hypothalamus even increases in
(post)-adolescentt females but not in males (Van Eerdenburg and Swaab, 1994).
Recentt studies also showed that several regions in the adult human and primate brain
continuouslyy produce new neurons and change in gray - and white matter volume
(Erikssonn et al, 1998; Gur et al, 1999; Sowell et al, 1999; Gould et al, 1999).
Therefore,, marked morphological changes in the human brain including sexual differentiationn may not be limited to childhood but may extend into adulthood.
Theree are several possible explanations for the lack of a sex difference in the
BSTcc volume shortly after fetal or neonatal sex differences in testosterone levels
emerge.. Organizational effects of testosterone on sexual differentiation may become
clearr much later in life. An example of long delayed gonadal steroid hormones
effectss on brain organization is the development of the sexually dimorphic anteroventrall periventricular nucleus (AVPv) in the rat brain, which is larger in females
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thann in males. Although, perinatal sex differences in testosterone cause the adult sex
differencee in AVPv size, its volume becomes only significantly different around
pubertyy (Davis et al, 1996). Alternatively, it is possible that sex differences in peripubertall or adult gonadal steroid levels establish sexual differentiation of the BSTc
volumee in adulthood. Indeed, androgens and estrogens in puberty cause the developmentt of secondary sexual characteristics in peripheral body structures.
Furtherr details about possible mechanisms involved in the development of sex
differencess in the human BSTc size were obtained by studying the distribution of
steroidd receptors for estrogens, androgens and progestins. As we found that gonadal
steroidd receptors are expressed from fetal development onwards. Sexual differentiationn of the BSTc may be a resultant of combined effects of estrogens, androgens
andd progestin throughout life as suggested by the temporal presence of sex differencess in gonadal steroid receptors in the fetal/neonatal, infant/pubertal and adult
BSTcc (see below).
7.3.7.3. a. Effects of Estrogens
Sex-dependentt actions of testosterone or its estrogenic metabolite are mediated by
theirr specific "gonadal" steroid receptors, which are part of a large family of nuclear
steroidd receptors (Evans, 1988; Robyr et al., 2000). Studies in the adult human brain
includingg the BSTc clearly showed the presence of ER a, ER p, AR and PR-IR cells
(Puyy et al, 1995; Beyenburg et al, 2000; Österlund et al, 2000a, b; FernandezGuastii et al, 2000; Ishunina et al, 2000; Ishunina and Swaab, 2001; Kruijver and
Swaab,, 2002; Kruijver et al, 2002 accepted). We showed the presence of ER a and
ERR p-IR cells in the BSTc from 25 weeks of gestation onwards suggesting that
gonadall steroid hormones can potentially exert direct effects on the sexual differentiationn of the BSTc {chapter 3). Testosterone-derived estrogen effects may furthermoree be sexually dimorphic, because more nuclear ER p containing cells were found
inn females than in males during fetal/neonatal ages {i.e., between 25 and 41 weeks
off gestation).
Estrogenss are envisaged to organize sexual differentiation of BSTc at multiple
cellularr levels during fetal/neonatal development. Studies using HeLa cells containingg an AP-1 luciferase reporter gene showed that estrogens and anti-estrogens
stimulatee partial-to-full transcriptional activity with ER a, while estrogens repressed
transcriptionall activity with ER p (Paech et al, 1997; Weatherman and Scanlan,
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2001).. As a consequence, the sex difference in the number of nuclear ER P-IR BSTc
cellss may indicate lower ER-related transcriptional activity in the female BSTc
duringg fetal/neonatal ages.
AA large proportion of ER P immunoreactivity in the BSTc was localized in punctatee terminal varicosities from fetal/neonatal ages onward, which during infant/
pubertall (i.e., between 3 month and 16 years) and adult (i.e., between 22 years and
499 years) ages concentrated around BSTc cells bodies in a basket-like manner.
Similarr basket-like ER P immunoreactivity was also detected in the adult male and
femalee DBB and NBM of the human brain (unpublished observations W.C.J.C.).
Manyy studies clearly showed that estrogens induce rapid non-genomic changes, such
ass in membrane potential and synaptic spine density in rodents indicating direct
actionss of estrogens at the membrane site (Woolley and McEwen, 1993; Murphy and
Segal,, 1996; Pozzo Millers al, 1999;Toran-Allerandetfa/,, 1999; Kelly and Levin,
2001).. These actions may be mediated by ER a and/or ER p that are, in part, targeted
too the cell surface as found in Chinese hamster ovary (CHO) - and pituitary cells
(Razandii et al, 1999; Watson et al, 1999). Evidence showed that both membrane
ERR a and ER P in CHO cells directly influence G-protein-induced intracellular signalingg (Razandi et al, 1999). Membrane-targeted ER a and ER p were also shown
too have opposite effects on activation of intracellular signaling pathways. For
instance,, c-Jun kinase (i.e., a mitogen-activated kinase) activity in CHO cells was
increasedd by ER P activation, while ER a activation inhibited c-Jun kinase activity
(Razandii et al, 1999). Similarly, estrogens in developing human BSTc cells interactingg with ER a may also have opposite effects to estrogens interacting with ER P
onn second messenger systems.
y-aminobutyricc acid (GABA), which during development influences neuronal
survival,, neurite outgrowth, synapse formation and membrane potential (Barbin et
al,al, 1993; Ikeda et al, 1997; Obata, 1997) has been viewed as a possible candidate
forr the modulation of sex-dependent actions of gonadal steroid hormones during
developmentt (McCarthy et al, 2002). ER P may directly regulate glutamate decarboxylasee (GAD), the rate limiting enzyme of GABA synthesis, which is also
localizedd in similar terminal varicosities arranged in a peribasket-like fashion around
BSTT cell bodies (Sun and Cassell, 1993; Heimer et al, 2000). In rats, GABA
concentrationn and GAD mRNA in the hypothalamus are responsive to estrogens and
aree higher expressed in neonatal males than in females (McCarthy et al, 1995;
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Sagrilloo and Selmanoff, 1997; Davis et al, 1999). Activation of the GABAA receptor
duringg early rat hypothalamic development resulted in sex-dependent responses in
thee phosphorylation of cAMP response element binding protein (CREB) (Auger et
al,al, 2001). Modulation of these proteins affect critical developmental processes
involvedd in sexual differentiation of the vertebrate brain, such as neuronal survival
andd synaptic plasticity (Shaywitz and Greenberg, 1999). Sexual differentiation of the
BSTT in rats is dependent on a sex difference in apoptotic cell death during early
postnatall development, which is regulated by circulating levels of testosterone
presumablyy mediated by its estrogenic metabolite (Arai et al, 1996; Chung et ah,
2000;; see also section 7.4). Together, our results suggest that fetal/neonatal sexdependentt organization of the BSTc may be an interplay between sex differences in
ERR ct/ER p mediated transcriptional activity at the level on the cell nucleus and ERs
mediatedd "rapid" effects at extra-nuclear sites, such as cell cytoplasm and/or cell
membrane. .
7.3.b.7.3.b. Effects of Androgens
Testosteronee may also influence sexual differentiation of the BSTc by acting on
ARs.. In humans, sexual differentiation seems to depend more on androgens than on
estrogenss (Robbins etal., 1996). For example, men with complete androgen insensitivityy syndrome (AIS) have a female body - and psychosexual phenotype, while men
withh a non-functional ER a or defective aromatase enzyme remain phenotypically
andd behaviorally male (Smith et al, 1994; Morishima et al, 1995; Quigley et al,
1995;; Bilezikian et al, 1998; Carani et al, 1999; Rochira et al, 2001). Studies in
rodentss also show direct involvement of androgens during sexual differentiation, in
forr example the rat spinal nucleus of the bulbocavernosus (SNB) (Forger et al,
1992).. Both the male and female BSTc during fetal/neonatal and infant/pubertal
developmentt contained many AR-IR cells. Our results do not support an androgenic
rolee during fetal/neonatal ages in the BSTc, since there were no overt sex differences
inn AR expression during this developmental period. Androgenic actions on the
developingg BSTc during fetal/neonatal ages, however, can not be ruled out, because
testosteronee levels are inherently higher in males than in females (Abramovich and
Rowe,, 1973; Griffin and Wilson, 1980).
Testosteronee or its androgenic metabolite may differentiate the BSTc in a sexdependentt fashion during infant/pubertal development, because more AR-IR BSTc
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cellss were detected in males than in females. Studies in rodents also showed that AR
expressionn in the perinatal - and adult BST is higher in males than in females
(Wersingerr et al, 1998; McAbee and DonCarlos, 1998; Wood and Newman, 1999).
Thee sex difference in AR expression in the human BSTc is likely controlled by the
estrogenicc and androgenic metabolites of testosterone. Both estradiol and DHT treatmentt increased AR expression in the adult and neonatal rodent preoptic and hypothalamicc areas (Wood and Newman, 1999; McAbee and DonCarlos, 1999). In adult
humans,, AR-IR in the mamillary bodies in the hypothalamus also depends on endocrinee status (Kruijver et al, 2001). Although the consequences of an AR sex differencee during infant/pubertal ages are unclear, given that earlier studies showed that
thee BSTc size does not differ between males and females during infant/pubertal ages
(Chungg et al, 2002), we hypothesize that increases in androgens at puberty in males
mayy be required for the maintenance and/or further differentiation of the BSTc in a
sex-dependentt fashion in this period of life. This idea seems to be supported by data
showingg that the male BSTc size stabilizes, while the female BSTc size decreases
aroundd late puberty and early adulthood (Chung et al, 2002).
7.3.C.7.3.C. Effects of Progestins
Inn many cases sex differences in testosterone or its estrogenic metabolite levels duringring fetal and newborn development are prerequisite for sex-dependent anatomical
andd neurochemical organization of the vertebrate brain (McEwen et al, 1977;
MacLuskyy and Naftolin, 1981; MacLusky et al ,1985; Sasano et al, 1998; Holloway
andd Clayton, 2001). Additional layers of complexity have been identified, because
recentt research showed that sex-dependent actions of testosterone or its metabolites
mayy also be modulated by circulating levels of progestins during perinatal ages
(Wagnerr et al, 1998; Quadras et al, 2002).
Progestinss may modulate sexual differentiation of vertebrate brain (Peppe et al,
1972;; Sanyal et al, 1978; Weisz and Ward, 1980; Wagner et al, 1998). Maternal
andd fetal progestin levels increase during pregnancy followed by a dramatic decrease
duringg the end-stages of pregnancy. Progestin treatment during pregnancy may affect
aa number of sexually dimorphic behaviors, such as physical aggression in the offspringg (Ehrhardt et al, 1977; Reinisch, 1981), while elevated maternal progesterone
levels,, to which the fetal brain is exposed to during pregnancy have been correlated
too changes in male and female sexual behavior in rats (Hull, 1981; Wagner et al,
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1986;; Quadros et al., 2002). Studies in rats during development showed the presence
off PR containing cells in several preoptic and hypothalamic regions, such as the BST
indicatingg that progestins may directly affect sexual differentiation of the vertebrate
brainn (Wagner et al., 1998). Progestins may also influence sexual differentiation of
thee human brain as suggested by the presence of PR containing cells during fetal/
neonatal,, infant/pubertal and adult ages in the BSTc. Moreover, the number of PR-IR
cellss in the adult BSTc is higher in men than in women. Therefore, it is can be speculatedd that progestins may potentially exert sex-dependent effects on the adult human
BSTc. .
7.3.7.3. d Further Layers of Complexity
Thee understanding of molecular and cellular pathways by which estrogens act on
sexuall differentiation is further complicated by the existence of ER a and ER P
splicee variants, which are expressed in a region-specific and age-dependent fashion
inn vertebrates (e.g., Österlund et al., 2000c; Price et al., 2001). Studies showed the
existencee of a smaller AR-A (about 87 kDa), in addition to the full length human
AR-BB (about 110 kDa) (Wilson and MacPhaul, 1994). However, in contrast to the
PR-AA and PR-B isoforms, in which the truncated PR-A acts as a dominant inhibitor
off the full length PR-B, no functional relationships have been described for the AR
isoformss (Vegeto et al., 1993; Hiort and Holterhus, 2000). The AR gene furthermore
containss a variable stretch of CAG„(CAA) triplets in exon 1, which encode for a
variablee number of glutamine residues in the transactivation domain of the N-terminall portion of the AR protein (Lubahn et al., 1988; La Spada et ah, 1991; Simental
etet al., 1992). The number of CAG„(CAA) repeats in humans ranges normally betweenn 6-to-33 repeats (Brinkmann, 2001). Interestingly, the number of CAG„(CAA)
repeatss is highly expanded (38-to-75) in Kennedy's disease, which is a X-linked
neurodegenerationn disorder characterized by a selective loss of motoneurons in the
spinall cord and atrophy of the bulbar muscles (La Spada et al., 1991; Kennedy et al.,
1968).. Similar TA and CA repeat polymorphisms have been detected in the promoter
regionn of the ER a (Del Senno et al., 1992) and non-coding 3' portion of the ER p
genee (Tsukamoto et ah, 1998), respectively. Recent studies further showed that the
levelss of circulating androgens are correlated with the number of CAG„(CAA)
repeatss in AR and CA repeats in ER P (Krithivas et al., 1999; Westberg et al., 2001).
However,, the implications of gonadal steroid receptor splice variants and poly123 3
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morphismss on the sexual differentiation of the vertebrate brain remain unclear.
Thee steroid receptor complex bound to DNA can interact with several combinationss of so-called co-regulatory proteins, which influence genomic transcription
(McKennaa et al., 1999). Steroid receptor co-regulatory proteins are required for the
anatomical,, neurochemical and behavioral sexual differentiation of the vertebrate
brain.. Mice in which Src-1 was deleted showed partial resistence to gonadal steroid
hormone-dependentt responses in the periphery. For example, testis, prostate and
urethrall weight in Src-1 knockout male mice is lower as compared to wildtype mice
(Xuu et al, 1998). Moreover, the increase in uterine weight caused by estradiol is
muchh smaller in Src-1 knockout mice as compared to Src-1 wildtype mice (Xu et al,
1998).. Centrally, reduction of Src-1 protein by means of Src-1 antisense oligodeoxynucleotidee infusions interfered with the masculinizing effects of testosterone on the
developingg female SDN-POA. Testosterone-treatment on day of birth in female rats
increasess the SDN-POA volume and moreover decreases female sexual behavior
(Wilsonn etal., 1940; Federef al, 1966; Gorski etal, 1978). However, the size of the
SDN-POAA in testosterone-treated female rats was approximately 50% smaller in Src11 antisense treated animals versus control animals. Scr-1 antisense infusion also attenuatedd the defeminization of female sexual behavior caused by early testosterone
treatmentt (Auger et al., 2000).
7.3.7.3. e. Transsexuality and Late Sexual Differentiation
Thee BSTc size has been related to a gender disorder called transsexuality, in which
subjectss feel that they were born in the wrong sex (Zhou et al, 1995; Kruijver et al.,
2000).. Late sexual differentiation of the human BSTc affects our perception of the
relationshipp between BSTc volume and transsexuality. Although, transsexuals
receivee their first consultation between the ages of 20 and 45 years, which coincided
withh the period of sex-dependent divergence of BSTc volume found in our studies
{Chapter{Chapter 2; Chung et al, 2002), epidemiological studies show that the awareness of
genderr problems is generally present much earlier. Indeed, about 67% to 78% of
transsexualss in adulthood report to have strong feelings of being born in the wrong
bodyy from childhood onwards (Van Kesteren et al, 1996) during which the BSTc
sizee did not differ between males and females (Chung et al, 2002). Phenobarbital or
diphantoinn usage during pregnancy, which affect gonadal steroid hormone levels,
increasedd prevalence of transsexuality in the offspring (Dessens et al, 1999). Also
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girlss who had been exposed to high androgen levels as infants caused by congenital
adrenall hyperplasia show an increased incidence of gender problems, which supports
earlyy developmental programming of this disorder (Meyer-Mahlburg et al, 1996;
Zuckerr et al, 1996). These results suggest that disturbances in circulating levels of
gonadall steroid hormones during fetal/neonatal and/or infant development may
underliee the development of transsexuality.
Thiss idea is supported by the presence of gonadal steroid receptor containing cells
inn the human BSTc during fetal/neonatal and infant/pubertal development {chapter
3).3). Consequently, disturbances in gonadal steroid hormones levels may have
resultedd in a female-sized BSTc in male-to-female transsexuals or in a male-sized
BSTcc in one female-to-male BSTc studied so far during adulthood (Zhou et al,
1995;; Kruijver et al, 2000). Although the size of the human BSTc was correlated
withh transsexuality, inherent effects of gonadal steroid hormones during early
developmentt may not be measurable in terms of volumetric changes. For instance,
gonadall steroid hormones may affect transcriptional activity, resulting in alterations
inn mRNA and protein expression. Alternatively, occupied gonadal steroid receptors
locatedd in the cytoplasm or cell membrane may also act on second messengers
systems.. Both of which may not be reflected directly in overt BSTc size changes.
Too better understand how gonadal steroid hormones and their respective steroid
receptorss dynamically affect the anatomical organization and functions of the BST
inn the human brain on a cellular and molecular level, additional research techniques
shouldd be used. In particular, we must use our ability to culture postmortem human
brainn tissue to our full advantage (Verwer et al, 2002). For example, microarray
techniquess could be used to examine gene expression changes in postmortem human
brainn tissuefromthe BST cultured in the presence or absence of gonadal steroid hormones.. Similar approaches have already yielded several interesting sex-dependent
andd gonadal steroid hormone-responsive genes, such as in the neonatal rat hypothalamuss (Yonehara et al., 2002), hypothalamus of food-deprived rats (Li et al,
2002)) and human carcinoma breast tissue (Bouras et al, 2002). These studies should
bee following-up by functional proteomic studies, which examine changes in protein
levels. .
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7.4.7.4. APOPTOSIS AND SEXUAL DIFFERENTIATION
Gonadall steroid hormones acting through their specific receptors regulate sexual
differentiationn of the mammalian brain by affecting one or more of four major developmentall processes: neurogenesis, neuronal migration, apoptosis and/or differentiationn of cell phenotype. To date no studies have found evidence for the direct involvementt of gonadal steroid hormone-dependent neurogenesis or neuronal migrationn in the sexually dimorphic organization of the BST anatomy (Henderson et aL,
1999).. Earlier studies investigating sexual differentiation of the rat SDN-POA also
foundd no evidence indicating that neurogenesis or neuronal migration differed betweenn males and females during perinatal development (Jacobson and Gorski, 1981;
Jacobsonn et aL, 1985). Far more evidence confirms that gonadal steroid hormones
regulatee sexual differentiation through apoptosis and/or differentiation of cell phenotype.. For instance, the incidence of apoptosis in the rat SNB, SDN-POA, bed nucleus
off the olfactory tract was higher in females than in males (e.g., Nordeen et aL, 1985;
Daviss et aL, 1996; Collado et aL, 1998), while the incidence of the apoptosis in the
AVPvv was higher in males than in females (Arai et aL, 1994). The ferret male
nucleuss of the preoptic area and the rat medial amygdaloid nucleus are examples of
differentiationn of cell phenotype (Cherry et aL, 1992; Cooke et aL, 1999).
7.4.7.4. a. Apoptosis Sex Difference in the BST
Apoptosiss is an important developmental mechanism during fetal/newborn human
brainn development (e.g., Chan and Yew, 1998; Simonati et aL, 1999; Rakic and
Zecevic,, 2000; Itoh et aL, 2001). In agreement with these studies, apoptotic cells as
visualizedd by Nissl-staining and an antibody against the activated form of the proapoptoticc factor, caspase-3 were detected in the human BSTc duringg perinatal ages
(unpublishedd observations W.C.J.C.; Srinivasanefa/., 1998; Stadelmanefa/.,2000).
Thesee initial studies and resultsfromthe rodent brain suggest that apoptosis may be
ann important developmental mechanism involved in the organization of the human
BST.. However, more extensive and quantitative studies are required to test the idea
whetherr gonadal steroid hormones differentiate the human BST in a sex-dependent
fashionn through apoptosis in the human brain.
Thee importance of apoptosis during sexual differentiation of the BST was recognizedd and supported by results from earlier studies. The most prominent cytoarchitecturall sex difference in the rat BST is the principal nucleus of the BST (BSTpr),
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whichh is larger and contains more cells in males than in females (Del Abril et al.,
1987;; Guillamon et al, 1988; Hines et al, 1992; Chung et al, 2000). Sexual differentiationn of the BSTpr is controlled by early circulating levels of testosterone (Del
Abrill et al, 1987; Guillamon et al, 1988; Chung et al, 2000). Our studies clearly
showedd that the incidence of apoptosis in the BSTpr during the first two postnatal
(PN)) weeks of development was higher in females than in males. Moreover, the size
off the BSTpr became larger in males than in females only after the sex difference in
apoptosiss (Chung etal., 2000). In addition, the incidence of apoptosis was higher in
animalss devoid of testosterone (i.e., castrated male pups and intact female pups)than
inn animals with testosterone (i.e., castrated male pups and intact female pups injected
withh testosterone) (Chung etal., 2000). These results strongly suggest that sex differencess in developmental apoptosis are prerequisite for the gonadal steroid hormonedependentt sexual differentiation of thee BSTpr in the rat brain.
However,, these mechanisms may not necessary underlie to the sexual differentiationn of the human BSTc, given that the rat BSTLD is the best homology candidate
forr the human BSTc and not the BSTpr (section 7.2.). A small overall sex difference
inn the incidence of apoptosis favoring females was found in the neonatal rat BSTL,
inn which the BSTLD is embedded. However, this small sex difference may not have
beenn sufficient to cause a sex-dependent organization of the BSTL (Chung et al.,
2000).. Further studies in the rat BSTLD are required in order to be able make any
statementss about the role of apoptosis in the human BSTc. For example, it is unknownn whether the size of the BSTLD in rat brain differs between males and females
ass delineated by VTP-IR fibers. In addition, the temporal incidence of apoptosis
shouldd be studied in the rat BSTLD as delineated by VTP-IR fibers.
VIP-IRR fibers were used to delineate the BSTLD and CeAL in mice, in which the
proapoptoticc Box gene was deleted. We showed that the deletion of Box in mice
resultedd in an increase of the BSTLD and CeAL size, when compared to wild type
mice.. Bax knockout mice may not be an appropriate model, however, as neither
BSTLDD nor CeAL size differed between males and females. These mice are thereforee unsuitable for studying the development of sex differences in the BST, that have
beenn found humans and rats. The absence of a sex difference as detected in the
humann brain may be due to strain - and species differences. For instance, the SDNPOAA was not be detected in the mouse preoptic area (Brown et al, 1999). However,
thee fact remains that attenuation of developmental apoptosis in Bax knock-out mice,
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mayy underlie overt sex-dependent changes in BST and amygdala size.
7.4.b.7.4.b. Apoptosis Sex Difference in the SDN-POA
Apoptosiss is an important underlying the differential effects of gonadal steroid
hormoness on the vertebrate brain. In addition to the BSTpr, the incidence of apoptosiss in the rat SNB, SDN-POA, bed nucleus of the olfactory tract was higher in
femaless than in males (e.g., Nordeen et al., 1985; Davis et al, 1996; Collado et al.,
1998),, while the incidence of the apoptosis in the AVPv was higher in males than in
femaless (Arai et al., 1994). In our studies, we confirmed that the incidence of
apoptosiss in the early postnatal rat SDN-POA was higher in females than in males
onn PN 8 (Arai et al, 1996; Davis et al., 1996; Chung et al., 2000). Although,
testosteronee treatment in male and female pups eliminated the sex difference in the
incidencee of apoptosis on PN 8, a small peak of apoptosis was observed around PN
10.. These SDN-POA results seem to be inconsistent with earlier findings that
showedd that testosterone completely inhibited developmental apoptosis in the SDNPOAA (Davis et al., 1996). However, this disparity may well be explained by
differencess in the timing of testosterone treatment. In earlier studies, pups received
testosteronee several days after birth (Davis et al., 1996), whereas in our studies
testosteronee was given on the day of birth, which may have resulted in differences
inn testosterone levels during the SDN-POA cell death period (Chung et al, 2000).
Differencess in the pattern of ontogenesis between BSTpr and SDN-POA cells may
bee responsible for the difference in effectiveness of testosterone in curtailing the
incidencee of apoptosis in these two areas. Counting the day of conception as
embryonicc day 1, BSTpr cells are born around embryonic day 16 and 17, whereas
SDN-POAA cells are born one to two days later (Jacobson et al, 198 lb; Bayer, 1987;
Bayerr and Altman, 1987). Hence, perinatal BSTpr cells may well be more advanced
inn their development than MPNc cells during the same perinatal period. An
indicationn for difference in developmental maturity may be the level of androgen
receptorr (AR) mRNA expression, which appears to develop more rapidly in the
BSTprr than in the MPN (McAbee and DonCarlos, 1998), supporting the idea that
neonatall testosterone administration may protect the more mature BSTpr cells better
againstt postnatal apoptosis than the more immature SDN-POA cells.
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7A.c.7A.c. Gonadal Steroid Hormone Regulation ofApoptosis
Althoughh testosterone was shown to be effective in protecting BST and MPN cells
againstt apoptosis; this effect is facilitated by its estrogenic metabolite acting on ERs
(Araii et al, 1996). Estrogen-bound ERs form homodimers or heterodimers and translocatee to the cell nucleus to associate with specific estrogen response elements
(EREs)) on DNA (Petterson et al, 1997; Donaghue et al, 1999), which are palindromicc enhancer sequences located in promoter regions to modulate the transcriptionall activity of genes involved during apoptosis. For example, members of the Bcl22 gene family, including Bcl-2 and Bcl-XL have the putative EREs in their promoter
regionss supporting the idea that estrogens may modulate directly the transcriptional
activityy of genes involved apoptosis (Dong et al, 1999; Pike, 1999). Indeed, estrogen
increasedd Bcl-2 and Bcl-XL expression in neuronal cell lines (Gollalpudi and
Oblinger,, 1999; Pike, 1999) and in the arcuate nucleus of the adult rat brain (GarciaSeguraa et al., 1998), while decreasing the expression of Bad mRNA, which is a
proapoptoticc Bcl-2 family member (Pike, 1999). Estrogens also decrease the
expressionn of cellular factors, such as Bnip-2 mRNA which in turn down-regulate
Bcl-2Bcl-2 expression (Belcredito et al., 2001). Conversely, estrogen removal increased
mRNAA expression of two proteolytic so-called initiator Caspases (i.e., 1 and 2) in
chickk oviduct studies. While at the same time activating the executioner proenzymes,
caspase-33 and caspase-6 (Monroe et al, 2002). Together these studies suggest that
estrogen-boundd ERs, in part, oppose apoptosis through genomic actions.
Gonadall steroid hormones may regulate cell survival by acting on the transcription
levell of neurotrophic factors. Indeed, the gene encoding for brain-derived neurotrophicc factor (BDNF) contains a putative ERE. Moreover, estrogen increased
mRNAA levels of BDNF in the rat cerebral cortex and olfactory bulb (Sohrabji et al,
1995).. Similarly, androgens rescue motoneurons in the spinal nucleus of the bulbocavernosuss androgens is facilitated by ciliary neurotrophic factor (CNTF) expressed
inn the perineal muscles, which act on CNTF a receptors located on the motoneurons
(Forgerr et al, 1998; Xu et al, 2001). These studies indicate that gonadal steroid
hormonee regulate cell survival not only directly, by targeting the expression of
specificc components of the apoptotic cell death mechanisms, but also indirectly by
modulatingg the expression of neurotrophic factors.
Recentt in vitro studies strongly suggest that gonadal steroid hormones can also
regulatee apoptosis through non-genomic pathways. In particular, estrogen-bound
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ERss interact directly with phosphatidylinositisol-3 kinase (PI-3K) through proteinproteinn binding, which in turn phosphorylates the downstream effector Akt to rescue
corticall neurons (Tommaso et al, 2000; Honda et al, 2000; 2001). Estrogendependentt rescue through the PI-3K/Akt pathway was prevented by ICI 182,780, a
selectivee ER antagonist or LY 294002, a selective PI-3K inhibitor (Honda et al,
2001).. Estrogen activation of PI-3K/Akt pathway rapidly (i.e., within 15 minutes)
resultedd in the accumulation of serine133 phosphorylated CREB, which promoted the
observedd increase in the expression of the anti-apoptotic factor Bcl-2 (Du et al,
1998;; Pugazhenthi et al, 2000; Honda et al, 2001; Campbell et al, 2001) as shown
inn cultured sympathetic neurons (Riccio et ah, 1999).
InIn vitro also showed that PI-3K/Akt phosphorylation of the AR in similar prostate
cancerr cells may inhibit apoptosis (Sharma etal, 2002). In addition, PI-3K/Akt was
shownn to increase AR mRNA expression (Manin et al., 2002). Although, there are
noo similar data available for the vertebrate brain, these studies suggest that apoptosisdependentt sexual differentiation of the vertebrate brain possibly mediated by PI3K/Aktt may also involve ARs.
Recentt studies showed that the number of PR-IR cells in the perinatal rat SDNPOAA is much higher in males than in females (Wagner et al., 1998). In vitro studies
showedd that ligand-activated PRs protected endometrial cells derivedfromthe uterus
againstt apoptosis, which was negated by treatment with PR antagonists: ZK 98,299
(onapristone)) or RU 486 (mifepristone) (Pecci et al., 1997). Furthermore, PRs have
beenn shown to induce overexpression of Bcl-xL, which is an apoptosis inhibiting
factorr (Pecci et al, 1997; Tsujimoto and Shimizu, 2000). Therefore, we hypothesized
thatt estrogens may protect male SDN-POA cells by increasing PR expression during
earlyy development. This was tested by blocking PRs in male and female rat pups
withh PR antagonists: ZK 98,299 or RU 486 from postnatal day (PN) 1 (is day of
birth)) until PN 7 {chapter 6). In agreement with earlier studies, the incidence of
apoptosiss is higher in vehicle-treated females than in vehicle-treated males, which
wass also reflected by the smaller SDN-POA volume found in females as compared
too males (Arai et al., 1996; Davis et al, 1996; Chung et al., 2000). However,
statisticall analysis showed no significant effects of PR antagonist on the incidence
off apoptosis in the SDN-POA {chapter six). These results seem to be in agreement
withh a recent study investigating neuroprotection pathways in cortical explants
showingg that progestins elicited phosphorylation of Akt, which could not be inhi130 0
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bitedd by RU 486 (Singh, 2001). Therefore, indicating that progestins in brain cells
mayy not act directly through PRs to facilitate/modulate cell survival in the developingg vertebrate brain.
Gonadall steroid hormone effects on apoptosis, i.e., cell survival during sexual
differentiationn are as described above many fold. A good strategy to capture and elucidatee which gonadal steroid hormone-dependent apoptosis regulating mechanisms
aree important for the development of thee various sexually dimorphic brain regions
iss to apply microarrays, which are specifically focused on genes involved in apoptosis.. For instance, in a first study this approach can be used to compare gonadal
steroidd hormone effects on the incidence of apoptosis during the sexual differentiationn of thee BST (i.e., larger in males than in females) with that of the AVPv (i.e.,
largerr in females than in males). Coincidently, changes in apoptosis-related protein
expressionn should be a examined using proteomic techniques in order to visualize
"network-like""network-like" changes in protein interactions upon the presence or absence of
gonadall steroid hormones.
7.4.d.7.4.d. Sex Chromosomal Influences
Althoughh gonadal steroid hormones have been shown to be able to affect the sexual
differentiationn of the vertebrate brain in dramatic fashion, recent studies showed that
thee inherent sex difference in sex chromosome configuration may also affect the
sexuall differentiation process in the developing vertebrate brain. For instance, in
vitrovitro studies showed that sex differences of cultured rodent dopaminergic neurons
inn soma size and dopamine uptake were dependent only on genetic sex (Reisert et al.,
1989;; Kolbinger et al., 1991; Sibug et al, 1996). Several sex chromosomal genes in
rodentss are expressed in a sex-dependent fashion (Xu et al., 2001).Similarly, in
humann brain the sex chromosomal genes, ZRY and SRY are continuously expressed
duringg life in men only (Mayer et al., 2000). Although, these fundamental differencess gene expression exist between males and females it remains to be seen, whether
theyy have overt and far-reaching effects on the sexual dimorphic organization of the
rodentt and human brain.
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SUMMARY Y
Inn the present thesis, sexual differentiation of limbic and anterior hypothalamic brain
areass was examined in the human and rodent forebrain in relation to apoptosis. We
focused,, albeit not exclusively, on the human and rodent bed nucleus of the stria
terminalis,, which contains a number of neuroanatomical and neurochemical sex
differences.. For example, in adulthood the central subdivision of the bed nucleus of
thee stria terminalis (BSTc) in the human brain is larger in men than in women. The
humann BSTc is of further special interest, because the size of the BSTc has been
relatedd to a gender identity disorder called transsexuality, in which subjects convey
thee strong feeling of being born in the wrong sex. Indeed, the BSTc size in male-tofemalee transsexuals was similar to that found in control women, while in one femaleto-malee transsexual examined so far the BSTc size was comparable to that found in
controll men. In rodents, the BST has also been implicated in the regulation of a
numberr of behaviors, such as reproduction, aggression, addiction, parental behavior
andd stress.
Fetall and/or neonatal sex differences in gonadal steroid hormone levels cause
sexuall differentiation of the rodent brain, and are presumed to be also responsible for
thee sexual differentiation of the human BSTc. To better understand the sexual differentiationn of the human BSTc, we used postmortem human brain tissue to determine
att which developmental age the volume of the BSTc diverged between males and
femaless (chapter two). Using vasoactive intestinal polypeptide and somatostatin
immunocytochemicall staining as markers, we found that the BSTc is larger and
containss more neurons in men than in women. However, this sex difference became
significantt only in adulthood, showing that sexual difFerentiation of specific areas
inn the human brain may extend into adulthood. The protracted sexual differentiation
off the BSTc volume suggests that marked sex-dependent organizational changes in
thee human brain under influence of presumably gonadal steroid hormones are not
limitedd to early development. However, the mechanism(s) underlying sexual differentiationn of the human BSTc are presumed to occur during early fetal/neonatal
and/orr infant/pubertal ages, whichh may not be measurable as overt sex-dependent
volumetricc changes until adulthood.
Sexuall differentiation of the mammalian brain is thought to be caused by sexually
dimorphicc circulating levels of testosterone acting on both estrogen as well as androgenn receptors. Recent studies also suggest a role for progestin receptors. To study
whichh of these receptors may play a role in the protracted sexual differentiation of
thee BSTc in the human brain, we investigated the development of estrogen receptor
(ER)) a, ER (5, androgen receptor (AR), and progestin receptor (PR) expression in the
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BSTcc during fetal/neonatal, infant/pubertal and adult ages (chapter 3). Using
immunocytochemistry,, we found that ER a, ER p, AR and PR are expressed in the
BSTccfromfetal ages onwards. More nuclear stained ER p BSTc cells were observed
inn females than in males during fetal/neonatal ages, while there were no overt sex
differencess in ER a, AR and PR during the same developmental period. During
infant/pubertall ages, more AR immunoreactive (IR) BSTc cells were observed in
maless than in females, whereas no overt sex differences in ER a, ER p and PR were
detected.. ER a and PR immunoreactivity in the BSTc were higher in men than in
womenn only in adulthood, whereas no marked sex differences in ER p were observed
inn the adult BSTc. These results support the idea that sex differences in gonadal
steroidd hormone levels may have sex-dependent effects during early BSTc
developmentt as suggested by sex differences in ER p and AR during fetal/neonatal
andd infant/pubertal ages. Together with the sex differences in ER a and PR during
adulthood,, the subtle temporal-dependent sex differences in the expression of these
fourr gonadal steroid receptors studied may ultimately result in the overt sex differencee in the human BSTc size.
Muchh more research is required in order to obtain a more complete picture of the
downstreamm mechanism(s) of gonadal steroid hormone/receptor-dependent sexual
differentiationn of the human brain. One strategy is to study the "temporal" expression
off (multiple) gonadal steroid hormone-responsive mRNA species in brain areas,
whichh develop in a sex-dependent fashion. In addition, expression of known and
novell gonadal steroid hormone-dependent proteins underlying (late) sexual differentiationn of the human brain can be studied using contemporary research tools, such as
employedd in proteomic studies. These types of studies, however, require availability
off fetal and neonatal fresh-frozen postmortem human brain tissue of both sexes,
whichh at this moment in time are not easily obtained. Studies using human brain
tissuee are invaluable, because they enable the development of hypotheses about the
possiblee mechanism(s) involved in the sexual differentiation of the human brain.
Notwithstandingg the importance of studies using postmortem human brain tissue,
experimentss in animals are equally required to elucidate further novel mechanism(s)
off sexual differentiation. One possible mechanism resulting from sex differences in
earlyy levels of gonadal steroid hormones acting on gonadal steroid receptor during
developmentt may be a sex difference in the incidence of apoptosis. This idea was
testedd by comparing the incidence of apoptosis in the early postnatal male and
femalee BST in the rat brain (chapterfour). More apoptotic nuclei were found in the
ratt principal nucleus of the BST (BSTpr) in females than in males, whereas the
reversee was true for the lateral division of the BST (BSTL). Moreover, the volume
off the BSTpr was larger in males than in females, whereas there was no sex
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differencee in the volume of the BSTL. Our results also confirmed earlier reports
indicatingg that the incidence of apoptosis in the central part of the medial preoptic
nucleuss (MPNc) is higher in females than in males. In the BSTpr of gonadal steroid
hormone-treatedd animals, the incidence of apoptosis was lower when compared to
animalss treated with oil-vehicle, which was also true for the MPNc. These results are
consistentt with the hypothesis that gonadal steroid hormones acting on gonadal
steroidd receptors contribute to the sexually dimorphic differentiation of the BST by
controllingg the incidence of apoptosis.
Althoughh the rat BSTpr is larger and contains more cells in males than in females,
itt is probably not homologous to the human BSTc. The rostral-caudal extend of the
ratt BSTpr is mainly localized in close proximity of the fornix, whereas the rostralcaudall extent of the human BSTc is located in close proximity of the internal
capsule.. The lateral dorsal BST (BSTLD) in the rodent brain is much more likely to
bee homologous to the human BSTc, because they share anatomical location and extensivee overlap in neuropeptide expression. Consequently, we compared the volume
off the VIP-IR component in the BSTL and central lateral amygdaloid nucleus (CeL)
inn Bax wildtype (+/+) mice with Bax knockout (-/-) mice {chapterfive).Box is a
proapoptoticc member of the Bcl-2 gene family, that activates pro-apoptotic caspases.
Wee also investigated whether the BSTL and CeL size in Bax mice is sexually
dimorphic.. Our results showed the BSTL and CeL were larger in Bax -/- mice than
inn Bax +/+ mice. However, there was no difference between males and females as
farr as the BSTL and CeL volume in Bax +/+ and Box -I- were concerned. These
resultss indicate that attenuation of apoptosis is sufficient to overtly change the BST
andd amygdala volume. However, these mice did not seem to be as suited for studying
sexx differences in the BST and amygdala in humans and rats.
Thee sexually dimorphic nucleus of the preoptic area (SDN-POA) in the rat brain
iss much larger in males than in females and is one of the best examples of
involvementt of testosterone-dependent apoptosis during sexual differentiation, in
additionn to the BSTpr. As described earlier, the incidence of apoptosis in the
developingg rat SDN-POA is significantly attenuated by testosterone or its estrogenic
metabolitee estradiol. The mechanism(s) that underlie this protective effect are not
known.. Recent studies suggest a role for PRs during sexual differentiation of the
SDN-POA,, because ligand-bound PRs prevent apoptosis in endometrial cells derived
fromfrom the uterus, while PR antagonists: ZK 98,299 or RU 486 negate this protective
effect.. Indeed, the number of PR containing SDN-POA cells is much higher in males
thann in females. Therefore, we hypothesized that testosterone-derived estradiol
protectss male SDN-POA cells by increasing PR expression during early development
{chapter{chapter six). This was tested in an initial study comparing the incidence of apoptosis
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andd the volume of the SDN-POA between male and female rat pups on postnatal day
(PN)) 8, which were injected daily until PN 7 with vehicle, ZK 98,299 or RU 486. In
vehicle-treatedd animals, the incidence of apoptosis was higher in females than in
maless and the SDN-POA volume was larger in males than in females. Treatment
withh PR antagonist did not significantly affect the incidence of apoptosis or SDNPOAA volume. However, post hoc tests showed that neither the incidence of apoptosis
norr the SDN-POA volume significantly differed between males and females. The
absencee of sex difference in the incidence of apoptosis or SDN-POA volume
betweenn PR antagonist-treated males and females indicate that postnatal treatment
withh ZK 98,299 or RU 486 affects sexual differentiation of the SDN-POA in an
unexpectedd fashion. A possible explanation for these results may be found in data
fromm recent studies, showing that progestins elicited phosphorylation of Akt to
protectt cortical explants against cell death, which could not be inhibited by PR antagonists,, such as RU 486. This suggests that progestins in brain cells may not act
directlyy through PRs to facilitate/modulate cell survival in the developing vertebrate
brain. .
Together,, our results, described in the present thesis, suggest that sexual differentiationn of the brain, in particular the sexually dimorphic development of BSTc in the
humann brain is not limited to early perinatal development, but can extend well into
adulthood.. Moreover, we found evidence supporting the hypothesis that sex differencess in gonadal steroid hormone levels during human fetal/neonatal development,, possibly acting on their specific gonadal steroid receptor, may organize the
sex-dependentt development of the human brain, which may regulate the incidence
off apoptosis as found in the rodent BST during perinatal development. The latter
inferencee requires additional research in order to be confirmed both in rodent and
humann brain. Results from preliminary studies showed the presence of apoptotic
cellss in the perinatal human BST only, but since apoptosis is a rapid process it will
bee difficult to obtain reliable quantitative data on the incidence of apoptotic cell
death. .
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SAMENVATTING G
Inn dit proefschrift werd de rol onderzocht van apoptose bij de geslachtsafliankelijke
ontwikkelingg van hersengebieden in het limbische structuren inclusief de hypothalamuss van mens, rat en muis. In het bijzonder werden de ontwikkeling van structurele
enn immunocytochemische geslachtsverschillen in de bed nucleus van de stria
terminaliss (BST) bestudeerd.
Uitt proefdieronderzoek blijkt dat de BST betrokken is bij de regulatie van
seksueell gedrag, agressie, verslaving, verzorgingsgedrag en stress. Het volume van
dee centrale kern van de BST (BSTc) van de mens is groter bij mannen dan bij
vrouwen.. Dit volumeverschil is omgekeerd bij transseksualiteit, een genderidentiteitsstoornis,, waarbij mensen het gevoel hebben in het verkeerde lichaam geboren
tee zijn. Bij mannelijke transseksuelen, die zich vrouw voelen, is het BSTc volume
vergelijkbaarr met dat van controle vrouwen. Daarentegen is het volume van de BSTc
bijj een vrouwelijke transseksueel (de enige tot nu toe onderzochte) vergelijkbaar met
diee van controle mannen.
Dee geslachtsafliankelijke ontwikkeling van het centrale zenuwstelsel in proefdierenn wordt door geslachtshormonen veroorzaakt. Deze hormonen zijn waarschijnlijkk ook verantwoordelijk voor de seksueel dimorfe ontwikkeling van de BSTc bij
dee mens. Om te zien op welk moment tijdens de ontwikkeling de BSTc groter is bij
mannenn dan bij vrouwen werd in hoofstuk twee het volume van de BSTc bij de mens,
vanaff de foetale ontwikkeling tot in de volwassenheid bepaald met behulp van
vasoactieff intestinaal polypeptide (VIP) en somatostatine als markers voor dit
gebied.. Opvallend was dat het BSTc volume pas tijdens volwassenheid seksueel
dimorff werd. Het BSTc volume bleek groter te zijn en meer neuronen te bevatten bij
mannenn dan bij vrouwen. Deze gegevens wijzen er op dat de effecten van geslachtshormonenn op de organisatie van de hersenen zich niet beperken tot de vroege ontwikkeling,, maar dat de geslachtsafliankelijke ontwikkeling van het centrale zenuwstelsell ook nog plaats kan vinden tijdens volwassenheid. Waarschijnlijk worden de
mechanismenn die betrokken zijn bij de geslachtsafliankelijke ontwikkeling van de
BSTcc al tijdens de foetale/neonatale perioden of kindertijd/puberteit geprogrammeerd,, maar zijn ze als volumetrische veranderingen pas te meten tijdens de volwassenheid. .
Dee geslachtsafliankelijke ontwikkeling van het centrale zenuwstelsel van vertebratenn wordt waarschijnlijk, via de oestrogeen en androgeen receptoren, door manvrouww verschillen in testosteron spiegels veroorzaakt. Uit recente studies blijkt
tevenss dat ook progesteron receptoren mogelijk betrokken zijn bij de geslachtsafhankelijkee ontwikkeling van de hersenen. In hoofdstuk drie werd onderzocht welke
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vann deze steroid receptoren, te weten oestrogeen receptor (ER) cc, ER P, androgeen
receptorr (AR) en progesteron receptor (PR), betrokken zouden kunnen zijn bij de
geslachtsafliankelijkee ontwikkeling van de BSTc van de mens tijdens de foetale/
neonatalee periode, de kindertijd/puberteit en volwassenheid. Er werd meer ER p
kernkleuringg aan in BSTc cellen bij vrouwen dan bij mannen tijdens de foetale/
neonatalee ontwikkeling, terwijl er geen duidelijke geslachtsverschillen waren in ER
a,a, AR en PR gedurende dezelfde ontwikkelingsperiode. Tijdens de kindertijd/
puberteitt vonden we bij jongens meer AR immunoreactieve (IR) BSTc cellen dan bij
meisjes,, terwijl er geen duidelijke geslachtsverschillen in ER oc, ER P en PR waren
gedurendee dezelfde ontwikkelingsperiode. ER a en PR immunoreactiviteit was
sterkerr bij mannen dan bij vrouwen tijdens volwassenheid, terwijl er geen duidelijke
geslachtsverschillenn in ER p werden waargenomen. De geslachtsverschillen in ER
PP en AR tijdens de foetale/neonatale ontwikkeling en kindertijd/puberteit ondersteunenn de hypothese dat man-vrouw verschillen in geslachtshormonen waarschijnlijkk al tijdens de vroege ontwikkeling van de BSTc geslachtsafhankelijke
effectenn kunnen hebben. Deze geslachtsverschillen in de expressie van steroid receptorenn zouden verantwoordelijk kunnen zijn voor het geslachtsverschil in het volume
vann de BSTc in de volwassen mens.
Err is meer onderzoek nodig om het mechanisme van de werking van geslachtshormonenn op hun specifieke steroid receptoren en op de seksuele differentiatie van
hett menselijk centraal zenuwstelsel te ontrafelen. Een onderzoeksstrategie die toegepastt zou kunnen worden is de geslachtshormoonafhankelijke expressie te bestuderenn tijdens ontwikkeling van mRNA moleculen in hersengebieden die geslachtsverschillenn laten zien bijv. met behulp van microarrays. Ook zou men bij de mens
dee geslachtshormoonafhankelijke expressie van bekende en onbekende eiwitten
kunnenn bestuderen met behulp van "proteomics". Dit soort studies kunnen echter
alleenn verricht worden met behulp van vers ingevroren postmortem humaan
hersenweefsell van mannen en vrouwen.
Experimentenn in proefdieren zijn noodzakelijk om mechanismen van de geslachtsafhankelijkee hersenontwikkeling te onderzoeken. Geslachtshormonen worden
verondersteldd via steroid receptoren een geslachtsverschil in het aantal apoptotische
cellenn te veroorzaken. Inn hoofdstuk vier werd daarom het aantal apoptotische cellen
naa de geboorte in de BST van mannetjes ratten met de BST van vrouwtjes ratten
vergeleken.. Er waren meer apoptotische cellen in de principale nucleus van de BST
(BSTpr)) bij vrouwtjes dan bij mannetjes, terwijl het omgekeerde het geval was voor
dee laterale BST (BSTL). Volumetrisch gezien was de BSTpr groter bij mannetjes
dann bij vrouwtjes, hetgeen niet het geval was voor de BSTL, waar geen volumetrisch
geslachtsverschill gevonden werd. Onze resultaten bevestigten tevens dat het aantal
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apoptotischee cellen in de centrale deel van de mediale preoptische nucleus (MPNc)
hogerr was bij vrouwtjes dan bij mannetjes. Voor zowel de BSTpr en MPNc gold dat
hett aantal apoptotische cellen lager was bij ratten die waren behandeld met geslachtshormonenn dan bij ratten die een placebo behandeling kregen. Deze resultaten
bevestigenn de hypothese dat geslachtshormonen de seksuele differentiatie van de
BSTT bepalen door middel van apoptose.
Ondankss dat de BSTpr in de rat groter is bij mannentjes dan bij vrouwtjes, is deze
kernn waarschijnlijk niet homoloog aan de BSTc in de mens, omdat de BSTpr in de
ratt langs de fornix ligt, terwijl de BSTc van de mens langs de capsula interna ligt. De
dorsolaterall BST (BSTLD) in rat en muis is een betere kandidaat voor de homologiee met de BSTc van de mens, omdat deze dezelfde anatomische ligging en neuropeptidenn productie heeft. Daarom werd in hoofdstuk vijfde VIP-IR component van
dee BSTL en de centro-laterale amygdala (CeL) in Bax wildtype (+/+) muizen vergelekenn met Bax mutant (-/-) muizen. Bax is een Bcl-2 aanverwant gen, dat het
apoptose-process via de activatie van proapoptotische caspasen bevordert. Tevens
werdd onderzocht of er geslachtsverschillen waren in het volume van de BSTL en
CeLL in Bax muizen. Alhoewel zowel het BSTL als CeL volume groter waren in Bax
-/-- muizen vs Bax +/+ muizen, werden er geen geslachtsverschillen in het volume
gevonden.. Ondanks dat er werd aangetoond dat het "verminderen" van apoptose kan
leidenn tot een toename in het volume van de BST en amygdala, zijn deze muizen dus
niett geschikt voor het bestuderen van geslachtsverschillen zoals gevonden zijn bij
menss en rat.
Dee seksueel dimorfe nucleus van het preoptisch gebied (SDN-POA) in de rat is
velee malen groter bij mannetjes dan bij vrouwtjes, en is naast de BSTpr een mooi
voorbeeldd van hoe testosterone-afhankelijke apoptose een rol kan spelen bij de
geslachtsafhankelijkee ontwikkeling van het centraal zenuwstelsel. Zoals eerder
beschrevenn {hoofdstuk vier) wordt het aantal apoptotische cellen in de SDN-POA
vann de rat sterk verminderd door de aanwezigheid van testosteron of oestrogenen.
Hett is onbekend welke mechanismen geactiveerd worden om SDN-POA cellen te
beschermenn tegen apoptose. Recente studies geven aan dat PR wellicht een rol speelt
bijj de geslachtsafhankelijke ontwikkeling van de SDN-POA, omdat apoptose van
endometriumm cellen uit de baarmoederwand geremd wordt door progesteron. Dit is
eenn beschermend effect dat met behulp van PR antagonisten: ZK 98,299 en RU 486
opgehevenn kan worden. Het aantal PR cellen in de SDN-POA is veel hoger bij mannetjess ratten dan bij vrouwtjes ratten. In hoofstukzes werd de hypothese getoest dat
oestrogeenn metabolieten afkomstig van testosteron SDN-POA cellen in mannetjes
rattenn tegen apoptose beschermen via een verhoogde PR expressie tijdens de vroege
ontwikkeling.. In een eerste studie werd op postnatale dag (PD) 8 het aantal apopto139 9

tischee cellen en de volume van de SDN-POA tussen mannetjes ratten en vrouwtjes
rattenn vergeleken die dagelijks tot en met PD 7 behandeld werden met placebo, ZK
98,2999 of RU 486. In met placebo-behandelde dieren was het aantal apoptotische
cellenn groter bij vrouwtjes ratten dan bij mannetjes ratten, terwijl het SDN-POA
volumee groter was bij mannetjes ratten dan bij vrouwtjes ratten. Behandeling met PR
antagonistenn had geen significant effect op het aantal apoptotische cellen en het
SDN-POAA volume. Post hoc statistiek maakte duidelijk dat er in met PRantagonistenn behandelde dieren geen geslachtsverschil meer aanwezig was in het
aantall apoptotische cellen of het SDN-POA volume. De afwezigheid van deze geslachtsverschillenn in de met PR-antagonisten behandelde dieren was een onverwacht
effectt van de postnatale behandeling met ZK 98,299 en RU 486 op de geslachtsafhankelijkee ontwikkeling van de SDN-POA. Een mogelijke verklaring zou gevondenn kunnen worden in recente studies waarin aangetoond wordt, dat progesteronachtigee stoffen corticale cellen tegen apoptose beschermen door Akt te fosforyleren.
Ditt effect kon niet door PR antagonisten zoals RU 486 geïnhibeerd worden. Het is
duss onwaarschijnlijk dat de beschermende effecten van progesteron-achtige stoffen
tijdenss vroege ontwikkeling direct via PR tot stand worden gebracht.
Uitt dit proefschrift blijkt dat de geslachtsafhankelijke ontwikkeling van de BSTc
inn mens, niet beperkt is tot perinatale ontwikkeling maar ook plaats vindt tijdens
volwassenheid.. Tevens werd aangetoond dat geslachtshormonen tijdens de foetale/
neonatalee onwikkeling de seksuele differentiatie van het centraal zenuwstelsel bij de
menss via steroid hormoon receptoren kunnen bewerkstelligen. Wellicht wordt dit
effectt net als in de BST van de rat bewerkstelligt door een invloed op het apoptoseproces.. Aanvullend onderzoek is nodig om aan te tonen of dit daadwerkelijk het
gevall is. In een verkennende studie van de BST in de mens hebben wij inderdaad
alleenn tijdens de perinatale ontwikkeling apoptotische cellen waargenomen, maar
omdatt apoptose snel verloopt, is het moeilijk om voldoende betrouwbare quantitatievee gegevens te verkrijgen.
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- Hormone response element
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- Thoracolumbar intermediolateral nucleus
- Interstitial nuclei of the anterior hypothalamus 1 -4
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