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Abstract

The classic view of brain sexual differentiation and behavior is that gonadal steroid hormones act directly to promote sex differences in

neural and behavioral development. In particular, the actions of testosterone and its metabolites induce a masculine pattern of brain

development, while inhibiting feminine neural and behavioral patterns of differentiation. However, recent evidence indicates that gonadal

hormones may not solely be responsible for sex differences in brain development and behavior between males and females. Here we

examine an alternative hypothesis that genes, by directly inducing sexually dimorphic patterns of neural development, can influence the

sexual differences between male and female brains. Using microarrays and RT-PCR, we have detected over 50 candidate genes for

differential sex expression, and confirmed at least seven murine genes which show differential expression between the developing brains

of male and female mice at stage 10.5 days post coitum (dpc), before any gonadal hormone influence. The identification of genes

differentially expressed between male and female brains prior to gonadal formation suggests that genetic factors may have roles in

influencing brain sexual differentiation.

D 2003 Elsevier B.V. All rights reserved.
Theme: Development and regeneration

Topic: Developmental genetics

Keywords: Brain sexual development; Microarray; Sex differences

1. Introduction Inhibiting Substance (MIS), which subsequently influence
The central dogma of sexual differentiation contends

that sexual dimorphisms of somatic tissues are dependent

primarily on testicular secretions from the developing fetus

[27,28]. The primary event of sexual development in

mammals is the development of the gonadal sex from a

bipotential and undifferentiated gonad into either a testis or

an ovary. This process, known as sex determination, is

triggered by the actions of the testis-determining gene SRY,

a transcription factor located on the Y chromosome

[30,46]. Once sex is determined, the developing testes

produce hormones, such as testosterone and Müllerian
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the phenotypic sex of the individual. It was established

that this concept of hormonal control of sexual differenti-

ation could also be applied to brain sexual development,

where testosterone induces masculine patterns of neural

and behavioral development, while preventing feminine

patterns of differentiation [35,52].

A great deal of experimental evidence supports the

concept that gonadal steroids are solely responsible for

inducing brain sexual differentiation. By acting during

critical periods of neural development, testosterone and

its metabolites cause male and female brains to develop

differently [12,25]. These differences manifest themselves

in a variety of ways, such as sizes of particular regions of

the brain, number of nerve cells, distribution of neuro-

transmitters, and even in development of behavior

[12,19,25,45]. In particular, the roles of testosterone, acting

directly on the brain by itself or after its conversion to
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estradiol, have been well studied and shown to have

considerable effects on the development of sex-specific

structures by organizing neural circuitry to promote be-

havior more typical of males [3,36,41,52]. Their sites and

modes of action have also been delineated [32,34] as well

as their masculinizing actions [20].

However, studies conducted primarily in mammals and

birds have challenged the classic theory of brain differen-

tiation and suggested that not all brain sexual dimorphisms

are attributable to gonadal hormones. When rat embryonic

mesencephalic or diencephalic neurons are harvested and

cultured in vitro prior to the detection of differences in

levels of testosterone between the sexes (14 days post

coitum (dpc)), female cultures tend to harbor more neurons

that express tyrosine hydroxylase, an enzyme involved in

the biosynthesis of catecholamines [6,35,38]. This suggests

that the signal for initiating this sexually dimorphic neu-

ronal growth cannot be exclusively dependent on the

differences in male and female hormonal action. Another

exception arises from thorough endocrine manipulations in

zebra finch, whose neural song circuit is sexually dimor-

phic; males sing while females do not. When females are

treated with fadrozole, an aromatase inhibitor, ovarian

development is blocked allowing testicular development

to progress. However, despite the presence of functional

testicular tissue and secretion of androgens, these female

birds still have a feminine pattern of neural development

[51]. This result suggests that gonadal secretions cannot

solely be responsible for differences in male and female

brain sexual differentiation.

Recently, a surge of research has begun to explore the

prospects that differences in gene expression may result

in sex differences in brain development and function.

One focus has been on comparing differences in the

expression of genes located on sex chromosomes [53],

while another has been in developing a mouse model

system to study the effects of sex chromosomes on

sexually dimorphic neural and behavioral traits [13]. By

using this system, DeVries and colleagues have already

shown that when comparing XY male mice to XX male

mice, as well as XY female mice to XX female mice,

their vasopressin fiber densities in the lateral septum are

significantly different. In addition, differences in brain

cell phenotypes have been noted [9] as well as observa-

tional differences in masculine sexual behaviors and

social exploration between male groups of mice differing

only in the form of their Sry gene [13]. We propose to

examine whether there is the possibility of a direct

genetic influence on brain sexual differentiation by de-

termining if there are any genes differentially expressed

in male and female brain prior to the influences of

gonadal hormones. By using microarray analysis, we

have found 51 gene candidates for differential expression

between male and female murine brain, suggesting that

these genes may have potential roles in causing sex

differences in neural function and/or development.
2. Materials and methods

2.1. Embryo collection and RNA isolation

Timed matings of CD1 male and female breeding pairs

were used to generate staged mouse embryos. Vaginal plugs

were checked and considered day 0.5 of gestation (0.5 dpc).

At 10.5 dpc, embryos were dissected from pregnant mice

and placed in 1� phosphate-buffered saline (PBS) until

head dissections were performed. Whole heads of embryos

were collected into separate tubes containing Trizol reagent

(Life Technologies) until sexes of embryos were determined

by PCR [1]. Primers for SMCY/X were used in PCR where

male samples amplified two bands and female samples

amplified only one band. PCR conditions were as follows:

94 jC for 4 min; 94 jC for 30 s, 58 jC for 30 s, 72 jC for

30 s for 35 cycles; and 72 jC for 7 min. Same sex embryos

of the same litter were pooled, and brain tissues homoge-

nized. Litter sizes ranged from 7 to 16 embryos. Total RNA

was isolated as per manufacturer’s recommended protocol,

and quantity and quality were determined by spectropho-

tometry using 260/280 absorption ratios.

2.2. Microarray probe labeling and hybridization

The probe labeling and microarray hybridization were

performed by the UC Irvine Microarray Core Facility, where

10 Ag of the total RNAwas used to produce double-stranded

cDNA by reverse transcription using a cDNA synthesis kit

(SuperScript Double Stranded cDNA Synthesis Kit, Life

Technologies) as per manufacturer’s recommended protocol.

The cDNA product was then purified (Phenol:Chloroform:I-

soamyl Alcohol, Sigma) and ethanol precipitated. Labeled

cRNA was generated from the cDNA sample by an in vitro

transcription reaction (HighYield RNA Transcript Labeling

Kit T7, Enzo Diagnostics) and subsequently purified using

RNeasy spin columns (Qiagen, Valencia, CA). Fifteen

micrograms of each cRNA sample was fragmented at 94

jC for 35 min and used to prepare a hybridization mixture

containing a mixture of control cRNAs (Affymetrix, Santa

Clara, CA) for comparison of hybridization efficiency be-

tween arrays and for relative quantitation of measured

transcript levels. Aliquots of each sample were hybridized

to Affymetrix U74Av2 GeneChips at 45 jC for 16 h, stained

with streptavidin–phycoerythrin (Molecular Probes), stained

with biotinylated anti-streptavidin IgG, followed by a second

staining with streptavidin–phycoerythrin, and washes using

non-stringent wash buffer (6� SSPE, 0.01% Tween 20)

between each staining. Microarray experiments were con-

ducted a total of five times and hybridized in pairs with five

different sets of littermate RNA samples.

2.2.1. Gene filtering

In order to obtain normalized gene expression values,

we used the widely used dChip software [31], which we

(unpublished data) and others [26] have found to be a
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superior data pre-processing tool. All arrays were nor-

malized against the array with median overall intensity.

To identify genes differentially expressed between male

and female mice, we used a ‘‘gene filtering criterion’’

which has been recommended by Li and Wong (dChip

manual). We computed a lower boundary of the fold

change (90% confidence interval) and filtered out those

genes that passed the threshold of 1.1. Next we computed

a permutation test p-value for each of the resulting genes

by randomly permuting the gender labels. We found 51

genes differentially expressed that were statistically sig-

nificant at a level of p < 0.05.

2.3. RT-PCR and quantitative RT-PCR

One microgram of total RNA from male and female

littermates was used as template to perform the reverse

transcription-polymerase chain reaction (RT-PCR) in a total

volume of 25 Al. Reverse transcription reactions were

primed using both 1 Al of oligo d(T) and 1 Al of random
hexamer primers and incubated at 65 jC for 10 min.

Reaction tubes were subsequently placed on ice for 2 min

followed by the addition of the SuperScript II RNase H�

reverse transcriptase (Life Technologies) and incubated at

42 jC for 60 min. cDNA was then used to amplify brain

genes with fragment sizes typically between 150 and 800 bp

(see Table 1). Glyceraldehyde-3-phophate dehydrogenase

(G3PDH) was also amplified at 25 cycles to serve as a

control yielding a fragment of 450 bp (CLONTECH Lab-

oratories, Palo Alto, CA). PCR reactions were initiated by

denaturing at 95 jC for 4 min, followed by 30 cycles of 95

jC for 1 min, 58 jC for 1 min, and 72 jC for 1 min. After

the last cycle, PCR products were allowed to extend at 72 jC
for 7 min.

The real-time PCR reactions were carried out in an

ABI Prism 7700 (PE, Applied Biosystems, Foster City,

CA). Amplicons were designed to amplify between 100

and 200 bp in length. QuantiTect SYBR Green RT-PCR

kits were used to set up one-step RT-PCR reactions (50

Al total volume) containing 150 ng of total RNA as

template (Qiagen). According to manufacturer’s protocol,

reverse transcription was conducted at 50 jC for 30 min

followed by an initial activation at 95 jC for 15 min.

PCR annealing temperature was 58–60 jC for a total of

40 cycles. All samples were tested in triplicate with the
Table 1

PCR primers used for RT-PCR and real-time RT-PCR

Gene name Primers (forward and reverse)

AW121876 F5V-TACAAGATCATCTTCTACAAGTG-3V R5V-
Cyp7b F5V-GCCGATTATCAGCGAAAGCC-3V R5V-GTG
Dby F5V-CGACCATATCTTCCATTTTCC-3V R5V-GCC
Eif2s3x F5V-GACCAGAATGTTACAGATCGTG-3V R5V-C
Eif2s3y F5V-GCCATTTCTGGTGTTCACACTG-3V R5V-C
Rora4 F5V-GTCATTACGTGTGAAGGCTGC-3V R5V-CT
Xist F5V-ACTGAAAGAAACCACTAGAGG-3V R5V-G
reference gene G3PDH for normalization of data to

correct for variations in RNA quality and quantity. Direct

detection of PCR products was monitored by measuring

the fluorescence produced by SYBR Green I dye binding

to double-stranded DNA after every cycle. These meas-

urements were then plotted against cycle numbers. The

parameter Ct (threshold cycle) was defined as the cycle

number at which the first detectable increase above the

threshold in fluorescence was observed. Fold changes in

relative gene expression were calculated by 2� D(DCt)

where DCt =Ct (target)�Ct (G3PDH) and D(DCt) =DCt

(male)�DCt (female) (Applied Biosystems).
3. Results

3.1. Differential gene expression between male and female

embryonic brains

Analysis of gene expression between male and female

brains at 10.5 dpc, just before the first sign of sexual

differentiation of embryonic murine genital ridges [29],

revealed the differential expression of a large number of

genes. Affymetrix microarray chips U74A, version 2, which

consists of all sequences (9268) in the current mouse UniG-

ene database (Build 120) that have been functionally charac-

terized, as well as 3220 EST clusters, detected 36 genes with

expression levels enhanced in female brain (Table 2). One of

these genes, Inactive X specific transcript (Xist), exhibited

the highest fold change (18.5) compared to its expression

level in male brains. The other genes enhanced in female

brain had fold change values ranging between 1.23 and 2.4

compared to their expression levels in male brain. Affymetrix

chips also detected 18 genes with higher expression levels in

male brain (Table 3). Two genes, both located on the Y

chromosome, DEAD box polypeptide (Dby) and eukaryotic

translation initiation factor 2,Y (Eif2s3y), have been detected

with fold changes of 10.0 and 8.8, respectively. Other genes

with male brain enhanced expression have fold change values

ranging between 1.25 and 2.46.

3.2. Quantification of differentially expressed genes

We selected a small number of genes based on their

known profiles of expression and potential roles in brain
Product size (bp)

CCCTGGTTTCCCCAAGTTCTC-3V 725

ATTTTTAGCAGTTGGGAC-3V 169

TGGACCAGCAATTTGTTG-3V 752

CGCATCCATCACTGCTGCAC-3V 170

ATAAGCTTCCCTTCTCCGTC-3V 752

TGACAGCATCTCGAGACATC-3V 173

TGAGTTATTGCACTACCTGG-3V 762



Table 2

Female-enhanced gene expression in brains at 10.5 dpc

Gene name Accession number Chromosomal location Fold change One-sided p-value

Inactive X specific transcript (Xist) L04961 X 18.5 0.0088

Uridine monophosphate synthetase (Umps) M29395 3 2.4 0.0144

EST C76020 unknown 2.2 0.0173

Prodynorphin AF026537 2 2.2 0.0313

Cyclin-dependent kinase inhibitor 2B AF059567 4 2.2 0.0245

EST AI121305 unknown 2.1 0.0146

Anti-DNA antibody Ig kappa chain mRNA U30629 unknown 2.0 0.0071

Sulfate anion transporter 1 BC022130 unknown 1.8 0.0311

EST AW121876 unknown 1.8 0.0167

GA binding protein (GABP-alpha subunit) M74515 16 1.8 0.0066

Eukaryotic initiation factor 4G 20534506 unknown 1.8 0.0169

Interleukin 7 receptor M29697 3 1.7 0.0091

GLI-Kruppel family member GLI3 X95255 13 1.7 0.0319

DNA polymerase delta 1 20827934 unknown 1.7 0.0078

EST AA691059 unknown 1.7 0.0165

EST AV359917 unknown 1.7 0.0078

Zinc finger protein regulator of apoptosis X95503 10 1.7 0.0317

EST AW047616 unknown 1.7 0.0333

Nuclear receptor-binding SET-domain protein AF064553 5 1.6 0.0144

Thyroid peroxidase X60703 12 1.6 0.0445

Keratin complex 2 (Krt2-2) M24151 15 1.5 0.0218

UDP-galactose ceramide galactosyltransferase U48896 4 1.5 0.0087

Ectodermal-neural cortex 1 U65079 13 1.5 0.0169

Galactocerebrosidase D38557 12 1.5 0.0095

Euk translation initiation factor 2,X (Eif2s3x) AJ0065817 X 1.4 0.0075

X–Y homologous gene (Utx) AJ002730 X 1.4 0.0171

p53-variant (p53) U59758 unknown 1.4 0.0075

Neuronal pentraxin 1 U62021 17 1.4 0.0074

AhR receptor nuclear translocator (Arnt2) D63644 7 1.4 0.0073

EST AA674798 unknown 1.3 0.0245

EST C78787 unknown 1.3 0.0093

Somatostatin receptor type 2 (sst2) AF008914 11 1.3 0.0282

Eukaryotic elongation factor-2 kinase U93848 2 1.3 0.0094

Cadherin 6 D82029 unknown 1.2 0.0084

Norepinephrine transporter gene (SLC6A5) U92654 8 1.2 0.0069
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development for further investigation. Differential expres-

sion of these genes was first verified by classical RT-PCR

and results showed profiles of expression consistent with
Table 3

Male-enhanced gene expression in brains at 10.5 dpc

Gene name Accession number

DEAD box polypeptide (Dby) AJ007376

Euk translation initiation factor 2, Y (Eif2s3y) AJ006584

EST AA516942

Complement component factor I U47810

EST AV347947

Cytochrome P450, 7b1 (Cyp7b) U36993

S100 calcium binding protein A3 AF004941

Yolk sac permease-like molecule 3 AF058318

Nuclear orphan receptor ROR-alpha 4 (Rora4) Y08640

CD1 antigen M63695

Wnt10b AF029307

Lymphoblastomic leukemia X57687

EST AA711704

EST AW210346

Cbp/p300-interacting transactivator 1 U65091

EST AW122995
that of the microarray data (Fig. 1). Of the female-enhanced

genes, we verified the differential expression of three genes,

Xist, EST AW121876, and eukaryotic translation initiation
Chromosomal location Fold change One-sided p-value

Y 10.0 0.0078

Y 9.0 0.0076

unknown 2.5 0.0240

3 2.4 0.0427

unknown 2.3 0.0078

3 2.1 0.0158

3 2.0 0.0064

18 1.9 0.0080

9 1.8 0.0306

3 1.7 0.0159

7 1.6 0.0218

8 1.5 0.0163

unknown 1.4 0.0091

unknown 1.4 0.0235

X 1.4 0.0236

unknown 1.3 0.0076



Fig. 1. Validation of microarray results by RT-PCR analysis. (a) Differential expression of seven genes, Xist, Dby, Eif2s3y, Eif2s3x, Cyp7b, Rora4 and

AW121876, was detected from male and female brains at 10.5dpc. (b) Relative expression levels were normalized in reference to the housekeeping gene

G3PDH.
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factor 2, X (Eif2s3x). Likewise, we see the same differential

expression in male genes Dby, Eif2s3y, cytochrome P450,

7b (Cyp7b), and nuclear orphan receptor ROR-alpha 4

(Rora4), as predicted by the microarray, using RT-PCR.
Fig. 2. Real-time RT-PCR analysis of Cyp7b, Eif2s3x, and Rora4. Each curve r

housekeeping gene G3PDH. Each experiment was performed in triplicate thoug

amplification of cDNA in that particular tube and Ct values exhibit differences in
In some cases, differences in expression were too

difficult to interpret by RT-PCR. The process of expo-

nential amplification associated with RT-PCR makes

quantification of slight differences in expression difficult
epresents relative quantification of the gene of interest in reference to the

h all curves are not shown in this figure. Each signal represents the total

gene expression, which can further be translated into fold changes.
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to visualize. Therefore, we employed real-time quantita-

tive RT-PCR with SYBR Green I dye to validate some of

our differentially expressed genes with more subtle differ-

ences in fold change (Fig. 2). The RT-PCR reactions

were carried out simultaneously with a control, G3PDH,

to normalize values for each reaction tube. Pooled litter-

mate-matched RNA samples were used for these experi-

ments. Ct values obtained from these experiments showed

relative differences in gene expression between males and

females for all of the genes chosen. When examining the

data obtained for Cyp7b, male brains produced an aver-

age Ct value of 26.0, while female brains exhibit an

average Ct value of 27.2. Thus, the level of Cyp7b is

slightly higher in the male brain than in the female.

Moreover, calculations (see Materials and methods) show

an average fold change difference of 1.9 for Cyp7b

specific to male brain versus the fold change of 2.1

obtained by microarray. Real-time RT-PCR was per-

formed four times, with fold changes ranging between

1.4 and 2.5, using different pairs of male and female

littermate RNA samples. Similarly, real-time RT-PCR was

performed multiple times for Ror-a4, Eif 2s3x, and EST

AW121876 showing average fold changes of 1.8, 1.9,

and 1.3, respectively, which closely correlated with the

fold changes of 1.8, 1.4, and 1.8 obtained by the micro-

array method.
4. Discussion

Sexually dimorphic development of the brain has been

shown to be caused by testosterone acting directly or

indirectly, via conversion to estradiol, on male brain to

induce masculine patterns of neural development [2,3].

Since there are known morphological differences between

male and female brains, we speculated that there may be

direct genetic influences, aside from the influences of

gonadal hormones, which result in these morphological

differences. The current study has identified genes differen-

tially expressed between male and female embryonic mouse

brain before any embryonic gonadal secretion has taken

place. This suggests that there are functional differences

between male and female brains, which occur independently

from hormonal influence. Moreover, these differentially

expressed genes are good candidates for a role in brain

sexual differentiation and sexual behavior.

Using microarray gene expression analysis and setting

our fold change threshold value at 1.1, our analysis has

detected a total of 51 genes with differential expression

between males and females. The threshold value was

arbitrarily set as low as 1.1 to avoid the risk of excluding

genes which may have potential roles in brain differentiation

yet only exhibit slight differences in gene expression be-

tween males and females. We considered five litters. For

each litter, we pooled the RNA samples of the male mice

and hybridized them onto Affymetrix gene chip arrays. We
repeated the same for females. Then we used these sepa-

rately pooled male and female samples to perform the gene

differential analysis.

Of the genes obtained from our analysis, the majority of

them with known biological functions fall into three main

categories: (1) cellular differentiation and proliferation; (2)

transcriptional regulators; and (3) signaling molecules. How-

ever, a considerable number of genes, about one-fourth, have

unknown functions. From our list of 51 genes, seven were

verified by multiple RT-PCR and real-time PCR analyses.

Three of them, Xist, Eif 2s3x, and EST AW121876 are

female-enhanced and four genes, Dby, Eif 2s3y, Cyp7b,

and Rora4 are male-enhanced. Two of these genes, Xist

and Eif 2s3x, were located on the X chromosome, and two

genes, Dby and Eif 2s3y, were located on the Y chromo-

some. The difference in expression level of the selected

autosomal genes was no more than 2.1 times greater in one

sex than the other, but was consistently confirmed by a series

of RT-PCR and real-time RT-PCR experiments. RT-PCR

reactions were performed multiple times for each gene using

at least one other different set of littermate-matched RNA

samples in order to confirm our original results.

Genes localized to sex chromosomes show marked

differences in gene expression and their localization is

consistent with a role in triggering brain sexual differenti-

ation. According to the theory that mammalian sex genes

evolved from a pair of autosomal chromosomes [21], we

have to consider the dosage effects of genes expressed in the

non-recombining regions of the X- and Y-chromosomes.

From our microarray, Eif 2s3y, located on the non-recom-

bining region of the Y-chromosome, was found to be

expressed nine times higher in males than in females. In

mammals, Eif 2s3y is not present in females, which simply

suggests that Eif 2s3y might act in the brain to promote

masculine patterns of neural and behavioral development.

However, this idea is compounded by the existence of a

closely related homologue, Eif 2s3x, which was found to be

expressed only 1.4 times higher in females than in males. If

Eif 2s3y and Eif 2s3x have remained functional homologues

on the sex chromosomes, we might assume that they play

equivalent roles in the brain. According to this view one

would expect that in males, which have one copy each of

Eif 2s3y and Eif 2s3x, their combined level of expression

should be comparable to that of Eif 2s3x found in females.

Eif 2s3x in the male would thus be half that found in

females, since Eif 2s3x escapes inactivation [15], leaving

the gene expressed essentially in a double dose. Yet our data

do not support this hypothesis. From our data and data

presented by Xu et al. [53], it appears that Eif 2s3y may not

necessarily be functionally equivalent to its homologue, but

rather have distinct and unknown roles in sexual differen-

tiation. Differences in expression patterns of this pair of X

and Y homologue genes suggest that they may be differen-

tially regulated, resulting in different functional effects [53].

Another Y-linked gene, Dby, was highly differentially

expressed between male and female brains. Dby encodes an
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RNA helicase with a conserved DEAD box motif that is

localized to the azoospermia factor (AZF) region of the Y

chromosome. AZF is frequently deleted in infertile males

[17,18], but the specific function of Dby remains unclear.

Since the Y chromosome has been shown to have a direct

role in male mouse aggression [33,43,47,50], Y-linked

genes with such sexually dimorphic patterns of expression

are candidates for susceptibility factors of aggressive be-

havior. Furthermore, studies comparing mouse strains

[22,24,33] have implicated that the Y-chromosome encodes

genes that may play a role in specific sexually dimorphic

behaviors or neural phenotypes, such as hippocampal asym-

metry [49] and differences in hippocampal mossy fiber

distribution. Moreover, the presence of such high expression

levels of Dby and Eif 2x3y may support the hypothesis that

Y chromosome dosage or Y chromosome genes have

significant effects on the development of male neural and

behavioral phenotypes [37].

Xist, one of the female-enhanced genes with the largest

fold difference, is an RNA transcript localized to the

inactive X chromosome in females, with no apparent

protein-coding capacity [8]. Fluorescence in situ hybridiza-

tion studies have shown that in males, Xist expression is

very low at all stages studied [23], whereas Xist expression

in female embryos is seen at measurable levels starting at

the late two-cell stage and rapidly accumulates until the

morula stage. Xist is well known for its actions in transcrip-

tional silencing and is required during early embryogenesis.

Thus, its expression profile depicted by the microarray is

consistent with earlier findings and serves as an internal

control of the microarray method. Since there are two copies

of the X chromosome found in females, we speculate that

the large gene expression level obtained by Xist may be a

result of dose effect. However, whether or not Xist is a

strong candidate for brain sexual differentiation is still

unknown.

The majority of the remaining genes found differentially

expressed in this study were localized to autosomal chro-

mosomes. Surprisingly, some of these genes exhibited fold

changes as great as 2.5 between males and females. This

difference in expression, albeit moderate, may have subse-

quent effects on development of the neural system and

behavior. Cytochrome P450, 7b, a gene localized to chro-

mosome 3, belongs to a diverse family of heme-containing

monooxygenases (CYPs) that catalyzes oxidative intercon-

versions of steroids. Cyp7b has previously been found to be

highly expressed in mouse corpus callosum and rat hippo-

campus [39] and has been implicated as a neurosteroid

hydroxylase because it catalyzes the synthesis of neuro-

steroids 7a-hydroxy dehydroepiandrosterone and 7a-

hydroxypregnenolone [40]. The expression of Cyp7b has

also been shown as early as 12.5 dpc throughout the CNS

with strongest expression levels in the neocortex [5] but the

sexes of the embryos studied were not mentioned. Its role

and actions in neurosteroid metabolism may have consider-

able impact on the differentiation of specific regions of the
developing brain since neurosteroids have been implicated

in modulating cognitive function, behavior, and synaptic

plasticity [4,11].

Orphan nuclear receptor, Rora4, another gene localized

to an autosomal chromosome, has been shown to bind as a

monomer to a conserved AGGTCA motif located in the a-

fetoprotein (AFP) enhancer [7]. AFP is a liver protein that is

produced in abundance during the neonatal period. It is

known to sequester estradiol and allows only testosterone to

enter the neurons of the brain where it is aromatized into

estrogen by a process that may affect brain differentiation

[44]. The expression of the Rora gene, which exists in four

isoforms, has been localized to the CNS to the cerebellar

Purkinje cells (PCs), the thalamus, the suprachiasmatic

nuclei, and retinal ganglion cells [44]. Moreover, a Rora

null-mutant mouse has been generated by gene targeting and

its cerebral and behavioral phenotypes include abolishment

of cerebellar PC development and severe cerebellar ataxia

suggesting an essential role of Rora in PC differentiation

[48].

We speculate that the genes reported in this study may be

fundamental factors that trigger differences between male

and female brain development prior to the production of

gonadal steroid hormones. Furthermore, these differences

are present at 10.5 dpc in mice, when the adrenals, the other

main source of hormonal steroidogenesis, have not yet

differentiated [54]. Thus we can assume that the influences

of gonadal or adrenal steroid hormones are quite minimal. In

addition, while maternal placental hormones may influence

brain sexual differentiation, we suggest that the effects of

these hormones will be equalized between male and female

embryos as long as they are from the same litter, which was

the case in this study. Intrauterine positioning of male and

female fetuses in rodents could also affect morphology,

physiology and behavior, resulting from testosterone trans-

fer from the developing male to neighboring female fetuses

[16]. However, this environmental effect is irrelevant at 10.5

dpc since gonadal hormones have yet to be secreted.

We suggest that some of the differences seen in gene

expression are involved in the development of brain sexual

dimorphisms. They may contribute functionally to the well-

documented differences in task performance or even the

stereotypical behaviors seen between males and females

[10,14,42]. The mechanisms by which these genes act on

neural development and behavior, either independently or

synergistically with sex hormones, are still to be determined.

This data argues for a shift of paradigm from the classic

hormone-dependent theory of brain differentiation to one

including direct genetic effects. With more evidence sug-

gesting a direct role for genes in brain sexual differentiation,

using genetically modified animal models will be the next

step in allowing the characterization of genes influencing

neural and behavioral phenotypes, as well as promote the

understanding of the non-hormonal mechanisms which

induce the sexually dimorphic neural development between

males and females.
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