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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
45 5
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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
48 8
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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
49 9
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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
50 0
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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
51 1
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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/
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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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