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Research Highlights 

(1) We describe our work concerning study of the sexually dimorphic nucleus of the preoptic area. 

Several developmental mechanisms underlying the sexual dimorphism of the sexually dimorphic 

nucleus of the preoptic area are reviewed and updated by addressing the potential role of neural 

stem cell activity.  

(2) The sexually dimorphic nucleus is a highly tractable feature that can be studied as a model 

system regarding how sex differences in brain function arise and are maintained. This is highly 

clinically relevant for understanding the origins of sex biases in psychiatric syndromes and for iden-

tifying novel clinical targets. 

(3) Because there is increasing evidence that perinatal exposure to estrogen-like compounds may 

be associated with a host of health problems including obesity and many mental disorders such as 

depression and also because one of those estrogen-like compounds, bisphenol A, has been shown 

to alter the sexually dimorphic nucleus of the preoptic area. And exploring the mechanisms by which 

sex hormones or estrogen-like compounds affect sexual dimorphic structures of the brain might 

lead to the development of new therapeutic approaches. 

 

Abstract  
One of the well-defined sexually dimorphic structures in the brain is the sexually dimorphic nucleus, 

a cluster of cells located in the preoptic area of the hypothalamus. The rodent sexually dimorphic 

nucleus of the preoptic area can be delineated histologically using conventional Nissl staining or 

immunohistochemically using calbindin D28K immunoreactivity. There is increasing use of the 

bindin D28K-delineated neural cluster to define the sexually dimorphic nucleus of the preoptic area 

in rodents. Several mechanisms are proposed to underlie the processes that contribute to the 

sexual dimorphism (size difference) of the sexually dimorphic nucleus of the preoptic area. Recent 

evidence indicates that stem cell activity, including proliferation and migration presumably from the 

3rd ventricle stem cell niche, may play a critical role in the postnatal development of the sexually 

dimorphic nucleus of the preoptic area and its distinguishing sexually dimorphic feature: a signifi-

cantly larger volume in males. Sex hormones and estrogen-like compounds can affect the size of 

the sexually dimorphic nucleus of the preoptic area. Despite considerable research, it remains un-

clear whether estrogen-like compounds and/or sex hormones increase size of the sexually dimor-

phic nucleus of the preoptic area via an increase in stem cell activity originating from the 3rd ventricle 

stem cell niche. 
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INTRODUCTION 

    

The human brain is anatomically and func-

tionally sexually dimorphic. While specific 

debates on this topic have occurred for dec-

ades, sexual dimorphism is generally ac-

knowledged with respect to brain size, cogni-

tive function, emotional expression, and oth-

er behavior patterns. One of the most wide-

ly-accepted sexually dimorphic brain struc-

tures is the sexually dimorphic nucleus, a 

cluster of cells located in the preoptic area of 

the hypothalamus.  

 

The sexually dimorphic nucleus has been 

specifically defined in the brains of human 

and other mammalian and non-mammalian 

and includes the third interstitial nucleus of 

the anterior hypothalamus in humans
[1-2]

, the 

ovine sexually dimorphic nucleus in the 

medial preoptic area
[3]

, the medial preoptic 

and anterior hypothalamic regions in rhesus 

monkeys
[4]

, a specific area in the medial 

preoptic nucleus in quail
[5]

, and the sexually 

dimorphic nucleus of the preoptic area in 

rats
[6-7]

. The human sexually dimorphic nuc-

leus of the preoptic area is located in the 

medial part of the preoptic area, between the 

dorsolateral supraoptic nucleus and the ro-

stral pole of the paraventricular nucleus
[8]

. 

The interstitial nucleus of the anterior hypo-

thalamus 3 (INAH3) in the human is now 

considered as the structural equivalent of the 

sexually dimorphic nucleus of the preoptic 

area of the rat
[9]

. As demonstrated in labora-

tory animal studies, the sexually dimorphic 

nucleus is critically implicated in sexual be-

havior
[10-11]

. In humans, the sexually dimor-

phic nucleus of the preoptic area has been 

linked to sexual orientation
[9, 12]

. Thus, this 

structure allows for the study of sex differ-

ences under the normal and pathophysio-

logical states.  

 

Sex hormone-like compounds can be found 

throughout the environment, occurring in 

natural and processed foods, food and drink 

containers, and medical devices. Many of 

these are capable of altering normal devel-

opment and exerting pathophysiological ef-

fects on the central nervous system, most 

noticeably in sexually dimorphic brain 

structures. Hundreds of synthetic com-

pounds are estrogen-like compounds that 

have at least some affinity for estrogen 

receptors and can affect gene transcription. 

There is increasing evidence that perinatal 

exposure to estrogen-like compounds may 

be associated with a host of health prob-

lems. The objective of the present study is 

to review the latest advances in morpho-

logical definition, developmental mechan-

isms, and environmental factors (i.e., es-

trogen-like compounds) that can influence 

the development of the sexually dimorphic 

nucleus of the preoptic area.   

 

 

SEXUALLY DIMORPHIC NUCLEUS 

 

Defining sexually dimorphic nucleus 

Volume is a widely-accepted sexually di-

morphic feature of the sexually dimorphic 

nucleus: the volume of the male rat sexually 

dimorphic nucleus of the preoptic area is 

typically 3–8 times that of the female
[6-7, 13]

.  

This marked sex difference in volume is due 

principally to an increase in the area of 

higher cell and neuron density seen in adult 

male rats
[7]

. Similarly, in humans, there are 

many more cells in the male sexually di-

morphic nucleus
[8]

.  

 

Determining the sexually dimorphic 

nucleus of the preoptic area 

Initial measurements of the sexually di-

morphic nucleus of the preoptic area were 

conducted using the Nissl method to deli-

neate the sexually dimorphic nucleus of the 

preoptic area by staining the negatively 

charged RNA blue with thionin or cresyl 

violet. That method is similar to that re-

ported by others
[14-15]

 (Figure 1). As seen in 

the three- dimensional reconstruction (Fig-

ure 2), the sexually dimorphic nucleus of 

the preoptic area can be defined by its lo-

cation relative to several anatomic land-

marks including the 3
rd

 ventricle, optic 

chiasm, anterior commissure, and supra-

chiasmatic nucleus. As is clearly evident in 

coronal and sagittal views, the female 

sexually dimorphic nucleus of the preoptic 

area is considerably smaller. 
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Using serial coronal sections stained with thionin, every 

third slice was used in the reconstruction of the 

three-dimensional illustration and the sexually dimorphic 

nucleus of the preoptic area was identified by its ana-

tomic location and its characteristic dense mass (Figure 

1). By definition, the preoptic area is the region situated 

immediately below the anterior commissure, above the 

optic chiasm, and anterior to the hypothalamus, although 

it is not clearly demarcated from the hypothalamus. 

There are four nuclei in the preoptic area according to 

Terminologia Anatomica: medial, median, lateral, and 

paraventricular. Although the concept of the sexually 

dimorphic nucleus of the preoptic area is well-accepted 

by the scientific community, little consensus has been 

reached concerning its precise location. Using conven-

tional Nissl histological methods (thionin or cresyl violet 

staining), the reported size of the sexually dimorphic 

nucleus of the preoptic area has ranged more than 

7–30-fold for male and female rats, respectively
[13]

.   

 

Presumably, the lack of a clear-cut sexually dimorphic 

nucleus of the preoptic area boundary in tissue stained 

using conventional histological methods, including Nissl 

and hematoxylin and eosin, accounts for such variation.  

In addition, there is some disagreement as to which 

preoptic nuclei define the sexually dimorphic nucleus of 

the preoptic area. Some investigators refer to the central 

nucleus of the medial preoptic nucleus as the sexually 

dimorphic nucleus of the preoptic area
[13]

, whereas oth-

ers accept the entire medial preoptic nucleus. Using the 

key words “medial preoptic nucleus” and “sexually di-

morphic nucleus” in a recent Medline search, more than 

240 papers on this topic were retrieved. In general, the 

preoptic area of the hypothalamus is classified as sex-

ually dimorphic, with differences between males and 

females often highlighted using immunocytochemical 

markers for estrogen receptor beta and the R1 subunit of 

the gamma-aminobutyric acid (B) receptor
[16]

. Further, 

the sexually dimorphic nucleus of the preoptic area/ 

central nucleus of the medial preoptic nucleus and the 

medial preoptic area may be functionally inseparable if 

the expression of Fos and/or glutamic acid decarbox-

ylase is a defining characteristic
[17]

. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

There is increasing acceptance that the calbindin-D28K  

Figure 1  Serial brain sections: the sexually dimorphic 
nucleus of the preoptic area stained with thionin.  

Landmark structures that are also found throughout serial 
sections containing the sexually dimorphic nucleus of the 

preoptic area are labeled including the 3rd ventricle (3V) 
and the optic chiasm (OX). These structures were traced 
and their images used in constructing the three- 

dimensional images. The yellow dotted circle highlights 
the sexually dimorphic nucleus of the preoptic area. This 
figure is from our unpublished data (NCTR/US FDA 

Protocol P00710). Sexually dimorphic nucleus of the 
preoptic area: the area outlined by the yellow dashed 
circle; AC: anterior commissure. 10 × magnification was 

used. 

Figure 2  Three-dimensional view of the male and female 
rat sexually dimorphic nucleus of the preoptic area.   

The Stereo Investigation System (MBF Bioscience, 
Williston, VT) was used to reconstruct these views of the 
sexually dimorphic nucleus of the preoptic area and its 

surrounding anatomical structures from seven sequential 
slices stained with thionin (refer to Figure 1). This figure is 
from our unpublished data (NCTR/US FDA Protocol 

P00710). AC: Anterior commissure; 3rd V: 3rd ventricle; 
SDN-POA: sexually dimorphic nucleus of the preoptic 
area; SN: suprachiasm nucleus; OX: optic chiasm. 
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immunoreactivity-delineated nucleus-like structure located 

in the preoptic area can be defined as the sexually di-

morphic nucleus of the preoptic area. This is probably due 

to the observation that calbindin-D28K immunoreactivity 

provides clear boundaries that are readily distinguishable 

from the surrounding structures (Figure 3A, B)
[18]

. Further, 

a similar sexually dimorphic nucleus of the preoptic area 

area in mice is not well defined using Nissl staining
[19-20]

, 

but is quite evident using calbindin-D28K immunoreactivi-

ty
[20-23]

. Originally, the calbindin-D28K-delineated sexually 

dimorphic nucleus of the preoptic area was considered a 

subdivision of the rat sexually dimorphic nucleus of the 

preoptic area as determined using the Nissl method
[24]

. 

However, the calbindin-D28K-delineated area is often 

used now as a proxy for the sexually dimorphic nucleus of 

the preoptic area
[25]

. A recent study reported that size of 

the sexually dimorphic nucleus of the preoptic area, as 

determined by either the calbindin-D28K labeling method 

or the Nissl method, is similar
[15]

. However, data from the 

brains of more than 200 weanling and adult Sprague- 

Dawley rats collected in our laboratory supports the find-

ing that the sexually dimorphic nucleus of the preoptic 

area delineated by thionin stain is much larger than that 

delineated by calbindin-D28K immunoreactivity (data not 

shown). Using a fluorescence-double/triple labeling ap-

proach, we have employed a 

4’,6-diamidino-2-phenylindole (DAPI)-delineated, solid 

nuclear mass in the preoptic area to assist in defining the 

sexually dimorphic nucleus of the preoptic area (Figure 3A, 

B)
[18, 26]

. Because DAPI-labeling demarcates the sexually 

dimorphic nucleus of the preoptic area similar to that using 

calbindin-D28K immunoreactivity, it serves a dual purpose: 

(1) anatomic landmarks delineated by the DAPI-labeling, 

including the anterior commissure and the optic chiasm, 

are provided as reference points to more accurately locate 

the sexually dimorphic nucleus of the preoptic area; and (2) 

the sexually dimorphic nucleus of the preoptic area is 

conceptually defined via its characteristic as a congested 

nuclear mass, while the DAPI-labeled nucleic mass ad-

dresses density of the cellular nuclei over there.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3  Representative images of 4’,6-diamidino-2-phenylindole (DAPI) and calbindin D28k immunoreactivity that delineate 
the sexually dimorphic nucleus of the preoptic area in male (A) and female rats (B).   

DAPI highlights cell nuclei throughout the slices and thus provides anatomic landmarks surrounding the sexually dimorphic 
nucleus of the preoptic area (SDN-POA), which is nicely highlighted using calbindin-D28K immunostaining. The red and yellow 

dashed squares enclose the sexually dimorphic nucleus of the preoptic area. (A) The upper panels show the SDN-POA in a 
vehicle-treated animal whereas the lower panels show the sexually dimorphic nucleus of the preoptic area in a postnatal day 
(PND) 21 rat treated with bisphenol A (BPA; 2.5 µg/kg per day). The vehicle solution or BPA was given orally via gavage from 

gestational days 6–21 (dams were treated orally with 5 mL/kg of the appropriate solution; no treatment occurred on the day of 
birth); beginning on the day after parturition (PND 1) through PND 21, pups were treated orally via gavage with the same dose 
as their dam had received[18, 27]. (B) The upper panels show the SDN-POA in a vehicle-treated animal. The lower panels show 

the SDN-POA in a PND 21 rat treated with ethinyl estradiol (EE2, 10 µg/kg per day). Similar to that described for Figure 3A, the 
vehicle solution or EE2 was given orally via gavage on gestational days 6–21 and then directly to pups on PND 1–21[18, 27]. This 
figure is from our unpublished data (NCTR/US FDA Protocol P00706). 
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However, using the immunofluorescent labeling technique 

alone, a sexually dimorphic nucleus of the preoptic area 

defined solely by the neuronal marker calbindin-D28K is 

preferable because of its ability to allow clear visualization 

of boundaries. Thus, in order to minimize confusion con-

cerning the sexually dimorphic nucleus of the preoptic 

area as a specific structure, it will be defined here as a 

calbindin-D28K-delineated neuronal nucleus in the preop-

tic area in rats. 

 

Compared to the Nissl method, calbindin-D28K-immun- 

oreactivity demarcates the hypothalamic sexually di-

morphic nucleus of the preoptic area as a smaller struc-

ture noticeable along the longitudinal axis of the brain (in 

a sagittal view). Using thionin staining, a male sexually 

dimorphic nucleus of the preoptic area can be visualized 

as a densely-stained blue nucleus located below the 

anterior commissure and above the optic chiasm. This 

structure has been visualized using a series of 30 μm- 

thick coronal slices and occupies a length of 540–630 μm 

along the longitudinal axis of the brain (highlighted by the 

dotted circle in Figure 1; left slice series) in males, while 

the female sexually dimorphic nucleus of the preoptic 

area has a length of 180–270 μm (Figure 1; right slice 

series). Even though scattered calbindin-D28K-positive 

cells can be identified in these same locations, a clear 

calbindin-D28K-positive cell mass is recognizable only 

over a length of 90–360 μm with a range of 90–270 μm in 

females and a range of 180–360 μm in males. Actually, 

the location of a DAPI-delineated nuclear mass matches 

the location of the calbindin-D28K-immunoreactivity- 

defined cell mass (Figure 3A, B)
[18]

. Interestingly, none of 

the calbindin-D28K-positive neurons in the sexually di-

morphic nucleus of the preoptic area are positive for 

tyrosine hydroxylase (TH), yet many TH-positive axon- 

and synapse-like structures are found there (Figure 4).   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4  Representative images of the triple labeling approach using calbindin D28k (calbindin-D28K; green), tyrosine 
hydroxylase (red), and 4’,6-diamidino-2-phenylindole (DAPI; blue).   

Shown are four sequential slices along the longitudinal axis of the brain with intervals of 90 µm between adjacent slices.  
Here, the male AVPV (A1 and A3) and male sexually dimorphic nucleus of the preoptic area (A5 and A7) and the female AVPV 
(B1 and B3) and female sexually dimorphic nucleus of the preoptic area (B5 and B7) are outlined by dashed rectangles. The 
sexually dimorphic nucleus of the preoptic area is highlighted by calbindin-D28K immunoreactivity: no TH-positive cells were 

found, but fine axon-like projections/synaptic structures were seen. A neuron double-labeled with calbindin-D28K and TH was 
rare. The white rectangles in A1, 3 and B1, 3 highlight the AVPV, which is also displayed at higher magnification in A2, 4 and 
B2, 4. The white, dashed rectangles in A5, 7 and B5, 7 highlight the sexually dimorphic nucleus of the preoptic area, which is 

also displayed at higher magnification in A6 & 8 and B6 & 8. AVPV: Anteroventral periventricular nucleus; OX: optic chiasm; 3rd 
V: 3rd ventricle; SDN-POA: sexually dimorphic nucleus of the preoptic area. This figure is from our unpublished data (NCTR/US 
FDA Protocol P00706). 
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In contrast, the anteroventral periventricular nucleus of 

the hypothalamus (AVPV) consists mainly of TH-positive 

neurons (Figure 4) and there is scarcely a neuron that 

expresses both calbindin-D28K- and 

TH-immunoreactivity. Accordingly, a triple labeling me-

thod (calbindin- D28K-TH-DAPI) would add a contrast 

comparison and additional anatomic landmarks in de-

termining the sexually dimorphic nucleus of the preoptic 

area.   

 

 

DEVELOPMENT OF THE SEXUALLY 

DIMORPHIC NUCLEUS OF THE PREOPTIC 

AREA 

 

Formation of the sexually dimorphic nucleus of the 

preoptic area 

The neurons that constitute the sexually dimorphic nuc-

leus of the preoptic area originate from the subepen- 

dymal lining of the 3
rd
 ventricle, migrating upward and 

laterally to their final location
[28]

. Using the thymidine ana-

log bromodeoxyuridine (BrdU) to tag actively proliferating 

cells, neurogenesis in the sexually dimorphic nucleus of 

the preoptic area begins on embryonic day 18
[29]

.  In ad-

dition, it appears that the nucleus-like shape of both the 

sexually dimorphic nucleus of the preoptic area and the 

anteroventral periventricular nucleus begin to emerge on 

embryonic day 18 as evidenced also by BrdU-labeling.  

 

Essentially, the sexual dimorphism of the sexually di-

morphic nucleus of the preoptic area results from a dif-

ference in postnatal development: the male sexually 

dimorphic nucleus of the preoptic area expands conti-

nuously through to adulthood
[26]

, whereas the female 

sexually dimorphic nucleus of the preoptic area remains 

relatively unchanged beyond weaning
[24, 29-30]

.  

 

Timeline of formation of the sexually dimorphic 

nucleus of the preoptic area  

Sexual dimorphism of the Nissl-stained sexually dimor-

phic nucleus of the preoptic area has been reported to 

occur as early as postnatal day 1
[30]

; however, a more 

recent study indicated that there was no detectable sex 

difference in the calbindin-D28K-labeled sexually di-

morphic nucleus of the preoptic area at postnatal day 

4
[31]

. By postnatal day 8, males have a significantly larger 

sexually dimorphic nucleus of the preoptic area whether 

determined using Nissl-staining or a calbindin-D28K la-

bel
[24, 31]

.  On postnatal 8, size of the male sexually di-

morphic nucleus of the preoptic area is about twice that 

of the female when characterized using a calbindin-D28K 

label
[24, 31]

.  At weaning and thereafter, however, the 

male sexually dimorphic nucleus of the preoptic area is 

3–4 times larger than that of the female
[18, 24, 26]

. Stage of 

development is very important when considering the role 

of apoptosis versus stem cell activity on sexually dimor-

phic nucleus of the preoptic area size differences be-

tween the sexes (discussed below). 

 

Developmental mechanisms that shape the sexually 

dimorphic nucleus of the preoptic area 

Migration 

There is increasing evidence that perinatal cell migration 

is important in the development of the sexually dimorphic 

nucleus of the preoptic area. As mentioned earlier, the 

initial appearance of the sexually dimorphic nucleus of 

the preoptic area occurs on embryonic day 18 using 

BrdU labeling
[29]

. The principal component of the sexually 

dimorphic nucleus of the preoptic area (i.e., neurons) 

originates from the subependymal lining of the 3
rd

 ven-

tricle
[28]

. In males, cell migration is faster in a medi-

al-lateral orientation in the preoptic area/anterior hypo-

thalamus
[32]

. Neural progenitor cells exist in the epen-

dymal layer of the 3
rd

 cerebral ventricle in adult rats and 

they may migrate into the hypothalamus and differentiate 

into functionally normal neurons
[33-35]

. Under normal cir-

cumstances, ependymal tissue harbors stem cells that 

are pluripotent and thus maintain the ability to generate 

various cell types, including neurons and glia. In addition 

to two other well known neurogenic areas in the adult rat 

brain (i.e., the subventricular and subgranular zones), 

the ependymal surface and spinal cord ventricular axis 

structures, including the 3
rd

 ventricle, also contain cells 

that exhibit features of neuronal progenitors
[36]

. Neu-

ron-like cells reside on the ependymal surface of the 3
rd

 

ventricle, many of which migrate in response to trauma in 

the adult brain
[37]

. This demonstrates that the ependym-

al/stem cells can serve as sources for repair/replace- 

ment--at least in the case of trauma--for surrounding 

structures, presumably including the sexually dimorphic 

nucleus of the preoptic area. This process involves cel-

lular proliferation and migration and seemingly could 

continue to contribute to the anatomy of the sexually 

dimorphic nucleus of the preoptic area, even in adult 

animals. However, it is not likely that the migration of 

cells from the 3
rd

 ventricle ependymal tissue plays a 

primary role in determining the anatomic features of the 

sexually dimorphic nucleus of the preoptic area in adult 

rodents since there is a very low level of hypothalamic 

progenitor cell activity
[34-35]

. A “re-migration” hypothesis 

has been proposed for postnatal and juvenile male rats 

in which neurons drift radially from the center to the pe-

ripheral areas of the sexually dimorphic nucleus of the 

preoptic area. This activity is hypothesized to account for 
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the sexual dimorphism since it does not appear to occur 

in the female
[29]

.  

 

It is not well established that migration alone serves as 

the major mechanism shaping the sexually dimorphic 

nucleus of the preoptic area and determining sexual di-

morphism. The migration rate distinguishing males from 

females was determined on embryonic day 15
[32]

, prior to 

the development of sex differences in the sexually di-

morphic nucleus of the preoptic area
[24, 31]

. The assump-

tion of “re-migration” is also in question because the ini-

tial study
[29]

 has not been replicated using state-of-the-art 

technology such as stereological assessments. The 

original study
[29]

 employed cell counts/section instead of 

cell counts/volume (density) to develop the hypothesis of 

“re-migration”. On the other hand, incomplete penetration 

of the first or second antibody may prevent the correct 

determination of cell number of calbindin-D28K-positive 

neurons in the sexually dimorphic nucleus of the preoptic 

area. Unpublished data from our laboratory have dem-

onstrated that DAPI is capable of penetrating through 

tissue slices as thick as 30 µm, whereas calbindin-D28K 

immunoreactivity is only detectable 2/3 or less of the way 

through that thickness, a finding that suggests 

non-stereological based observations may introduce 

bias.   

 

Apoptosis 

Apoptosis is responsible, at least in part, for shaping the 

anatomic features of the sexually dimorphic nucleus of 

the preoptic area. Sex differences in the incidence of 

apoptotic cells in the sexually dimorphic nucleus of the 

preoptic area have been observed from postnatal days 

7–10
[38]

 with female rats having more apoptotic cells than 

males
[38-39]

. Further, testosterone significantly inhibits 

apoptosis during postnatal days 6–10 and this testoste-

rone effect is sexually dimorphic nucleus of the preoptic 

area region-specific. No sex differences in the incidence 

of apoptosis were observed in other (control) regions 

such as the lateral preoptic area
[38]

. There is an inverse 

correlation between sex differences in apoptotic cell 

number during development and the number of living 

cells in the mature animal in the sexually dimorphic nuc-

leus
[40]

. A combination analysis using the proliferation 

marker BrdU-labeling and immunohistochemistry for 

single-stranded DNA (ssDNA, an apoptosis marker) in-

dicates that the sex difference in the number of sexually 

dimorphic nucleus of the preoptic area neurons is at least 

partially caused by sex differences in postnatal apopto-

sis
[31]

. 

 

Several pathways have been proposed as key players in 

triggering apoptotic mechanisms. N-methyl-D-aspartate 

(NMDA) receptors are highly expressed in male fetuses 

and activation of NMDA receptors is thought to protect 

sexually dimorphic nucleus of the preoptic area neurons 

from naturally programmed neuronal death via modulat-

ing testosterone levels and/or Bcl-2 expression
[41]

.  

Several genes (Bcl-2, cytochrome oxidase subunit II, 

cytochrome oxidase subunit III) are regulated by NMDA 

receptor activation and govern neuronal growth and/or 

apoptosis and the important signaling pathway involving 

NF kappa-B activation and its target gene, Bcl-2, that 

inhibits neuronal apoptosis in the sexually dimorphic 

nucleus of the preoptic area of male rats during sexual 

development
[42]

. There are also sex differences in the 

levels of Bcl-2 (female < male) and Bax (female > male) 

in the sexually dimorphic nucleus of the preoptic area, as 

well as sex differences in the induction of apoptosis via 

caspase-3 activation (female > male)
[43-44]

. Postnatally, 

estrogen upregulates Bcl-2 expression and downregu-

lates Bax expression in the sexually dimorphic nucleus of 

the preoptic area indicating that effects of estrogen on 

the Bcl-2 family of proteins are likely responsible for at 

least some of the sex differences seen in apoptosis in the 

sexually dimorphic nucleus of the preoptic area during 

this developmental period
[44]

. 

 

In spite of this evidence, controversy remains about the 

involvement of apoptosis in the development of mor-

phological sexually dimorphic nucleus of the preoptic 

area sex differences. First, the sexually dimorphic nuc-

leus of the preoptic area continues to expand into adult-

hood in rats (postnatal days 8–28
[24]

; postnatal days 

8–60
[40]

; postnatal days 21–110
[26]

), whereas the sex 

difference in number of apoptotic cells ends at postnatal 

day 10
[38-39]

, a time when the sexual dimorphism of the 

sexually dimorphic nucleus of the preoptic area is barely 

demonstrable as determined using calbindin-D28K-  

immunoreactivity
[24, 45]

. Second, the time frame over 

which the apoptotic activity in the sexually dimorphic 

nucleus of the preoptic area occurs does not coincide 

with the time frame over which there is increased ex-

pression of the somatostatin gene in the sexually di-

morphic nucleus of the preoptic area: the sex difference 

in somatostatin gene-expressing cells occurs over post-

natal days 8–35, and both the cell count and the volume 

are maximal on postnatal day 15, both being higher in 

males than females
[45]

, although it remains unclear what 

role the somatostatin gene plays in the development of 

the sexually dimorphic nucleus of the preoptic area. 

Furthermore, recent findings
[26]

 demonstrate that the 

sexually dimorphic nucleus of the preoptic area contin-

ues to increase in size, most notably in male rats, be-
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tween weaning and adulthood and other reports indicate 

that sex differences in apoptosis may contribute little to 

the development of the sexually dimorphic nucleus of the 

preoptic area
[25-26, 28-46]

. 

 

Neurogenesis 

Neural stem cell activity has been identified in the hy-

pothalamus
[33, 47-50]

, a territory which includes the sex-

ually dimorphic nucleus of the preoptic area. Neural 

progenitor cells from the ependymal layer of the 3
rd

 

ventricle migrate and differentiate into neurons in the 

hypothalamus
[34-35, 51]

. Our recent report indicated that 

stem cell activity accounts for some of the continuous 

postweaning development of the sexually dimorphic 

nucleus of the preoptic area
[26]

. This interpretation was 

based on the following findings: sexually dimorphic 

nucleus of the preoptic area volume increased 43% 

from weaning to adulthood in male Sprague-Dawley 

rats; the number of Ki67-positive (proliferating) cells in 

the sexually dimorphic nucleus of the preoptic area and 

the hypothalamus, respectively, was significantly higher 

(3.3 and 3.5 fold in the male) at weaning than in adult-

hood; a subset of the Ki67-positive cells in the sexually 

dimorphic nucleus of the preoptic area exhibited mor-

phology indicative of dividing cells; and finally, nes-

tin-immunoreactivity (a marker for neural stem cells)
[34, 

52-53]
, delineated a tub-like structure 360 µm in length 

starting at the rostral end of the 3
rd

 ventricle and extend-

ing along the longitudinal axis of the brain in both young 

and adult rats. We have named this tube-like structure 

the macroscopic 3
rd

 ventricle stem cell niche (3VSCN)
[26]

. 

Interestingly, volume of the female sexually dimorphic 

nucleus of the preoptic area also enlarged from weaning 

to adulthood, although this difference was not statistically 

significant. In addition, the number of the Ki67-positive 

cells in the sexually dimorphic nucleus of the preoptic 

area appears higher (1.7 fold) at weaning than adulthood 

in females, but again this difference was not statistically 

significant. The number of Ki67-positive cells in the hy-

pothalamus of postnatal day 21 males was significantly 

higher than the same age females and adult males and 

females
[26]

. Nevertheless, it is not known whether the 

Ki67-positive cells in the sexually dimorphic nucleus of 

the preoptic area are neural stem/progenitor cells that 

originated and migrated from the 3
rd

 ventricle stem cell 

niche. Also unknown is whether those cells that may 

have migrated into the sexually dimorphic nucleus of 

the preoptic area from the 3
rd

 ventricle stem cell niche 

are still capable of returning to a “silent” status or proli-

ferating into daughter stem cells/committed progenitor 

cells, which then differentiate into mature cells such as 

neurons, particularly in response to specific stimuli such 

as sex hormones or estrogen-like compounds. 

 

SEXUALLY DIMORPHIC NUCLEUS OF THE 

PREOPTIC AREA AND EFFECTS OF SEX 

HORMONES AND ELCS 

 

Sexually dimorphic nucleus of the preoptic area size is 

sensitive to exogenous sex hormone or estrogen-like 

compounds treatment during development.  For exam-

ple, estrogen agonists such as diethylstilbestrol increase 

the sexually dimorphic nucleus of the preoptic area vo-

lume in female rats
[54-59]

. On the other hand, estrogen 

antagonists such as tamoxifen decrease the male sex-

ually dimorphic nucleus of the preoptic area volume
[60-62]

. 

Lifetime dietary exposure to the estrogen-like compound 

genistein (5–500 ppm) or nonylphenol (25–750 ppm) 

increased sexually dimorphic nucleus of the preoptic 

area volume of adult male, but not female, rats
[63]

. More 

limited exposures to genistein or nonylphenol (gesta-

tional day 15-postnatal day 10) did not alter the sexually 

dimorphic nucleus of the preoptic area volume of either 

sex
[60-61]

. Very high doses of genistein given from post-

natal days 1–10 increased sexually dimorphic nucleus of 

the preoptic area volume of females
[55]

. 

 

A recent study in our laboratory demonstrated that ges-

tational treatment of the pregnant dam followed by direct 

treatment of the pups after birth with low doses of the 

putative estrogen-like compound, bisphenol A, signifi-

cantly increased sexually dimorphic nucleus of the 

preoptic area volume of postnatal day 21 male rats, but 

had no effect in same-age females
[18]

. As expected, the 

reference estrogen, ethinyl estradiol (EE2), increased 

sexually dimorphic nucleus of the preoptic area volume 

of postnatal day 21 females and the higher ethinyl estra-

diol dose of 10.0 µg/kg per day also increased sexually 

dimorphic nucleus of the preoptic area volume of post-

natal day 21 males. As shown in Figure 3, a bisphenol 

A-treated male rat or an ethinyl estradiol treated female 

rat appeared to display a higher density of the nucleic 

mass (indicating a higher cell number) in the sexually 

dimorphic nucleus of the preoptic area in addition to in-

creased volume as compared with their same-sex con-

trols (male: the upper row vs. the lower row, Figure 3A; 

female: the upper row vs. the lower row, Figure 3B). 

 

Data from those postnatal day 21 rats, reared under 

strictly controlled environmental conditions which mini-

mized background levels of estrogen-like compounds
[18, 27]

, 

were comparable to those from the original report
[24]

 in 

which the calbindin-D28K labeling method was described:  

sexually dimorphic nucleus of the preoptic area volumes 
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were 2.7 and 1.0 × 10
–3

 mm
3
 on postnatal day 12 and 5.5 

and 2.0 × 10
–3

 mm
3
 on postnatal day 26 in male and 

female Sprague-Dawley rats, respectively. Interestingly, 

sexually dimorphic nucleus of the preoptic area volumes 

of male and female postnatal day 21 rats raised under 

standard laboratory conditions were slightly larger after 

exposure to potential estrogen-like compounds than 

when raised under conditions minimizing background 

estrogen-like compound levels (4.91 ± 0.48 × 10
–3

 mm
3
 

vs. 4.02 ± 2.31 × 10
–3

 mm
3
 in males and 1.71 ± 0.20 × 

10
–3

 mm
3
 vs. 1.03 ± 0.29 × 10

–3
 mm

3
 in females)

[26]
.  

These data indicate that exposure to estrogen-like 

compounds at background levels found in the typical 

vivarium or diets containing phytoestrogens may affect 

the development of the sexually dimorphic nucleus of the 

preoptic area. 

 

The mechanism(s) underlying the ability of sex hor-

mones and/or estrogen-like compounds to increase 

sexually dimorphic nucleus of the preoptic area volume 

are not clear. If the sexually dimorphic nucleus of the 

preoptic area volume is determined using calbindin- 

D28K-immunoreactivity, it is conceivable that increases 

in cell number, cell body size and/or cellular structures 

such as dendrites and axons, and extracellular space 

could lead to increases in the size of the sexually di-

morphic nucleus of the preoptic area. Theoretically, di-

rect interaction of sex hormones or estrogen-like com-

pounds with nuclear estrogen receptors could be an im-

portant step in the processes responsible for the sexually 

dimorphic nucleus of the preoptic area volumetric sexual 

dimorphism. The effect of oral bisphenol A treatment (2.5 

and 25.0 µg/kg per day) to increase the volume of the 

sexually dimorphic nucleus of the preoptic area was 

male-specific
[18]

 and an understanding of the mechan-

isms underlying this effect would be most enlightening.  

Accordingly, since age-related levels of 5-HT
[64]

, the 

protein NELL2
[65]

, aromatase
[66-67]

, calcium binding pro-

teins such as calbindin-D28K
[68-69]

, and progesterone 

receptors
[70]

 are sexually dimorphic, bisphenol A treat-

ment could have affected the sexually dimorphic nucleus 

of the preoptic area volume via mechanism(s) mediated 

by one or more of those components.  Both in vitro and 

in vivo bisphenol A treatments have been shown to in-

crease the expression of aromatase protein in the hip-

pocampus as well as in testicular Leydig cells
[71-72]

, but 

the effect of bisphenol A treatment on aromatase levels 

in the sexually dimorphic nucleus of the preoptic area 

has not been described. There is clearly a knowledge 

gap concerning how exposure to sex hormones and/or 

estrogen-like compounds may be linked to cell number, 

cell body size, cellular structures, or intercellular space in 

the sexually dimorphic nucleus of the preoptic area.  

Our recent report
[26]

 demonstrated an age-related in-

crease in the volume of the sexually dimorphic nucleus of 

the preoptic area and suggested a potential role for 

neural stem cells in that process; thus, offering a me-

chanism to potentially bridge the knowledge gap be-

tween the effects of sex hormones or estrogen-like 

compounds and mechanisms by which they might in-

crease sexually dimorphic nucleus of the preoptic area 

volume. 

 

 

CONCLUSION 

 

Our work has been described concerning methods to 

study the sexually dimorphic nucleus of the preoptic area 

and highlighting calbindin-D28K immunoreactivity as the 

preferable method. Here, several developmental me-

chanisms which might establish the sexual dimorphism 

of the sexually dimorphic nucleus of the preoptic area 

have been reviewed and updated by addressing the po-

tential role of neural stem cell activity. Because there is 

increasing evidence that perinatal exposure to estro-

gen-like compounds may be associated with a host of 

health problems and also because one of those estro-

gen-like compounds, bisphenol A, has been shown to 

alter the sexually dimorphic nucleus of the preoptic area, 

future studies should examine connections between the 

sexual dimorphic structures of the brain, including the 

sexually dimorphic nucleus of the preoptic area, and po-

tential health problems. Exploring the mechanisms by 

which sex hormones or estrogen-like compounds affect 

sexual dimorphic structures of the brain might warrant new 

therapeutic measures against those health problems.   

 

Research background: One well-defined sexually dimorphic 

structure in the brain is the sexually dimorphic nucleus, a cluster 

of cells located in the preoptic area of the hypothalamus. As 

demonstrated in laboratory animal studies, the sexually dimor-

phic nucleus is implicated in sexual behavior and in humans, 

the sexually dimorphic nucleus of the preoptic area has been 

linked to sexual orientation.  

Research frontiers: The objective of the present study is to 

review the latest advances in morphological definition, deve-

lopmental mechanisms and the influence of environmental 

factors (i.e., estrogen-like compounds) on the sexually dimor-

phic nucleus of the preoptic area. 

Clinical significance: The article discusses mechanisms by 

which sex hormones or estrogen-like compounds may affect 

sexually dimorphic structures of the brain and thus providing 

insight into potential targets for new therapeutic measures 

against estrogen-like compounds-related health problems.  
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Academic terminology: (1) Sexually dimorphic nucleus of the 

preoptic area: The well-defined sexually dimorphic structures in 

the brain is the sexually dimorphic nucleus, a cluster of cells 

located in the preoptic area of the hypothalamus. (2) Sexual 

dimorphism of the sexually dimorphic nucleus in the preoptic 

area: the term refers to the fact that that there is a sex differ-

ence in cell number and size of the sexually dimorphic nucleus 

of the preoptic area: the sexually dimorphic nucleus of the 

preoptic area in males is larger than in females. 

Peer review: This is a review of the development of the sex-

ually dimorphic nucleus of the preoptic area with an emphasis 

on the authors’ contribution, showing that postnatal stem cell 

activity may be involved in establishing this sexual dimorphism. 
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