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ABSTRACT T 
Thee present study reports the first systematic rostrocaudal distribu-

tionn of estrogen receptor-oc immunoreactivity (ERa-ir) in the human 
hypothalamuss and its adjacent areas in young adults. Postmortem 
materiall  taken from 10 subjects (five male and five female), between 
200 and 39 years of age, was investigated. In addition, three age-
matchedd subjects with abnormal levels of estrogens were studied: a 
castrated,, estrogen-treated 50-year-old male-to-female transsexual 
(T1),, a 31 -year-old man with an estrogen-producing tumor (S2), and 
ann ovariectomized 46-year-old woman (S8). A strong sex difference, 
withh more nuclear ERa-ir in women, was observed rostrally in the 
diagonall  band of Broca and caudally in the medial mamillary nucleus. 
Lesss robust sex differences were observed in other brain areas, with 
moree intense nuclear ERa-ir in men, e.g., in the sexually dimorphic 
nucleuss of the medial preoptic area, paraventricular nucleus, and 
laterall  hypothalamic area, whereas women had more nuclear ERa-ir 
inn the suprachiasmatic nucleus and ventromedial nucleus. No nuclear 
sexx differences in ERa were found, e.g., in the central part of the 
bedd nucleus of the stria terminalis. In addition to nuclear staining, 
ERa-irr appeared to be sex-dependently present in the cytoplasm 
off  neurons and was observed in astrocytes, plexus choroideus, and 
otherr non-neuronal cells. ERa-ir in Tl, S2, and S8 suggested that 
mostt of the observed sex differences in ERa-ir are "activational" 
(e.g.,, ventromedial nucleus/medial mamillary nucleus) rather than 
"organizational.""  Species similarities and differences in ERa-ir 
distributionn and possible functional implications are discussed. 

Sincee the early 1960s binding studies, in situ hybridization studies, and 
immunocytochemicall  studies have found a broad range of organs and estrogen-
responsivee target areas in vertebrates. These sites included reproductive tracts 
andd brain areas involved in reproduction; however, nonreproductive organs and 
brainn areas were also found to be sensitive to estrogens and other gonadal hor-
moness (Pfaff and Keiner, 1973;Kawata, 1995; Beyer, 1999; McE wen, 1999). It 
hass become clear from many experimental studies that estrogens play a crucial 
rolee during sexual differentiation of the developing nervous system by their 
"organizing""  effects and in adult brain function by their "activating" effects 
(Breedlove,, 1992;PanzicaetaL, 1995; Cooke etal., 1998; Gibbs and Aggarwal, 
1998;; Beyer, 1999; McEwen, 1999; Ishunina et al, 2000). The hypothalamus 
iss a crucial area for the regulation of reproductive and autonomic functions, 
biologicall  rhythms, eating, drinking, mood, and cognition (Swaab, 1997). The 
interactionn between sex hormones and their receptors may play an important 
rolee in the structural and functional sex differences in this vital brain area, e.g., 
inn reproduction, sexual orientation, and gender identity, and in the large sex 
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TABLEE 1. Clinicopathologic Data of Reference Subjects and Those With Different Estrogen Levels* 

NBBB no.- Sex Age PMD FT 
(years)) (hours: minutes) (days) 

Causee of death 

860322 F 33 41:00 20 Adenocarcinoma of the lung with several 
metastases s 

Acutee lymphoblastic leukemia 
Hepaticc coma by alcohol abuse 
Aneurysmm of the right middle cerebral 
artery,, bleeding in the ventricle system, 
herniationn of the medulla oblongata 
Cardiogenicc shock by acute myocardial 
infarction n 

B-celll  non-Hodgkin lymphoma, viral 
pneumonia a 

Sepsis,, pneumonia, pericarditis, cerebral 
edema a 

Multiplee cranium fracture, subdural he-
matoma,, cranial edema 
Bronchopneumonia,, pleurisy, lung abces 
Acutee myocardial infarction, familial 
hypercholesterolemia a 
Suicide e 

Estrogen-producingg feminizing adreno-
cortexx carcinoma 

800022 (S8) F 46 2.30 36 Bilateral ovariectomy; ovarium carci-
noma a 

*NBB,, Netherlands Brain Bank; PMD, postmortem delay; FT, fixation time; F, female; M, male; ND, not 
determined;; MFT, male-to-female transsexual. 

80008 8 

85027 7 

97055 5 

85041 1 

94040 0 

82020 0 

97075 5 

84023 3 

88035 5 

840200 (Tl) 

91005(S2) ) 

F F 

F F 

F F 

F F 

M M 

M M 

M M 

M M 

M M 

MFT T 

M M 

35 5 

29 9 

39 9 

28 8 

20 0 

27 7 

33 3 

37 7 

23 3 

50 0 

31 1 

8:00 0 

13:10 0 

72:00 0 

5:25 5 

8:00 0 

41:00 0 

18:45 5 

31:25 5 

65:00 0 

ND D 

34 4 

26 6 

60 0 

35 5 

44 4 

82 2 

40 0 

32 2 

100 0 

29 9 

30 0 

35 5 

differencess in the prevalence of neurologie, neuroendocrine, and psychiatrie 
diseasess (Swaab and Hofman, 1995; McEwen, 1999; Mufson et al., 1999; Liu et 
al.,, 2000; Fernandez-Guasti et al., 2000; Kruijver et al., 2000,2001). At present, 
twoo types of estrogen receptors are distinguished, ERoc and ER|3 (Kuiper et al., 
1996;; Mosselman et al., 1996). The present study describes in a systematic way 
thee rostrocaudal distribution of the classic estrogen receptor-a (ERct) in the 
humann hypothalamus and its relation to sex and endocrine status. 

MATERIAL SS AND METHOD S 

Subjects Subjects 
Thee brains of 10 control subjects (five male and five female), 20 to 39 years 

off  age, were obtained at autopsy within the framework of The Netherlands Brain 
Bank.. Permission was obtained for brain autopsies and for the use of tissue and 
medicall  records for research purposes. The same subjects also were used in an 
androgenn receptor mapping study (Fernandez-Guasti et al., 2000). In addition, 
threee aged-matched subjects with abnormal circulating levels of estrogens 
weree investigated (Table 1). These were a 50-year-old castrated and estrogen 
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Abbreviations s 

3V V 

ac c 

Ac c 

AR-ir r 

Astr r 

BLv v 

BST T 

BSTc c 

BSTI I 

BSTm m 

BSTp p 

CAL L 

Cd d 

chp p 

cp p 

DBB B 

DMN N 

DPe e 

EGP P 

ER R 

fx x 

hDBB B 

[NF F 

INAH-1 1 

ic c 

ithp p 

LKA A 

LMN N 

thirdd ventricle 

anteriorr commissure 

nucleuss accumbens 

androgenn receptor immunoreactivity 

asrocytes s 

bloodd vessel 

bedd nucleus of the stria terminalis 

centrall  BST 

laterall  BST 

mediall  BST 

posteriorr BST 

Callejaa islands 

caudatee nucleus 

choroidd plexus 

cerebrall  peduncle 

diagonall  band of Broca 

dorsomediall  hypothalamic nucleus 

periventricularr nucleus, dorsal zone 

externall  globus pallidus 

estrogenn receptor 

fornix x 

horizontall  limb of the diagonal band of Broca 
(Ch3) ) 

infundibularr (arcuate) nucleus 

interstitiall  nucleus of the anterior hypotha-
lamus-- 1 

internall  capsule 

inferiorr thalamic peduncle 

laterall  hypothalamic area 

lateromamillaryy nucleus or nucleus inter-

LS S 

LV V 

MB B 

MBC C 

ME E 

MMN N 

mPOA A 

NBM M 

NBMC C 

NTL L 

ot t 

OVLT T 

ox x 

PMN N 

PT T 

PV V 

PVN N 

SCN N 

SDN-POA A 

SON N 

ST T 

TM M 

TMvp/E3TMvp/E3 and 
TM/E3 3 

VMN N 

VPe e 

laterall  septum 

laterall  ventricle 

mamillaryy body 

mamillaryy body complex 

mediann eminence 

mediall  nucleus of the mamillary body 

mediall  preoptic area 

nucleuss basalis of Meynert (Ch4) 

nucleuss basalis of Meynert complex (con-
tainingg DBB, hDBB, and NBM) 

nucleuss tuberalis lateralis 

opticc tract 

organumm vasculosum lamina terminalis 

opticc chiasm 

premammaryy nucleus 

parateniall  nucleus of the thalamus 

paraventricularr nucleus of the thalamus 

paraventricularr nucleus 

suprachiasmaticc nucleus 

sexuallyy dimorphic nucleus of the pr-
eopticc area 

supraopticc nucleus 

striaa terminalis 

tuberomamillaryy nucleus/complex 

tuberomamillaryy complex, ventral per-
imamillaryy part 

ventromediall  hypothalamic nucleus 

periventricularr nucleus, ventral zone 

treatedd male-to-female transsexual (Tl; no. 84020), a 31-year-old man with a 
feminizingg adrenocortical carcinoma that produced very high estrogen levels 
(S2;; no.91005), and a 46-year-old woman with bilateral ovariectomy (S8; no. 
80002).. Tl had been castrated 6 years before death and was treated for the last 
22 years with estrogens (Ethinyloestradiol, 50 g, 2 dd; for more details about 
subjectss Tl and S2, see Kruijver et al., 2000; for clinicopathologic data, see 
Tablee 1). General pathology and neuropathology were performed at the Free 
Universityy of Amsterdam (by Dr. W. Kamphorst, Prof. F. C. Stam, or Prof. P. van 
derr Valk) or at the Academic Medical Center of the University of Amsterdam 
(byy Prof. D. Troost). The control subjects had no primary endocrine, neurologic, 
orr psychiatric disease. The stage of the menstrual cycle of the control women 
wass not known from the clinical records. 
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Fig.. 1. Estrogen receptor-a immunoreactivity in human female diagonal band of Broca neurons before 
(A)) and after (B) adsorption of the homologous peptide. Nuclear, cytoplasmic, and fiber stainings 
off  estrogen receptor-cc are completely eliminated. The inserts in A and B show neurons at a 1.5 x 
higherr magnification. Scale bar 100 u.M. 

Histologyy and immunohistochemistry 
Afterr autopsy the hypothalamus was fixed in 4% formaldehyde at room tem-

peraturee (for fixation time, see Table 1), dehydrated, and embedded in paraffin. 
Seriall  6-|J.m frontal sections were cut on a Leitz microtome. 

Paraffin-embeddedd sections of human hypothalamus were mounted on 
SuperFrost/Pluss (Menzel, Germany) slides and dried overnight on a hot plate 
att 58°C followed by 24-36 hours in an oven at 37°C. Along the hypothalamic 
rostrocaudall  axis each 100th section was selected for ERoc-immunoreactive 
(ERoc-ir)) staining. The sections were (1) deparaffinized and rehydrated by a 
seriess of decreasing ethanol concentrations; (2) rinsed in distilled water (2x5 
minutes);; (3) rinsed in Tris containing buffered saline (TBS; 0.05 mol/1, Tris-
0.9%% NaCL; pH 7.6; 3 x5 minutes; (4) soaked in a waterbath pretreated with 
0.05MM Tris-HCL buffer (pH 7.6) for 30 minutes at 90°C; (5) washed in TBS (2 
xx 5 minutes); (6) incubated in TBS-milk for 1 hour at room temperature (RT; 
TBS-milkk = 5% TBS-milk powder solution of a commercial milk powder; 
ELK,, Campina Melkunie, Eindhoven, The Netherlands); (7) washed in TBS 
(1x55 minutes); and (8) incubated with a primary polyclonal rabbit anti-ERoc 
antibodyy (MC-20) that recognizes the carboxy terminus epitope (i.e., C-termi-
nall  domain) of the ERa (Santa Cruz Biotechnology, Santa Cruz, CA, catalog 
no.. sc-542); the specificity of this ERa antibody has been characterized and 
documentedd by Fitzpatrick et al. (1999), O'Brien et al. (1999), Ishunina et al. 
(2000),, Saji et al. (2000), and Clarke et al. (2000), who found that the antibody 
MC-200 specifically recognizes ERa and that it does not cross-react with ER(3. 
Additionall  control studies were performed in the framework of our studies (see 
below).. The antibody was dilutedl:100 in sumi-milk (0.25 g of gelatin, 0.5 ml 
off  Triton X-100, and 5 g of milk powder in 100 ml of TBS, pH 7.6) for 1 hour 
att RT and overnight at 4°C. The next day, sections were (9) washed in TBS-
milkk (3 10 minutes); (10) washed in TBS (1 5 minutes); (11) incubated with 
secondaryy biotinylated anti-rabbit immunoglobulin G (Vector Laboratories, 
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Fig.. 2. A: Western blot of human hypothalamic tissue showing a band near 68 kDa (A) confirming the spe-
cificityy of the estrogen receptor-a antibody used (MC-20; Santa Cruz Biotechnology, Santa Cruz, 
CA;; catalog no. sc-542). B: No staining was detected when incubation with the primary antibody 
MC-200 was omitted. 

Burlingame,, CA) 1:200 in sumi-milk for 1 hour at RT; (12) washed in TBS-
milkk (3 x 10 minutes); (13) washed in TBS ( 1 x5 minutes); (14) incubated 
withh avidin-biotin complex (Elite ABC kit, Vector Laboratories), 1:800, in 
sumii  for 1 hour at RT; (15) rinsed in 0.05 M Tris-HCL (pH 7.6; 1x10 min-
utes);; (16) incubated in Tris-HCL containing 0.5 mg/ml 3,3-diaminobenzidine 
(Sigmaa Chemicals, St. Louis, MO), 0.01% H202, and 0.2% nickel ammonium 
sulphate;; (17) washed in Tris-HCL (2 x 10 minutes); and (18) dehydrated in 
gradedd ethanols, cleared in xylene, and coverslipped with Entellan mounting 
mediumm (Merck, Darmstadt, Germany). 

SpecificitySpecificity ofERa-ir 
Manyy data on the specificity of the ERa antibody MC-20 are provided in the 

literaturee (Azcoitia et al., 1999; Fitzpatrick et al., 1999; O'Brien et al., 1999; 
Clarkee et al., 2000; Ishunina et al., 2000; Saji et al., 2000; Su et al., 2001). No 
cross-reactivityy of the ERa antibody MC-20 with ER(3 proteins of rat ovary 
granulosaa cells and uterus tissue was observed by O'Brien et al. (1999) and 
Clarkee et al. (2000), respectively. Clarke et al. (2000) found that MC-20 stains 
aa 68-kDa, prominent, specific band for ERa in a western blot of pregnant rat 
uterinee tissue, which we confirmed in human hypothalamus tissue (Fig. 2; also 
seee below). Moreover, MC-20 specifically recognized baculovirus expressed in 
humann ERa, but not in ER(3, protein in an electrophoretic mobility shift assay 
(Fitzpatrickk et al., 1999). A number of observations on the specificity of MC-
200 used for our brain mapping studies can be added. Omission of the primary 
antibodyy showed no staining. Further, in a spot blot test, previously described 
byy Fernandez-Guasti et al. (2000) according to the technique of van der Sluis 
ett al. (1988), MC-20 recognized its blocking peptide on nitrocellulose paper 
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TABLEE 2. Median Intensity of Label for ER-ir in Several Regions of the Hypothalamus and Its Adjacent 
Areass in Males and Females* 

Malee Female 

DBB B 

NBMM (Ch4) 

hDBBB (Ch3) 
LS S 
BSTm m 

BSTc c 

BSTI I 
SDN-mPOA A 

mPOA A 

DPe e 
VPe e 

SCN N 
PVN N 

SON N 

CAL L 

Cd d 
PVV + PT 

BSTp p 
DMN N 

VMN N 
LHA A 

INF F 

NTL L 

EGP P 

LMN N 

MMN N 

TM M 

ic c 

n n 

-(5/5) ) 
+(5/5) ) 

++(5/5) ) 

++(5/5) ) 

++(5/5) ) 

+(5/5) ) 

+(5/5) ) 
++(5/5) ) 

+(5/5) ) 

++(5/5) ) 

++(5/5) ) 
++(5/5) ) 

++(5/5) ) 
++(5/5) ) 

++(5/5) ) 

+(5/5) ) 
++(5/5) ) 

++(5/5) ) 
+(5/5) ) 

+{5/5) ) 

++{5/5) ) 

++(5/5) ) 
+(4/5) ) 

-(5/5) ) 

++(5/5) ) 

+(4/5) ) 

+(5/5) ) 
+(3/5) ) 

c c 

+(5/5) ) 

++(5/5) ) 
+(5/5) ) 

+(5/5) ) 

+(5/5) ) 

+(5/5) ) 
+(5/5) ) 

+(5/5) ) 

+(5/5) ) 
+(5/5) ) 

+(5/5) ) 

+(5/5) ) 

++(5/5) ) 
++(5/5) ) 

-(5/5) ) 

+(5/5) ) 

+(5/5) ) 
+(5/5) ) 

+(5/5) ) 

+(5/5) ) 
+(5/5) ) 

++(5/5) ) 

+(4/5) ) 

-(5/5) ) 

++(5/5) ) 

++(4/5) ) 

++(5/5) ) 

+(3/5) ) 

f f 

-(5/5] ] 

-(5/5] ] 
-(5/5] ] 

-(5/5] ] 
-(5/51 1 

-(5/51 1 

-(5/5 5 

-(5/5] ] 
-(5/5 5 
-(5/51 1 

-(5/5 5 
-(5/5 5 

-(5/51 1 

-(5/5 5 
-(5/5 5 

-(5/5 5 

-(5/5 5 
-(5/5 5 

-(5/5 5 
-(5/5 5 

-(5/5 5 

-(5/5 5 

-(5/5 5 

-(5/5 5 
-(5/5 5 

-{5/5 5 

-{5/5 5 

-(3/5 5 

n n 

++(5/5) ) 
+(5/5 5 

++(5/5) ) 

++(4/5) ) 

+(5/5 5 
+(5/5 5 

+(5/5) ) 

+(5/5 5 
+(5/5 5 

+(5/5̂  ^ 

++(5/5 5 
+++(5/5 5 

+(5/5 5 

+(5/5 5 
++(5/5 5 

+(5/5 5 

II  ++(5/5 
++(5/5 5 

11 +(5/5 
>> ++(5/5 

>> +(5/5 
>> ++(5/5 
>> +(4/5 

>> -(4/5 
)) ++(4/5 

>> +++(4/5 

)) ++(4/5 

>> +(5/5 

c c 

+(5/5) ) 
+(5/5) ) 

+(5/5) ) 
+(4/5) ) 

-(5/5) ) 

-(5/5) ) 

-(5/5) ) 

+(5/5) ) 
+(5/5) ) 

+(5/5) ) 
+(5/5) ) 

-(5/5) ) 
+(5/5) ) 

+(5/5) ) 

-(5/5) ) 
+(5/5) ) 

+(5/5) ) 
+(5/5) ) 

-(5/5) ) 
-(5/5) ) 

+(5/5) ) 
-(5/5) ) 

+(4/5) ) 

-(4/5) ) 
+(4/5) ) 

++(4/5) ) 
++ (4/5) 

+(5/5) ) 

f f 

(5/5 5 
(5/5 5 

(5/5 5 

(5/5 5 

(5/5 5 
(5/5 5 

(5/5 5 

(5/5 5 
(5/5 5 

(5/5 5 
(5/5 5 

(5/5 5 
(5/5 5 

(5/5 5 
(5/5 5 

(5/5 5 

(5/5 5 
(5/5 5 

(5/5 5 
(5/5 5 

(5/5 5 

(5/5 5 

(4/5 5 

(4/5 5 
(4/5 5 

(4/5 5 
(4/5 5 

(5/5 5 

T hee category assigned to a given brain region corresponds to the predominant cell type according to 
thee following scale: -, no staining; +, staining diffuse and transparent; ++, staining not transparent but 
individuall  granules of the reaction product are distinguishable; +++, intense opaque staining, n, nuclear 
staining;; c, cytoplasmic staining; f, fiber staining. Fiber staining was rated according to the following 
scale:: ++, no positive fibers present; +, few fibers present; ++, moderate amounts of fibers; +++, many 
fibersfibers present. Proportions in parenthesis indicate number of subjects stained for that area/total number. 
Forr abbreviations of hypothalamic regions, see the Abbreviations list. 

byy showing the expected concentration gradient (Santa Cruz Biotechnology; 
blockingg peptide, catalog no. sc-542, lot no. C059). Subsequently, preadsorption 
off  the MC-20 antibody with its corresponding synthetic peptide was carried 
out,, and hypothalamic staining was performed. After adsorption of the pri-
maryy antibody to its blocking peptide, no staining was observed (Fig. 1). The 
differencess in distribution shown by the ERa antibody MC-20 and the ERfi 
antibodyy N-l 9 in the hypothalamus, pituitary, ovary, and testis also support the 
specificityy of these antibodies (Ishunina, et al., 2000; Kruijver et al., 2003). 
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Further,, with two different ERa antibodies, C-314 (N-terminus directed;Santa 
Cruzz Biotechnology; catalog no. sc-786; anti-bovine ERa; lot no. J278; see also 
Goldsmithh et al., 1997) and MC-20 (C-terminus directed), similar distribution 
patternss were displayed in the human hypothalamus. In addition, a different 
stainingg pattern was found according to sex and age for ERa and ERfJ, e.g., in 
thee supraoptic nucleus (SON; Ishunina et al., 2000). In that study, a shift from 
neuronall  nuclear to cytoplasmic ER(3 was observed in the SON of menopausal 
women,, whereas the reverse pattern from cytoplasmic to nuclear staining for 
ERa-irr occurred. This not only supports the specificity of the ERa and ER|3 
staining,, but also indicates that the levels of ERa or ERfJ in the SON may be 
regulatedd differently in response to estrogen plasma concentrations. 

AA western blot was performed on human hypothalamic tissue to determine 
whetherr the anti-ERa antibody MC-20 recognizes a protein band around 68 
kDa,, as shown by Clarke et al. (2000). For this purpose the hypothalamus of 
aa 73-year-old male control subject (no. 96-052) was obtained at autopsy ac-
cordingg to the protocol of the Netherlands Brain Bank, quickly frozen in liquid 
nitrogen,, and subsequently stored at 80°C. Apiece, approximately 1 mm3, of 
thee hypothalamus was taken and transferred to an Eppendorf tube containing 
5000 yi\ of suspension buffer (0.1 MNaCl, 0.01 MTris-HCl [pH 7.6], 0.001 M 
ethylenediaminetetra-aceticc acid [pH 8.0], 100 jig/ml phenylmethylsulfonyl 
fluoride,, and 10 fig/ml of leupeptin). The tissue was homogenized by using an 
ultra-turraxx and spinned down/centrifuged for 5 minutes at 14,000 rpm and 4°C. 
Thee protein concentration of this sample was measured in a Bradford assay by 
usingg bovine serum albumin standards. 

Thee sample was diluted in suspension buffer to a final concentration of 133 
jag/ml.. The protein sample was then mixed with an equal volume of 2x loading 
bufferr (100 mM Tris-HCl, pH 6.8), 200 mM dithiothreitol, 4% sodium dodecyl 
sulfate,, 0.2% bromophenol blue, 20% glycerol; resulting in a final concentra-
tionn of 1 (j.g of protein/lane), boiled for 5 minutes, loaded on a 7.5% sodium 
dodecyll  sulfate polyacrylamide gel, and run at 30 mA, 250 W, in running buffer 
(0.755 M, pH 8.8). 

Gelss were semi-dry blotted (Whatmann filter paper soaked in Townin buffer 
[0.0255 M Tris-HCl, 0.038 M glycine, 20% methanol, v/v] on nitrocellulose paper 
(poree size, 0.45 urn) for 1 hour at 100 mA, 100 V, and 250 W. The nitrocellulose 
sheetss were baked in an oven set at 95°C for 10 minutes, rinsed in TBS-Tween 
(TBST;; 0.15 M NaCl, 0.065 M Tris-HCl [pH 7.5], 0.05% Tween-20) for 10 
minutes,, blocked in 0.5% normal goat serum in TBS-Tween for 1 hour at RT, 
incubatedd in anti-ERa antibody at 1:600 (MC-20; Santa Cruz Biotechnology; lot 
no.. L299) in TBST for 1 hour at RT followed by an overnight incubation at 4°C. 
Thee next day the nitrocellulose sheets were rinsed in TBST (2x10 minutes), 
incubatedd in the second conjugated antibody (swine anti-rabbit immunoglobulins 
conjugatedd to horse radish peroxidase; Dako P2017, Buckinghamshire, UK) 
1:10000 in TBST for 1 hour at RT, rinsed inTBST (2x10 minutes) and incu-
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ERR a Nuclear 

Females s 

Fig.. 3. Frontal sections from rostral to caudal through the human hypothalamus. These schemes illustrate 
thee distribution of the median values of the intensity of nuclear estrogen receptor- staining in young 
malee (n = 5) and female (n = 5) brains at ages 20-40 years. Note the region-dependent sex differ-
ences.. For abbreviations in all figures, see the Abbreviations list. 

batedd in Lumi Light Western Blotting Substrate solution (Roche, Almere, The 
Netherlands)) for 5 minutes under dark conditions. For detection of the signal, 
thee nitrocellulose sheets were exposed to Lumi Chemiluminescent Detection 
Filmm (Boehringer Mannheim, Mannheim, Germany) for 15 minutes,developed 
inn D-19 developer (Eastman Kodak, Rochester, NY) for 4 minutes, rinsed in 
runningg tap water, and fixed in Maxfix (Eastman Kodak). 

Ass a negative control, blots from the same run containing the same hypotha-
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lamicc sample also were baked and blocked but incubated in TBST without 
primaryy antibody. The next day blots were rinsed in TBST and processed with 
thee other blots. 

Thiss western blot on human hypothalamic control brain material showed 
onlyy a positive band around the expected 68 kDa weight (Fig. 2). No band was 
observedd near 54 kDa, where the prominent ERJ3 band is present (cf. Kruijver 
ett al., 2003). 

AnalysisAnalysis of the ER-a staining intensity 
Thee sections were rated for staining intensity by three independent investiga-

torss according to the methods and standards previously described by our group 
(Fernandez-Guastii  et al., 2000). The few differences in rating were agreed to by 
consensus.. The category assigned to a given brain region corresponded to the 
predominantt cell type within the field of view according to the following scale: 
-,, no staining; +, staining diffuse and transparent; ++,staining nontransparentbut 
individuall  granules of the reaction product are distinguishable; and +++, intense 
opaquee staining. The staining range was established in the cytoplasm and the 
nucleus,, and the median values were scored (in accordance to the methods and 
standardss described in Fernandez-Guasti et al., 2000; Table 2). Fiber staining 
wass rated according to the following scale: -, no positive fibers present; +, few 
fibersfibers present; ++, moderate amounts of fibers; and +++, many fibers present. 
Thee estimates were made at three different microscopic magnifications with 
2.5x,, 1 Ox, and 40x objectives. The brain regions containing ERoc-ir were identi-
fiedd with the help of maps of coronal sections of the human and primate brains 
(Mesulamm et al., 1983; Mai et al., 1997) and antipeptide antibodies as markers 
forr the different hypothalamic cell groups (cf. Swaab, 1997). 

Statistics Statistics 
Groupp comparisons for postmortem delay, fixation time, and age were made 

withh the nonparametric Mann-Whitney U test at the two-tailed level. Differ-
encess were considered significant at P< 0.05. 

PhotomPhotom icrographs 
Photomicropraphss were made with the help of an IBAS image analysis 

systemm (Kontron Elektronic, Munich, Germany). 

RESULTS S 

SpecificitySpecificity of the ERoL-staining 
Noo statistical differences were present between males and females for post-

mortemm delay, fixation time, or age (P= 0.70, 0.35, and 0.20, respectively), so 
thee reported median sex differences cannot be confounded by these parameters. 
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Fig.. 4. Frontal sections from rostral to caudal axis through the human hypothalamus. These schemes illustrate 
thee distribution of the median values of the intensity of cytoplasmic estrogen receptor-staining in 
youngg male (n = 5) and female (n = 5) brains at ages 20^10 years. Note the region-dependent sex 
differences. . 

Inn addition, no relation was found between the nature of death and ERa-ir. 
Neitherr a long postmortem delay (up to 72:00 hours) nor a long fixation time 
(upp to 100 days) appeared to have affected the ERa-ir (cf. Fodor et al., 2002). 
Forr instance, patient no. 97055 had a similar ERa expression pattern as patient 
no.. 85041, despite the fact that their postmortem times varied from 72:00 to 
5:255 hours. Such a stability was also observed for the hypothalamic androgen 
receptorr immunoreactivity (AR-ir) in the same patients (Fernandez-Guasti et 
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al.,, 2000). However, ERa-ir in subjects with abnormal changes in circulating 
estrogenn levels (Tl, S2, and S8) suggested an effect of endocrine status on 
ERa-irr (see below). 

Wee previously observed similar effects of circulating androgens on human 
hypothalamicc AR-ir (Kruijver et al., 2001). 

ERERaa distribution in the human hypothalamus 
Thee results of scoring the intensity of nuclear and cytoplasmic ERa-ir are 

summarizedd in Table 2 and Figures 3 and 4. In the present section the distribu-
tionn of nuclear ERa-ir is briefly described in some of the hypothalamic areas. 
Mediumm to strong nuclear ERa-ir was observed in the mamillary body and 
suprachiasmaticc nucleus (SCN). The lateral septum (LS), horizontal limb of 
thee diagonal band of Broca (hDBB), ventral zone of the periventricular nucleus 
(VPe),, infundibular nucleus (INF), tuberornamillary nucleus/complex (TM), and 
lateromamillaryy nucleus (LMN) showed labeling with an intermediate intensity. 
Inn the DBB (DB area according to the human atlas by Mai et al., 1997), the 
sexuallyy dimorphic nucleus of the preoptic area (SDN-mPOA), dorsal zone of 
thee periventricular nucleus (DPe), paraventricular nucleus (PVN), SON, ven-
tromediall  hypothalamic nucleus (VMN), and lateral hypothalamic area (LHA), 
neuronss with a low to medium nuclear staining intensity were observed. Weak 
nuclearr ERa staining intensity was foundd in the central part of the bed nucleus of 
thee stria terminalis (BSTc), nucleus basalis of Meynert (NBM), medial preoptic 
areaa (mPOA), dorsomedial hypothalamic nucleus (DMN), and nucleus tuberalis 
lateralis.. In a few subjects strong nuclear staining was detected in the nucleus 
accumbenss (Fig. 12 A), but this region was not systematically scored because it 
wass not available for all subjects. The area of the premamillary nucleus could 
bee identified only in a few cases but had a strong nuclear ERa-ir. 

Inn the BST, LS, islands of Calleja, Cd, ic, external globus pallidus, DBB, 
hDBB,, NBM, SDN-mPOA, DPe, VPe, PVN, SON, VMN, DMN, TM, LHA, 
INF,, paraventricular nucleus of the thalamus (PV), paratenial nucleus of 
thethalamuss (PT), medial nucleus of the mamillary body (MMN), and LMN, 
neuronss with none to medium cytoplasmic staining intensity were observed 
(Tablee 2 and Fig. 4). 

MC-200 sometimes demonstrated ERa-ir in fibers in the organum vasculo-
summ lamina terminalis, hDBB, or median eminence (ME; see Fig. 10C) and the 
SDN-mPOAA (same as SDN-POA in, e.g., Fig. 8A). ERa-ir vascular smooth 
musclee cells and endothelial cells also were observed (Fig. 12B). In addition, 
ERaa expressing astroglia cells were found such that immunoreactivity was 
clearlyy visible in the nucleus, cytoplasm, and processes (Fig. 9B). ERa+ as-
trogliaa cells often were found in the areas adjacent to the lateral walls of the 
laterall  ventricles and sometimes adjacent to the third ventricle. Ependymal 
cellss and plexus choroideus cells were positive between ERa- cells (Fig. 10A; 
cf.. Langub and Watson, 1992). 
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SexSex differences in neuronal ERa distribution 
Nuclearr staining. Sex differences were observed in the rostral part of the 

hypothalamuss in the DBB and SCN, where female brains showed clear and 
intensee nuclear staining and male brains had no such staining in the DBB and 
intermediatee labeling of the SCN (Table 2, Figs. 3, 6E,F, 8C). Other sex differ-
encess were found in the SDN mPOA,DPe, PVN, and SON, where male brains 
demonstratedd clear nuclear staining (Figs. 8A,B,E,F,9A,C, 11) and female brains 
showedd only weak labeling in these areas. No sex differences for nuclear ERa 
stainingg were observed in the LS, BSTc, islands of Calleja, NBM, hDBB, VPe, 
posteriorr part of the BST, PT, and PV of the thalamus (for ERa-ir in some of 
thesee areas, see Figs. 7A,B,10B,D). 

Att the tuberal level, a sex difference was found in theVMN, with female brains 
showingg stronger staining (Fig. 13A,B). Conversely, the LHA demonstrated 
strongerr nuclear staining in male brains. The DMN, INF, and nucleus tuberalis 
lateraliss did not display sex differences in nuclear ERa labeling (Fig. 3). 

Inn the caudal part of the hypothalamus, a clear sex difference was observed 
inn the MMN, with female brains displaying intense staining and male brains 
displayingg weak nuclear staining (Figs. 3, 14A,B). Sex differences in nuclear 
ERaa expression were not seen in the LMN and TM (Fig. 3; see Table 2 and 
Fig.. 14E,F for ERa-ir in TM and LHA neurons). 

CytoplasmicCytoplasmic staining. 
Sexx differences in the cytoplasmic distribution of ERa were detected in the 

BST,, SCN, NBM, PVN, and SON, which showed stronger labeling in male 
brainss (Figs. 4, 5A,B, 7A,B, 9C). 

Att the tuberal level, the INF and TM displayed sex differences, with male 
brainss showing stronger cytoplasmic labeling than female brains in the TM and 
femalee brains showing no such staining the INF (Fig. 14C). At the posterior 
level,, an ERa-ir sex difference was seen in the LMN, with stronger cytoplasmic 
stainingg in male than in female brains. The MMN produced an equally strong 
ERaa cytoplasmic labeling in both sexes (Table 2 and Fig. 4). 

DifferencesDifferences in neuronal EROL distribution in relation to endocrine 
status status 

Somee brain areas of subjects with abnormal estrogen levels (Tl, S2, and S8; 
Tablee 1) seemed to display clear differences when compared with their genetic 
matches.. For the genetic male subjects with relatively high circulating levels 
off  estrogens (Tl and S2), nuclear ERa-ir appeared to be clearly expressed at 
femalee levels in areas such as the VMN and MMN (Fig. 14C), whereas strik-
inglyy less nuclear ERa-ir seemed to occur in the SON, NBM (Figs. 6C, 7E,F) 
andd ventral perimamillary part of the TM (TMvp/E3 or TM/E3 in Fig. 14F; E3 
accordingg to Fekete et al., 1999). In contrast, the brain of the ovariectomized 
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womann (S8) had more intense nuclear ERa-ir in the NBM, PVN, SON, LHA, 
andd ventral perimamillary part of the TM (Fig. 14E), whereas less intense 
ERa-irr was present in the LS, SCN, and the posterior part of the BST, with an 
intermediatee male-like pattern in the MMN. In addition, Tl had a strong ERa-ir 
inn neurons of the DMN, LS, and PV/PT of the thalamus, with a complete lack 
off  such a staining in the NBM of the cholinergic system (Figs. 6A,7E). The 
ERa-irr in the BSTc and SDN of Tl and S2 was not clearly different from that 
off  their genetic matches (Figs. 8A, 11 A). 

DISCUSSION N 
Thee present study of the human hypothalamus showed that ERa is present in 

thee nucleus, cytoplasm, and cellular processes of neurons, glial cells, ependyma, 
choroidd plexus, and vascular cells. Sex differences in neuronal ERa-ir were found 
inn various hypothalamic and adjacent areas that seemed to be predominantly 
basedd on "activating" rather than "organizing" effects of steroid hormones, as 
indicatedd by observations in subjects with abnormal estrogen levels. 

ERöL-irERöL-ir and its different subcellular and cell type stainings 
Thee classic concept concerning the action of estrogens is that they bind to 

ERss in the cytoplasm, followed by translocation of the resulting complexes to 
thee nucleus, where they start to function as transcription factors altering gene 
expressionn (Kawata, 1995). However, additional mechanisms of action have 
recentlyy emerged indicating that cytoplasmic and/or membrane-bound ERs can 
crosstalkk with second-messenger pathway systems (Beyer, 1999; Collins and 
Webb,, 1999; Toran-Allerand et al., 1999; Clarke et al., 2000; Kelly and Levin, 
2001;; McEwen et al, 2001; Vasudevan et al., 2001). Not only differences in 
nuclearr ERs but also differences in cytoplasmic ERs may have a functional 
meaningg as illustrated by the shift from cytoplasmic to nuclear and vice versa 
off  ERs in the SON (Ishunina et al., 2000). ERa-ir was detected in vitro by MC-
200 in the cytoplasm of hippocampal neurons isolated from rat fetuses (Clarke 
ett al., 2000). Although ERs were considered to accumulate only in the nucleus 
(cf.. Kawata, 1995), considerable ERa-ir has been observed with various other 
antibodiess in the cytoplasm and dendritic processes of neurons in the primate 
brainn (Goldsmith et al., 1997), guinea pig brain (Blaustein and Turcotte, 1989; 
Blausteinn and Olster, 1993), rat brain (Blaustein, 1992), domestic pig brain (Van 
Leeuwenn et al., 1995), cow brain (van Eerdenburg et al., 2000), and the cat 
brainn (Vander Horst et al., 2001). In humans nuclear and ERa stainings in the 
cytoplasmm and processes of neurons have been reported in some hypothalamic 
structuress (Donahue et al., 2000). It should be emphasized that cytoplasmic 
stainingg of steroid receptors is not restricted to ERs but appears to be a gen-
erall  phenomenon that has been observed for glucocorticoid, androgen, and 
progesteronee receptors in the rodent and human brains (Blaustein and Olster, 
1993;; Webster et al., 1994; Wood and Newman, 1993, 1999; Puy et al., 1995; 
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Fig.. 5. Estrogen receptor- immunoreactivity (ERa-ir) in the human bed nucleus of the stria terminalis (BST). 
Moree cytoplasmic ERa-ir was observed in the male central part of the BST (BSTc) neurons (A; ar-
rows)) than in female BSTc neurons (B). C: ERa-ir in the lateral part of the BST (BST1). D: Frontal 
rostralmostt slice through the hypothalamus. More intense nuclear ER-ir is seen in the medial part 
off  the BST (BSTm) in males (E) than in females (F). Scale bar = 100 LXM in A-C, E, and F. 

101 1 



WW f 

DBB B DBB B 
-- :lfe 

Fig.. 6. (A)) Intense opaque estrogen receptor-a immunoreactivity (ERa-ir) in later septum (LS) neurons 
off  an estrogen-treated male-tofemale transsexual (Tl). The strong staining (A) between neurons is 
duee predominantly to ERa-ir in small LS capillaries and fibers and not to "nonspecific" background 
stainingg (B). No such intense staining is present in LS neurons of a male control. C: Intense nuclear 
stainingg of a small horizontal limb of the diagonal band of Broca (hDBB; Ch3) neuron (arrows) 
surroundedd by larger nucleus basalis of Meynert (NBM; Ch4) neurons with a striking lack of such 
nuclearr staining. D: Frontal rostralmost slice through the hypothalamus. Note the sex difference in 
DBBB staining, with stronger nuclear ER-ir in females (E) than in males (F). Scale bar = 20 uM in 
A,B,, 100 |IMM in C,E,F. 
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Fig.. 7. A,B: The sex difference in cytoplasmic estrogen receptor-immunoreactivity (ERa-ir) of the nucleus 
basaliss of Meynert (NBM orCh4) neurons as represented by a male (no. 94040; A) and a female (no. 
80008;; B). C: Conspicuous nuclear ERa-ir in NBM neurons of another control male (no. 88035). 
D:: Frontal rostralmost slice through the hypothalamus. The variability in cytoplasmic ERa-ir (A) 
versuss nuclear ER-ir (C) may be due, at least in part, to the subjects' endocrine status, as shown 
byy the lack of nuclear ERa-ir in NBM neurons of a castrated and estrogen-treated male-to-female 
transsexuall  (Tl ; E) and of nuclear ERa-ir in NBM neurons of a man with high estrogen levels due 
too an adrenal cortex tumor (S2; F). Scale bar = 100 uM in A-C,E,F. 
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Fernandez-Guastii  et al., 2000; Kruijver et al., 2001; Kruijver and Swaab, 2002). 
Thee presence of ERa-ir in axons and dendrites confirms similar observations 
byy others (Blaustein and Turcotte, 1989; Blaustein, 1992; Blaustein and Olster, 
1993;; Wagner et al., 1998; Clarke et al., 2000; Donahue et al., 2000, Milner 
ett al., 2001; McEwen et al., 2001). Neuritic ERs may be implicated in loca 
nongenomicc processes such as estrogen-promoted synaptogenesis (Matsumoto 
andd Arai 1976; McEwen et al., 2001), the maintenance of neuronal electrical 
sensitivityy (Kelly et al., 1978), and the growth and arborization of dendrites 
(Toran-Allerand,, 1991) and neurotransmission (Herbison, 1997). According to 
thee proposed different modes of action of steroids, the staining in the cytoplasm 
andd (membrane-bound) neuronal processes may represent not only unoccupied 
butt also occupied forms of ERa that can become effective. Membrane-bound 
(Razandii  et al., 1999) or cytoplasmic ERs can become effective by crosstalks 
off  ERs with second-messenger pathway systems such as the cyclic adenosine 
monophosphatee and mitogen-activated protein kinase signaling pathways or 
thee local regulation of calcium availability (Beyer, 1999; Collins and Webb, 
1999;; Toran-Allerand et al., 1999; Kelly and Levin, 2001; McEwen et al., 2001; 
Vasudevann et al., 2001) 

Thee presence of ERa-ir in ependymal cells (Donahue et al., 2000), periv-
entricularr astrocytes (Fig. 9B), and choroid plexus (chp in Fig. 10A) may be a 
basiss for estrogen effects on the barrier between the brain and the cerebrospinal 
fluidd or its formation. 

Thee presence of ERa in vascular endothelial and smooth muscle cells of 
arteriess and veins as observed in our studies (Fig. 12B) and those of others 
(Karass et al., 1994; Losordo et al., 1994; Venkov et al, 1996; Kim-Schulze 
ett al., 1996; Taylor and Al-Azzawi, 2000) may contribute to the protective 
effectss of estrogens on blood vessels (Lafrati et al., 1997; Chen et al., 1999). 
Inn this respect, it is important to note that estrogens protect against cardiovas-
cularr disease in premenopausal women, whereas menopausal women without 
replacementt therapy show an enhanced prevalence of cardiovascular disease 
(reviewedd by Mendelsohn and Karas, 1999). 

Astrogliall  cells are sensitive to sex hormones early in development and in 
adulthoodd (Fig. 9B) and have been implicated in "organizational" and "activa-
tional""  effects on synapse plasticity and sex steroid-mediated neuroprotective 
effectss (Garcia-Segura et al., 1999, 2001; Mong et al., 1999). 

ERaERa distribution in different species 
Thee distribution of ERa in the vertebrate brain has been studied extensively 

inn quite a number of species including the rat (Simerly et al., 1990; Lisciotto 
andd Morrell, 1993; Shughrue et al., 1997; Laflamme et al., 1998), the Brazilian 
opossumm (Fox et al., 1991), the female musk shrew (Dellovade et al., 1992), the 
hamsterr (Li et al., 1993), the cow (Van Eerdenburg et al., 2000), the pubertal non-
humann primate (Goldsmith et al., 1997), the adult nonhuman primate (Herbison 
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Fig.. 8. A,B: Sex difference in estrogen receptor- immunoreactivity (ERa-ir) of the sexually dimorphic 
nucleuss (SDN) of the preoptic area (same as the interstitial nucleus of the anterior hypothalamus-1), 
withh stronger nuclear staining in males (A) than in females (B). Note the relatively strong ER-ir in 
neuritess (A; arrows). C: ERa-ir in suprachiasmatic nucleus (SCN) neurons. D: Frontal rostralmost 
slicee through the hypothalamus. E,F: Sex difference in nuclear ERa-ir of paraventricular nucleus 
(PVN)) neurons, with a stronger staining in males (E) than in females (F). Scale bar = 100 u.M in 
A-C,E,F. . 
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ett al., 1995; Blurton-Jones et al., 1999), and the adult human (Donahue et al., 
2000;; Österlund et al., 2000; present study). The degrees to which the reported 
speciess differences and different observations within one species are in fact due 
too differences in endocrine status or sex is not clear from the literature. 

Althoughh many ERa+ neurons have been found in the human NBM (Dona-
huee et al., 2000), the nonhuman adult primate brain (Blurton-Jones et al., 1999) 
containss littl e ERa-ir in the NBM, which is consistent with our results and in 
situu hybridization (ISH) data in the rat brain (Shughrue et al., 1997). Clear 
ERcxx expression was observed by ISH in the rat DBB, hDBB, and islands of 
Callejaa (Laflamme et al., 1998), which is in accordance with our human study. 
Thee lack of a sex difference in ERa-ir in human LS neurons (present study) 
fullyy agrees with the lack of such a sex difference as reported by a recent study 
inn rat (Tsukahara and Yamanouchi, 2002). However, in contrast to that study, 
ERa-irr in human LS neurons seemed to be influenced by circulating estrogen 
levelss (present study; Fig. 6A,B). 

AA strong ERa immunocytochemical (ICC) staining was observed in the 
DBBB of the female cynomolgus monkey hypothalamus (Goldsmith et al., 
1997),, which agrees with our present findings in humans (Fig. 6E,F). The weak 
labelingg in the DBB (Österlund et al., 2000), as found by ISH in mainly male 
humann subjects, was confirmed by our data (Fig. 6F). In a number of species, 
highh ERa expression has been found in the BST area by ICC (Fox et al., 1991; 
Lii  et al., 1993; Herbison et al., 1995) and ISH (Lisciotto and Morrell, 1993; 
Shughruee et al., 1997). In contrast, low to moderate ERa expression was found 
inn the rat BST by ISH (Laflamme et al., 1998), the nonhuman primate brain by 
ICCC (Blurton-Jones et al., 1999), and the human brain by ICC (present study) 
andd ISH (Österlund et al., 2000). 

Thee preoptic area consistently shows high expression of ERa throughout 
severall  species, including adult nonhuman primates (Blurton-Jones et al., 1999), 
thee female musk shrew (Dellovade et al., 1992), the Brazilian opossum (Fox 
ett al., 1991), hamsters (Li et al., 1993), and male rats (Lisciotto and Morrell, 
1993).. In agreement with these data, clear ERa expression was observed in 
thiss area in the human brain ISH (Österlund et al., 2000) and ICC (Donahue et 
al.,, 2000; present study; Figs. 8, 11). 

Inn the SCN, one ISH study in the rat (Laflamme et al., 1998) found robust 
expressionn of ERa mRNA, which corresponds well with our data in humans 
(cf.. Kruijver and Swaab, 2002; Fig. 8C), whereass other ISH studies in the rat 
foundd no such hybridization signal in this area (Simerly et al., 1990; Shugh-
ruee et al., 1997). With the use of MC-20, ERa-ir was found in the neonatal 
rat,, adult rat, and guinea pig SCN (Su et al., 2001; Kaiser et al., unpublished 
observations). . 

Thee SON and PVN were largely devoid of ERa in the rat brain (Laflamme 
ett al., 1998; Shughrue et al., 1997, 1998), but these areas showed clear ERa 
expressionn by ICC in the female musk shrew (Dellovade et al., 1992), the non-
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Fig.. 9. A: Strong selective nuclear estrogen receptor- immunoreactivity (ERa-ir) in the magnocellular 
supraopticc nucleus (SON) neurons of a male subject with an almost complete lack of cytoplasmic 
staining.. Inset: Higher magnification of nuclear positive and negative ERa-ir in magnocellular 
SONN neurons. Note the absence of nuclear ERa-ir in an adjacent magnocellular neuron (arrow). 
B:: ER-ir in astrocytes in the rostral chiasmatic area along the third ventricle as is demonstrated in 
aa male subject with high endogenous estrogen levels due to carcinoma of the adrenal cortex (S2). 
Insett shows in an astrocyte at a higher magnification. C: Strong nuclear and cytoplasmic ERa-ir 
inn SON neurons of a male control patient. D: Frontal rostralmost slice through the hypothalamus. 
Scalee bars 100 M in A,C, 20 uM in B and insets in A,B. 
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humann primate (B lurton-Jones et al., 1999), and the pubertal female cynomolgus 
monkeyy hypothalamus (Goldsmith etal., 1997). However, the SON in the adult 
femalee cynomolgus monkey did not demonstrate ERa-ir (Herbison et al, 1995). 
Inn the adult human hypothalamus clear ERa-ir was present in the SON and P VN 
inn a sexual dimorphic pattern (Ishunina et al., 2000; present study; see below 
andd Figs. 8E,F, 9A,C). Interestingly, the human SON and PVN also showed a 
robustt ERa expression pattern by ISH (Österlund et al., 2000). 

Thee VMN and the INF/ME regions consistently display strong ERa ex-
pressionn in various species (Fox et al., 1991; Dellovade et al., 1992; Li et 
al.,, 1993; Lisciotto and Morrell, 1993; Herbison et al., 1995; Goldsmith et 
al.,, 1997; Blurton-Jones et al., 1999) including humans (Ranee et al, 1990; 
Ranee,, 1992; Österlund et al, 2000; Donahue et al, 2000; present study). A 
largee number of ERa-labeled cells was found in the ME of the nonhuman 
primatee brain (Blurton-Jones et al, 1999). In the present study, we observed 
largee numbers of ERa-ir cells and extensive beaded fiber stainings in the ME 
inn some subjects (Fig. 10C). 

Thee DMN showed low levels of ERa mRNA in the rat brain (Laflamme 
ett al, 1998; Shughrue et al, 1997) and a low density of ERa-ir cells in the 
femalee musk shrew (Dellovade et al, 1992), female cynomolgus monkey 
(Herbisonn et al, 1995), and the Brazilian opossum (Fox et al, 1991) similar 
too that observed in the human brain (present study). However, large numbers 
off  ERa-labeled cells were found in this region in the nonhuman primate brain 
(Blurton-Joness et al, 1999). 

Consistentt with the current observations in the TM (Fig. 14E), clear ERa 
expressionn was detected in the rat by ICC (Fekete et al, 1999) and ISH 
(Laflammee et al, 1998). 

Att the caudal level, ERa was expressed at the mRNA or protein level in 
thee adult rat (Shughrue et al, 1997) and female cynomolgus monkey MMN 
(Herbisonn et al, 1995), whereas strong nuclear ERa-ir was observed in the 
mamillaryy bodies in the female pubertal cynomolgus monkey (Goldsmith et 
al,, 1997) and the female adult human brain (Donahue et al, 2000; present 
study;; Fig. 14A). In addition, the rostrocaudal distribution pattern of ERa-ir 
inn the human hypothalamus as reported in the present study is in good agree-
mentt with initial estrogen-binding studies done in rodent, squirrel, and rhesus 
monkeyy brains in the mid-1970s (Keefer and Stumpf, 1975; Pfaff et al, 1976; 
Warembourg,, 1977). In conjunction with the present study, the squirrel mon-
keyy study by Keefer and Stumpf (1975) reported estrogen-concentrating cells 
inn the nucleus paraventricularis, supraopticus, periventricularis, and islands 
off  Calleja, and autoradiographic labeling was reported in the mPOA, medial 
anteriorr hypothalamus, ventromedial hypothalamus, INF (arcuate), and limbic 
BSTT in the rhesus monkey (Pfaff et al, 1976). 
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Fig.. 10. A: Nuclear estrogen receptor- immunoreactivity (ERa-ir) in choroid plexus cells of the lateral 
ventricless above the anterior commissure. Arrows point to negative nuclei adjacent to strong nu-
clearr ERa-ir in neighboring cells. B: ERa-ir in neurons of paraventricular/paratenial nuclei of the 
thalamuss (PV/PT). C: Nuclear ER staining in median eminence (ME) cells and ERa-ir in beaded 
fiberss throughout the ME. D: Nuclear ER-ir in islands of Calleja (CAL). Scale bar = 25 \xM in A, 
lOOijMinB-D . . 
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DifferencesDifferences in relation to sex and endocrine status 
Thee reported sex differences in ERs as shown in the adult rat brain (Kiih-

nemannn et al, 1994) show similarities and differences with the present data. 
Inn agreement with the strong nuclear ER staining observed in the humanVMN 
andd INF (arcuate nucleus), the adult female rat VMN and INF also display 
clearr ER binding in a similar sex-specific way as we found for both areas with 
ERa-irr (stronger nuclear ERa-ir in the female VMN and no nuclear ERoc sex 
differencee in the INF). In contrast to the ER sex differences in the rodent and 
domesticc pig that were stronger in the female periventricular nucleus, MPO, 
andd BST (Kühnemann et al., 1994; Van Leeuwen et al., 1995; Yokosuka et al., 
1997),, we found more nuclear ERa-ir in the male DPe and SDN-POA, whereas 
aa cytoplasmic sex difference was found in the male BST as demonstrated by 
strongerr staining (Figs. 4, Fig. 5A,B). We previously reported a similar sex 
specificc pattern in these three areas for nuclear AR-ir (Fernandez-Guasti et al., 
2000).. Aromatization (Lephart, 1996; Hutchison, 1997; Fusani et al., 2000; 
Balthazartt et al., 2001) might contribute to the stronger nuclear ERa-ir in men 
andd may explain the larger amounts of cytoplasmic ERa in men than in women 
withh regard to the BST, SCN, NBM, INF, TM, and LMN. Reported data on the 
ICCC localization of this enzyme in the human brain are currently lacking. 

Variouss animal and human studies have shown that ERs can be down- or up-
regulatedd by circulating levels of estrogens in a region-dependent way (DonCarlos 
etal.,, 1995; Sisk and DonCarlos, 1995; Zhou etal, 1995b; Weilandetal., 1997; 
Williamss et al., 1997; Ishunina et al., 2000; Gahr, 2001), so the hypothalami of 
aa few rare cases with well-documented abnormal estrogen levels were studied. 
Thee differences in ERa-ir in these subjects appeared to provide an indication 
off  the potential activating effects of estrogens on hypothalamic ERa-ir. In this 
respect,, it is of particular interest to note that the female expression pattern of 
ERa-irr in the VMN and MMN of the genetic male subjects (Tl) and (S2; Fig. 
14C)) seemed to be due to their higher circulating estrogen levels, even though 
inn these subjects no clear changes were found in the BSTc, SDN, or DBB, and 
aa strikingly weak ERa-ir was found in the NBM (compare Figs. 7E, 8A, 11 A). 
Thesee data seem to suggest that, in addition to the differential activational ef-
fectss of estrogen on ERa-ir, other estrogen-independent, regulatory mechanisms 
(e.g.,, at the organizational level) might be involved in the regional control of 
somee ERa-ir sex differences (for activational effects of androgens on nuclear 
AR-irr in the caudal human hypothalamus, see Kruijver et al., 2001). 

PotentialPotential functional implications 
Sexuall  behavior and reproduction. The BST is involved in male and female 

aspectss of reproductive behavior such as lordosis, male copulatory behavior, 
andd penile erection (Segovia and Guillamón, 1993; Liu et al., 1997). Subdivi-
sionss of the BST from animal and human studies have been shown to sexually 
dimorphicc in volume and neuronal numbers (Del Abril et al., 1987; Allen et al., 
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Fig.. 11. A: Estrogen receptor- immunoreactivity (ERa-ir) in the sexually dimorphic nucleus of the preoptic 
areaa (SDN-POA; same as the first interstitial nucleus of the anterior hypothalamus [INAH-1] ) of 
aa male-to-female transsexual who was castrated and treated with estrogen until death (Tl). Note 
thee clear nuclear ER staining that does not differ from the control male subject (cf. Fig. 8A). B-D: 
ERa-irr in neurons of a control male patient in the regions of INAH-2 (B), INAH-3 (C), and INAH-4 
(D).. Scale bar = 100 uM in A-D. 
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1989b;; Hines et al., 1992; Zhou et al, 1995a; Guillamón and Segovia, 1997; 
Kruijverr et al., 2000; Chung et al., 2002). The human BSTc is sexually dimor-
phicc in size (Zhou et al., 1995a; Kruijver et al., 2000; Chung et al, 2002) and 
neuronn number (Kruijver et al, 2000; Chung et al, 2002). Both measures are 
largerr in males. No relation between these BSTc measures and sexual orienta-
tionn was found, but a remarkable relation with gender identity was observed. 
Male-to-femalee transsexuals had, regardless of sexual orientation or adult 
endocrinee status, a BSTc with a female size and neuron number. Excitingly, 
thee reverse pattern, i.e., a male BSTc, was found in the only studied brain so 
farr of a female-to-male transsexual (Kruijver et al, 2000). The BSTc has ARs 
(Fernandez-Guastii  et al, 2000), ERa (present study), and ERp (Kruijver et 
a l,, 2003). The lack of a sex difference in nuclear AR and ERa staining in the 
adultt BSTc (Fernandez-Guasti et al, 2000; present study) does not exclude 
thee possibility that sex differences in receptor expression occur earlier in de-
velopment.. Further, the presence of ARs, ERs, and progesterone receptors in 
thee adult and developing BSTc (Fernandez-Guasti et al, 2000; Kruijver et al, 
2003;; Chung et al, unpublished observations; present study) supports the idea 
thatt an altered interaction between sex hormones and the developing brain 
couldd have contributed, at least in part, to the sex reversal in size and neuron 
numberr in the BSTc and to the reverse-gender identity in transsexuals (Zhou 
ett al, 1995a; Kruijver et al, 2000). 

AA BSTc sex difference was observed in cytoplasmic ERa-ir, with weak 
stainingg in male brains and no staining in female brains (Table 2, Figs. 4,5A,B). 
Inn contrast to the central or lateral parts of the BST, the medial part shows a 
sexuall  dimorphism in nuclear ERoc-ir (Table 2, Figs. 3,5E,F). These data are 
thee first indications of a functional sex difference in the human BST. 

Thee SDN-POA(SDN-mPOA or interstitial nucleus of the anterior hypothala-
mus-- 1 [INAH-1 ]) has been implicated in certain aspects of male sexual behavior 
(DeJongee et al, 1989; reviewed by Swaab, 1997) and is sexually dimorphic in 
thee rodent and human brains (Gorski et a l, 1978; Bleier et al, 1982; Swaab and 
Fliers,, 1985; Swaab and Hofman, 1988; Hofman and Swaab, 1989). Although 
thee sexual dimorphism in volume and neuron number of this structure in humans 
wass not confirmed by others (Allen et al, 1989a; LeVay, 1991; Byne et al, 
2000),, the stronger AR-ir (Fernandez-Guasti et al, 2000) and ERa-ir (present 
study)) in the male SDN-POA is consistent with its reported sexual dimorphism 
(forr review, see Swaab et al, 2001; Gooren and Kruijver, 2002). 

Althoughh our 6-jam-thick coronal sections in the other INAH groups (INAH-
2,, -3, and -4; see also Allen et al, 1989a; LeVay, 1991; Byne et al, 2000, 
2001)) could not be consistently identified, we occasionally found clear ERa-ir 
inn these regions (Fig. 11B-D), which may fit with the structural dimorphism 
reportedd in these INAH cell groups (Allen et al, 1989a; LeVay, 1991; Byne et 
al,, 2000, 2001). The presence of ERa-ir in human SCN and INAH-3 neurons 
emphasizess the sex hormone sensitivity of these areas, which are structurally 
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Fig.. 12. A: Strong selective nuclear estrogen receptor- immunoreactivity (ERa-ir) in neurons of the nucleus 

accumbenss (Ac). B: Endothelial and perivascular ERa-ir at the level of the median eminence (ME). 
Scalee bars = 100 uM in A and B. 

differentt according to sexual orientation (Swaab and Hofman, 1990; LeVay, 
1991;; Kruijver and Swaab, 2002). 

Thee nucleus accumbens displayed a strong, nuclear ERa-ir in the few subj ects 
inn which this structure was available (Fig. 12A). This region has been associated 
withh several aspects of sexual behavior such as copulation, sexual satiety, and 
reinitiationn of sexual behavior in male rats (Fiorino et al., 1997; Fiorino and 
Phillips,, 1999). Further, estrogens have been implicated to act directly in the 
femalee rat nucleus accumbens to modulate mating behavior (Xiao and Becker, 
1997).. Whether the nucleus accumbens in humans is also involved in aspects 
off  sexual behavior awaits future research. 

SexualSexual dimorphisms in other hypothalamic functions. 
ERaa in the human PVN and SON are found in vasopressin and oxytocin 

neuronss (Ishunina et al., 2000; present study), which are involved in antidiu-
resis,, reproductive behavior, labor, lactation, and the regulation of autonomic 
functionss such as the hypothalamus-pituitary adrenalaxis and blood pressure 
(Raadsheerr et al., 1993; Swaab, 1997; Ishunina et al., 2000; Keck et al., 2001; 
Goncharukk et al., 2002). In the present study, we observed a more robust nuclear 
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andd cytoplasmic ERa-ir in the young male SON, which confirms data reported 
byy Ishunina et al. (2000). The stronger ERa-ir in the male SON seems to be 
relatedd to the greater neurosecretory activity of its vasopressinergic neurons 
(Ishuninaa et al., 2000), which is reflected by higher vasopressin levels in males 
thann in females (Share et al., 1988; Van Londen et al., 1997). 

Att the tuberal level, the INF/ME, the histaminergic TM, and the VMN area 
havee been implicated in the control of the negative estrogen feedback of the 
hypothalamus-pituitary-gonadall  axis by inhibiting the secretion of luteinizing-
hormone-releasingg hormone (LHRH; Ranee et al., 1990, 1994; Ranee, 1992; 
Feketee et al, 1999; Dudas etal., 2000; Goubillon et al., 2002). The abundant 
ERa-irr in these areas, as indicated by the present study (see Fig.l3A,B,C,E), 
supportss previous ISH observations of ERa expression in the human INF 
(Raneee et al., 1990; Österlund et al., 2000) and fully agrees with strong ERa-ir 
inn the rat TM (E1-E5); Fekete et al., 1999). In addition to the INF, a conspicu-
ouss LHRH signal was observed in human basal forebrain (nucleus basalis of 
Meynertt complex [NBMC]) neurons (Ranee et al., 1994; Dudas et al., 2000) 
andd in mouse and rat basal forebrain (DBB) neurons that were shown to project 
too the ME (Silverman et al., 1987; Martinez-Morales et al., 2001). Whether or 
nott the presently observed ERa-ir positive basal forebrain neurons (Figs. 6E,F, 
7A,B)) are connected to the LHRH system orchestrating the hypothalamus-pi-
tuitary-gonadall  axis in humans remains to be elucidated. 

Further,, our data showing ERa-ir cells and fibers in the ME in a number of 
subjj  ects suggest that estrogens also may regulate (reproductive) neuroendocrine 
peptidee release at the level of the ME (Figs. IOC, 13B). 

Thee human VMN shows functional sex-related age differences (Ishunina 
ett al., 2001) and has, like the BSTc, a dense somatostatinergic fiber staining 
(Vann de Nes et al., 1994) and presumed reciprocal connections with the sexu-
allyy dimorphic and hormone-sensitive amygdala and BST (Jones et al., 1976; 
Risoldd et al., 1997; Allen et al., 1989b; Segovia and Guillamón, 1993; Zhou et 
al.,, 1995b; Giedd et al., 1996; Kruijver et al., 2000; Fernandez-Guasti et al., 
2000;; Österlund et al., 2000; Saper, 2000; Chung etal., 2002; present study). 
Thee opposite, sexually dimorphic ER and AR expression patterns with a more 
robustt nuclear AR-ir in men (Fernandez-Guasti et al., 2000) and amore robust 
nuclearr ERa-ir in women (present study) maybe instrumental in the proposed 
rolee of the VMN in sexually dimorphic functions such as female mating behavior 
andd aggression (Etgen, 1987; Sterner et al., 1992; Swaab, 1997). 

Cognition,Cognition, neuroprotection, and mood. 
Ourr studies indicated that the cholinergic NBMC neurons express sex 

hormonee receptors in a sexually dimorphic way (Fernandez-Guasti et al., 
2000;; present study). Animal studies have shown that the expressions of 
cholinee acetyltransferaseand neurotrophins and their receptors are regulated 
byy estrogens (see Gibbs and Pfafif, 1992; Gibbs et al., 1994; Gibbs and Ag-
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Fig.. 13. A,B: Sex difference in nuclear estrogen receptor- immunoreactivity (ERa-ir) in the ventromedial 
hypothalamicc nucleus (VMN), with a stronger staining in females (A) than in males (B). C: Nuclear 
ERa-irr in infundibular nucleus (INF) neurons. D: Frontal midrostral/tuberal slice through the hy-
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neurons.. F: Lateral hypothalamic area (LHA) neuron in the center shows strong nuclear and some 
cytoplasmicc staining for ER. Scale bar = 100 uM in A-C,E,F. 
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Fig.. 14. A,B: Nuclear estrogen receptor- immunoreactivity (ERa-ir) in medial mamillary body nucleus 
(MMN)) neurons is stronger in females (A) than in males (B). C: Note the strong female-like nuclear 
ERa-irr in MMN neurons of the castrated estrogen-treated male-tofemale transsexual (Tl) and the 
clearr cytoplasmic ERa-ir. D: Frontal caudalmost slice through the hypothalamus. E: Strong nuclear 
ERa-irr in the ventral perimamillary part of the histaminergic tuberomamillary nucleus (TM/E3) in 
ann ovariectomized woman with low circulatingg levels of estrogen (S8; see Table 1). F: Conspicuous 
lackk of such nuclear staining in the castrated and estrogen-treated male-to-female transsexual (Tl). 
Notee the striking region-dependent difference in ERa-ir in subject Tl in C and F. Scale bar = 100 
uMM in A-C,E,F. 
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garwal,, 1998; Toran-Allerand et al., 1992, 1999; Mufson et al., 1999). The 
basall  forebrain neurons play a crucial role in emotion and cognition (Amen 
ett al., 1996; Swaab, 1997; Berntson et al., 1998; Gibbs and Aggarwal, 1998; 
McEwenn and Alves, 1999). The NBM, DBB, and hDBB are the major sources 
off  cholinergic innervation to the cerebral cortex, hippocampus, hypothalamus, 
andd amygdala (Mesulam et al., 1983), and parts of these nuclei degenerate in 
Alzheimerr disease (AD; reviewed by Swaab, 1997). TheNBMC neurons express 
neurotrophinn receptors, which interact with sex hormone receptors (Salehi et 
al.,, 1996; Mufson et al., 1999; Toran-Allerhand et al., 1999). In AD patients 
neurotrophinn receptors decrease (Salehi et al., 1996, 2000) and nuclear ERa 
increasess (Ishunina and Swaab, 2001), while female AD patients show more 
severee early cytoskeletal NBM alterations than male patients (Salehi et al., 
1998).. Given the neuroprotective effects of estrogens (McEwen, 1999; Behl 
andd Holsboer, 1999; Toran-Allerhand et al., 1999; Garcia-Segura et al., 2001; 
Wisee et al., 2001) it is tempting to relate these differences to those reports that 
indicatee that female AD patients have significantly reduced circulating levels 
off  estrogens compared with age-matched controls (Honjo et al., 1989; Manly 
ett al., 2000; Schönknecht et al., 2001). A stimulatory effect of estrogens on the 
NBMC,, accompanied by a decreased nuclear ERa expression would also be 
consistentt with the conspicuous lack of nuclear ERa in genetic male subjects 
Tll  and S2 with high circulating estrogen levels and with postmenopausal 
estrogenn replacement studies that were found to delay the onset of AD, lower 
thee risk of this disease, and improve cognition and mood (Filli t et al., 1986; 
Tangg et al., 1996; Halbreich, 1997; Sherwin, 1997; Yaffe et al., 1998; Asthana 
ett al., 1999, 2001; Dubai et al., 1999; Lemer, 1999). A number of controlled 
trialss have indicated, however, that estrogen treatment of AD patients does not 
stopp the disease (Henderson et al., 2000; Mulnard et al., 2000), although these 
findingsfindings are controversial (Cosgrove, 2000; Toran-Allerhand, 2000; but see also 
Yaffee et al., 1998, 2000; Asthana et al., 1999, Asthana et al., 2001). 

Anotherr hypothalamic area that has been implicated in aspects of cognition 
andd mood is the mamillary body complex (MBC; Lisk, 1967;Kopelman, 1995; 
Tanakaa et al., 1997). Mamillary bodies atrophy with age (Raz et al., 1992) and 
evenn more so with AD (McDuff and Sumi, 1985) and are damaged in alcohol-
associatedd Wernicke-Korsakoff disease (Kopelman, 1995). In previous studies 
wee found a strong nuclear AR-ir sex difference in the MBC, with men having 
aa more robust expression pattern than women (Fernandez-Guasti et al., 2000; 
Kruijverr et al., 2001). This sex difference appeared to be due to circulating levels 
off  androgens (Kruijver et al., 2001). The present study found an opposite sex 
differencee for ERa-ir, with a more robust expression pattern in women, which 
seemedd to be due to circulating levels of estrogens. The functional importance 
off  sex hormone-mediated effects on the metabolic activity of NBMC and 
MBCC neurons and, hence, emotional and cognitive aspects of behavior awaits 
futuree research. 
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CONCLUSION S S 
Thiss study has for the first time systematically described the rostrocaudal 

expressionn pattern of ERa-ir in the young adult human hypothalamus and 
adjacentt brain areas in relation to sex and endocrine status. A strong sex dif-
ference,, with more nuclear ERa-ir in women, was observed rostrally in the 
DBBB and caudally in the MMN. Less robust region-dependent sex differences 
weree observedin other brain areas. These sex differences seemed to be deter-
minedd by "activating" rather than by "organizing" effects of circulating levels 
off  estrogens as demonstrated by subjects with abnormal circulating levels of 
estrogens.. Thus, in agreement with dynamic androgen effects on AR-ir in the 
humann brain (cf. Kruijver et al., 2001), the present ERa-ir findings seem to 
hintt at dynamic estrogen-ERa interaction effects. However, the reported sex 
differencess in ERa-ir and differences according to endocrine status are based 
onn a relatively small subject sample. Despite this, the present data seem to in-
dicatee potential differences and parallels in male and female brains with regard 
too ERa-ir, with striking similarities with the existing nonprimate and primate 
literature.. Further investigations will be needed to elaborate our understand-
ingg on the dynamic, gender-dependent and independent physiologic roles of 
estrogenss and ERs in the human brain and their regulation of functions that are 
necessaryy for survival, reproduction, mood, and cognition. 
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