


Figure 1. Visualizing Aromatase-Expressing Neurons in the Mouse Brain

(A) Sex steroid hormone control of male behaviors.

(B) Schematic of genetic modification of the aromatase locus.

(C–F) Coronal sections through the forebrain of an adult male homozygous for the aromatase-IPIN allele stained for bgal activity. Aromatase is expressed in

a sparse manner in discrete regions including the lateral septum (C), preoptic area (POA) (D), bed nucleus of the stria terminalis (BNST) (E), and medial amygdala

(MeA) (F). Scale bar equals 2.5 mm. Inset scale bars equal 200 mm (C and D) and 50 mm (E and F).
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interact genetically to control these dimorphic displays. One

potential site of interaction is the control of aromatase expres-

sion. We have therefore sought to determine whether aromatase

expression is regulated by testosterone or estrogen signaling. To

visualize aromatase expression at cellular resolution, we have

genetically modified the aromatase locus such that all cells ex-

pressing this enzyme coexpress two reporters, nuclear targeted

LacZ and placental alkaline phosphatase, thereby labeling the

cell bodies and projections of aromatase-positive neurons.

We find extensive, previously uncharacterized sexual dimor-

phisms in both the number and projections of neurons express-

ing aromatase. The masculinization of these neural pathways is

independent of AR but can be induced in neonatal females by

testosterone or estrogen, indicating that aromatase plays an

important role in the sexual differentiation of these neurons. In

addition, testosterone activates male typical fighting and urine

marking independent of AR, demonstrating that the differentia-

tion and function of the neural circuits underlying these behaviors

are governed by testosterone, at least in part, after its conversion

into estrogen. Finally, our results show that adult gonadal

hormones of either sex can support male territorial marking

and fighting provided estrogen has neonatally masculinized the

underlying neural circuitry.

RESULTS

Aromatase Is Expressed in a Sparse Manner
in the Mouse Brain
To define where testosterone may be converted into estrogen in

the mouse brain, we sought to characterize the expression of ar-

omatase at cellular resolution. We used homologous recombina-

tion in ES cells to insert an IRES-plap-IRES-nuclear lacZ reporter

cassette into the 30 untranslated region (UTR) of the aromatase

locus (Figure 1B). The use of IRES elements permits faithful
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expression of PLAP and nuclear b-galactosidase (bgal) in cells

transcribing the targeted allele (Shah et al., 2004). This strategy

maintains the expression and function of aromatase, thereby

permitting the examination of neural pathways expressing this

enzyme in otherwise wild-type (WT) animals. In sharp contrast

to aromatase�/� animals, mice homozygous for the aromatase-

IRES-plap-IRES-nuclear lacZ (aromatase-IPIN) allele are fertile

and behaviorally similar to their WT littermates, and they have

normal levels of serum testosterone and estrogen (see Supple-

mental Text available online).

Analysis of bgal activity in the brain reveals small pools of cells

that account for less than 0.5% of neurons in the brain (Figures

1C–1F). We observe bgal labeled cells in discrete locations,

including the posteromedial component of the bed nucleus of

the stria terminalis (BNST), posterodorsal component of the

medial amygdala (MeA), preoptic hypothalamus (POA), and

lateral septum. The expression of bgal mirrors the distribution

of aromatase mRNA as revealed by in situ hybridization (Fig-

ure S1) and RT-PCR (Harada and Yamada, 1992). The absence

of sensitive, specific antibodies to aromatase precludes colocal-

ization studies with bgal in single cells. Although in situ hybridiza-

tion (ISH) reveals low levels of aromatase mRNA with poor

signal:noise, the activity of our reporters is robust and offers

superior cellular resolution (Figure S2). In addition, labeling the

brain for PLAP activity reveals the soma and projection fibers

of neurons expressing aromatase (Figure S3).

Aromatase-Expressing Neurons Display Extensive
Sexual Dimorphism
A comparison of aromatase-positive cells in adult male and

female mice bearing the aromatase-IPIN allele reveals several

previously undescribed sexual dimorphisms. We find sex differ-

ences in both the number and projection patterns of aromatase-

expressing neurons. We find more aromatase-positive cells in



Figure 2. Extensive Sexual Dimorphism in Aromatase-

Expressing Neural Pathways

(A–J) Coronal sections through the adult brain of male and female mice

harboring the aromatase-IPIN allele stained for bgal (A-F) or PLAP

activity (G-J). There are more aromatase+ cells in the male BNST

and MeA, and in the female caudal hypothalamus (CH). PLAP+ fibers

occupy a larger volume in the male AH (white arrow) and in the region

(arrows) surrounding the VMH (dashed outline). Scale bars equal

500 mm (A and B) and 250 mm (C–J).

(K–O) Nissl-stained sections depicting locations of the BNST, MeA,

CH, AH, and VMH.

(P) Quantitation of sexual dimorphism in cell number (bgal+) and fiber

tracts (PLAP+) of neurons expressing aromatase. Mean and standard

error of the mean (SEM) are shown; n R 3; *p % 0.015, **p % 0.005.
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the BNST and MeA in males compared to females (Figures 2A–

2D and 2P). These two regions have previously been shown to

regulate sexual and aggressive behaviors (Albert and Walsh,

1984; Kondo et al., 1998; Liu et al., 1997). We also observe

sexual dimorphism in cell number in the caudal hypothalamus,

where we observe more aromatase-expressing cells in females

compared with males (Figures 2E, 2F, and 2P). The presence

of more aromatase-positive neurons in the female caudal hypo-

thalamus is surprising as there is little testosterone in the female

circulation that could serve as a substrate for conversion to

estrogen. In any case, most bgal-positive cells (>95%; n R 3)

in these dimorphic clusters express the pan-neuronal marker

NeuN, indicating that they are neurons. A similar proportion of

NeuN-positive cells in the BNST and MeA expresses bgal in

both sexes, indicating an absolute increase in the total number

of neurons in these regions in males (Supplemental Text).
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Labeling for PLAP activity also revealed sex differences

in the fibers of aromatase-expressing neurons. Consis-

tent with the dimorphisms in cell number, PLAP labeling

reveals a richer plexus of fibers in the BNST and MeA in

males and in the caudal hypothalamus in females

(Figure S3). We also observe previously undescribed

dimorphic processes in the anterior hypothalamic region

and the ventromedial hypothalamus (VMH), with PLAP-

labeled fibers occupying a larger volume in males com-

pared with females (Figures 2G–2J and P). In contrast to

the poorly characterized anterior hypothalamic region,

the VMH is known to regulate feeding and sexual behav-

iors (Musatov et al., 2006, 2007). Within the limits of detec-

tion, the dimorphisms in PLAP activity are unlikely to

reflect differences in aromatase expression levels as

extended staining did not reveal additional fibers in the

female brain. Both the anterior and ventromedial hypotha-

lamic regions contain a few bgal-positive cells in both

sexes (Supplemental Text), indicating that the dimor-

phisms might reflect an increase in arborization of local

neurons or projections from distant aromatase-express-

ing neurons. There are more synapses on VMH neurons

in males (Matsumoto and Arai, 1986), and our findings

suggest that aromatase-positive neurons might con-

tribute to this dimorphic innervation. The pattern of

PLAP-labeled fibers surrounding the VMH resembles
afferent input to this structure from the BNST, MeA, POA, and

septum (Canteras et al., 1995; Choi et al., 2005; Dong and Swan-

son, 2004; Millhouse, 1973; Simerly and Swanson, 1988; Varo-

queaux and Poulain, 1999). Each of these afferent regions

expresses aromatase (Figures 1 and S1), and might contribute

to the dimorphic PLAP labeling in the VMH. Taken together,

our studies using genetically encoded reporters reveal previ-

ously undescribed sex differences in aromatase-expressing

neural pathways.

Sexual Differentiation of Aromatase-Expressing
Neurons Is Independent of AR
We tested whether masculinization of aromatase-positive neural

pathways requires the activity of androgens such as testos-

terone signaling through AR. We crossed mice carrying the

aromatase-IPIN allele to animals harboring the tfm allele,
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