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Rethinking sex determination of non-gonadal tissues

Arthur P. Arnold
Department of Integrative Biology & Physiology, Laboratory of Neuroendocrinology of the Brain 
Research Institute, University of California, Los Angeles

Abstract

Evolution of genetic mechanisms of sex determination led to two processes causing sex 

differences in somatic phenotypes: gonadal differentiation and sex chromosome dosage inequality. 

In species with heteromorphic sex chromosomes, the sex of the individual is established at the 

time of formation of the zygote, leading to inherent sex differences in expression of sex 

chromosome genes beginning as soon as the embryonic transcriptome is activated. The inequality 

of sex chromosome gene expression causes sexual differentiation of the gonads and of non-

gonadal tissues. The difference in gonad type in turn causes lifelong differences in gonadal 

hormones, which interact with unequal effects of X and Y genes acting within cells. Separating the 

effects of gonadal hormones and sex chromosomes has been possible using mouse models in 

which gonadal determination is separated from the sex chromosomes, allowing comparison of XX 

and XY mice with the same type of gonad. Sex differences caused by gonadal hormones and sex 

chromosomes affect basic physiology and disease mechanisms in most or all tissues.
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1. Introduction

The evolution of sex chromosomes in mammals involved two major events affecting 

separate classes of molecular pathways causing sex differences in tissues. One event was the 

emergence of sex-chromosome-encoded genetic mechanisms determining the differentiation 

of a testis or ovary from the early gonad, leading to sex differences caused by different levels 

of gonadal hormones in the two sexes. The second event was the evolution of heteromorphic 

sex chromosomes resulting in an inherent XX vs. XY difference in expressed doses of X and 

Y genes, which are incompletely compensated by X inactivation and other balancing 

mechanisms. In particular, the evolution of sexual disparity of X chromosome number led to 

major sex-specific adjustments in gene expression and in crosstalk between sex 

chromosomes and autosomes. Theories of sexual differentiation have long emphasized the 

first, gonad-specifying attribute of sex chromosomes, and underestimated the second 

mechanism based on difference in X and Y gene dosage. Moreover, although concepts of 
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sexual differentiation focus on the inherent sexual inequality, the sex chromosomes also 

balance the effects of each other, making XX and XY cells more similar than they might 

otherwise be. The relative importance of the sex-differentiating roles of sex chromosomes, 

and of the sex-balancing roles, is not yet well understood, but bears significantly on the 

causes of sex differences in disease.

2. The classic vs. revised theories of sex determination and sexual 

differentiation

A widely-held tenet of sex determination is that “in most mammals, sex determination is 

initiated by transient expression of Sry …”, the Y gene initiating testis differentiation (Miura 

et al., 2018; Zhao et al., 2010). Here, I challenge the thinking behind this narrative, because 

(1) ubiquitous sex differences in cell phenotypes emerge well before the expression of Sry, 

and (2) after differentiation of gonads, significant sex differences in cells are not the result of 

the this “sex determination” process. The dominant narrative is flawed because “sex 

determination” excludes some components of sexual differentiation. The error can be 

dismissed as merely semantic, but if so, it is important to define terms to optimize 

communication among investigators. In my view, however, the issue is deeper, so that the 

classic narrative has limited the conceptualization of the evolution and processes of sexual 

differentiation, and therefore has undermined proper design and interpretation of studies of 

sexual differentiation.

The dominant classic tenet appears to derive from a definition of sex based exclusively on 

type of gonad: females have ovaries and make eggs, and males have testes and make sperm. 

This definition has the advantage of being simple, long-standing, and can be consistently 

applied across all sexually reproducing plants and animals. In animals with genetic sex 

determination (e.g., mammals and birds), however, sex determination has been taken over by 

genetic mechanisms common to all cells, so that the onset of sexual differentiation of the 

gonads no longer defines sex because it does not encompass all sexual differentiation 

processes.

The central question of this chapter is: “What are the biological forces that make females 

and males different?” The focus is on sex as a set of diverse forces, not as an identity or 

simply defined condition. The discussion is about biological forces, not social forces, even 

though social forces have profound sex-biasing effects on phenotypes, which are nearly 

impossible to disentangle from the effects of biological factors with which they are strongly 

correlated, especially for human phenotypes that are difficult to model in animals. To answer 

the central question, a definition of sex based on gonadal type is not fundamental enough to 

encompass all forces that differentiate the two sexes. We explore the more expansive idea 

that all biological sex differences stem originally from the inherent imbalance of sex 

chromosome factors, present in the zygote, and acting in the embryo and throughout life.

In this sex-chromosome-centric view, the expression of Sry is not the sex determinant, but 

the testis-determining factor, one of several genes on the Y chromosome that make males 

different from females in diverse tissues (Figure 1)(Arnold, 2011; Arnold, 2017a). Sry is 

arguably the most important of sex-differentiating factors, because its expression leads to 
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lifelong secretion of testicular hormones, rather than ovarian hormones. The different effects 

of gonadal hormones account for many sex differences in non-gonadal phenotypes, 

including the external and internal genitalia that are fundamental to classifying humans as 

male or female. XX and XY non-gonadal cells also experience the inherently sex-biased 

effects of X or Y genes, stemming from the inequality of representation of these genes 

within the male and female genome, which we call “sex chromosome effects” causing sex 

differences. Importantly, many sex-biased phenotypes are impacted by both gonadal 

hormones and sex chromosome effects, although the interaction of these different molecular 

mechanisms to date is poorly studied.

3. Evolution of sex chromosomes: balance and inequality of X and Y

The inherent imbalance in XX vs. XY genomes can best be understood based on sex 

chromosome evolution. Early in the therian radiation, an autosomal mutation led to the 

emergence of the dominant testis-determining gene, Sry, which is expressed in the 

bipotential gonad to commit that tissue to a testicular fate (Sutton et al., 2011). The 

evolution of Sry led to several important consequences. (1) The genomic region near Sry 
was inherited only by gonadal males and it acquired genes that were good for males (Rice, 

1992; Burgoyne and Mitchell, 2007). The near-Sry region lost ability to recombine with its 

partner proto-X chromosome (Bachtrog, 2013; Cortez et al., 2014; Hughes and Page, 2015). 

(2) Recombination of the X and Y chromosome was further reduced because of subsequent 

major inversions on the Y chromosome (Lahn and Page, 1999), leading to expansion of the 

male-only region to encompass nearly the entire Y chromosome, except for a small 

pseudoautosomal region (PAR) shared between the X and Y. The asexual inheritance (father 

to son, with no recombination) led to loss of most Y genes (Rice, 1994; Vallender and Lahn, 

2004; Graves, 2016; Charlesworth, 1996). (3) The progressive loss of Y genes left X genes 

expressed at a lower dose in XY than XX cells, causing a sex difference in stoichiometric 

balance of X and autosomal genes that cooperate in gene networks (Veitia et al., 2015). For 

some X genes, the reduced balance with autosomal genes was critical, and favored evolution 

of dosage compensation mechanisms to adjust the X to autosomal expression ratios to within 

an acceptable range in both sexes. In XX cells, one X chromosome is transcriptionally 

silenced, so that both XX and XY cells express genes mostly from one X chromosome 

(Disteche, 2016). In addition, some evidence suggests that the expression of many X genes 

may be upregulated in both XX and XY cells to match the general level of expression of 

autosomal genes, with which they interact in gene networks (Nguyen and Disteche, 2006; 

Disteche, 2016; Sangrithi et al., 2017).

These dosage compensation mechanisms, X-inactivation and upregulation of X gene 

expression to better match autosomal expression, have the general consequence of making 

XX and XY cells phenotypically more similar to each other because they offset the effect of 

the difference in X chromosomal dose. The compensation is incomplete however, so that XX 

and XY genomes have inherent functional differences caused by difference in X and Y gene 

dose. Some X genes escape inactivation and are expressed from all X chromosomes, and 

therefore at constitutively higher levels in XX cells than XY cells in many tissues and 

developmental stages (Tukiainen et al., 2017; Carrel et al., 1999). In humans, about 23% of 

non-PAR X genes are expressed higher in XX than XY tissues (Figure 2). Genes appear be 
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left out of, or protected from, the inactivation mechanism either because they are recently 

added to the X chromosome (Graves, 2016) or because they occupy positions in gene 

networks that are insensitive to dose, where one copy is as effective as two (Naqvi et al., 
2018).

The dosage sensitivity of genes was apparently a major factor influencing evolution of sex 

chromosome gene content. Dosage sensitivity determined, in part, which Y genes were lost 

or retained during evolution, and affected which X genes were subject to inactivation (Naqvi 

et al., 2018; Veitia et al., 2015; Bellott et al., 2014; Cortez et al., 2014). One example are X-

Y gene pairs, which have similar DNA sequence to each other, and evolved from a common 

autosomal ancestor gene. X-Y gene pairs are involved in basic cellular functions such 

transcription factors and regulators of RNA splicing and translation, and are thus expressed 

widely across tissues (Bellott et al., 2014). The Y partner genes have survived on the Y 

chromosome despite hundreds of millions of years of degrading influences that eliminated 

most other Y genes, probably because of the particularly high dosage sensitivity of the X-Y 

pair that made deletion of the Y gene lethal or highly disadvantageous. The X and Y genes 

often share high sequence similarity, attesting to their common origin and shared functions. 

The X partner gene typically escapes X inactivation and is expressed higher in XX cells than 

XY cells (Disteche, 2016). The Y partner gene likely compensates for the lower expression 

of the X partner gene in XY cells, if two X copies in XX cells have similar function 

compared to that of one X copy plus one Y copy in XY cells.

Paradoxically, although the evolutionary survival of the Y partner genes of X-Y gene pairs is 

explained by a balance of effects of the X and Y partners, X-Y gene pairs are considered a 

prime source of sexual inequality of XX and XY cells because their balance is variable 

across tissues, ages, or environmental conditions such as disease. For example, the Y genes 

are typically expressed at lower levels than the X partner in many tissues (Deng et al., 2014). 

Moreover, the partner genes sometimes show different patterns of expression across tissues 

(Xu et al., 2008). These inequalities can be explained if the balance of effects of the two 

genes might be critical in only some tissues or at specific developmental periods. Elsewhere, 

the Y gene was free to evolve male-specific functions, different from that of the X partner. 

An interesting case is the X-Y gene pair Utx-Uty, which is found in sex chromosomes of 

many mammalian species. Utx (a.k.a. Kdm6a) is a histone demethylase. Knock out of Utx is 

lethal in XX mouse embryos, but the presence of a functional copy of Uty prevents some of 

the mortality, illustrating the overlapping function of Uty with Utx (Shpargel et al., 2012). 

Nevertheless, the histone demethylase activity of Utx is not found in Uty, illustrating 

divergence of function of the two orthologous genes. In the brain, the pattern of expression 

of Utx and Uty are somewhat different (Xu et al., 2008). Thus, functional differences in XX 

and XY cells likely result from different levels of expression of both Utx and Uty.

Another illustrative example of X-Y gene pairs involves mouse Sly and its X partners, Slx 
and Slxl1. These genes participate in meiotic drive, an example of intergenomic conflict. 

Factors (drivers) arise on the Y chromosome that promote its inheritance in preference to the 

X chromosome. That process sets up counteracting pressures to select for suppressor 

sequences on the X chromosomes that favor its inheritance. Drivers and suppressors were 

duplicated on each chromosome, in successive waves that offset and overcame each other in 
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evolutionary time. In mice, 95% of the Y chromosome represents massive duplications of 

only three gene families, and the X chromosome also contains extensive duplicated regions 

(Soh et al., 2014). The duplicated X-Y gene pair Sly-Slx participates in meiotic drive, 

because deletions of Sly undermine sperm viability, and deletions of Slx rescue these sperm 

differentiation defects. Sly deficiency also corrects the enhanced production of male 

offspring produced by Slx deficiency (Cocquet et al., 2009; Cocquet et al., 2012).

Further evidence supports the idea that the balance of X and Y gene effects is tenuous and 

varies across tissues, genotypes, age, and evolutionary time. XY male mice, of many strains, 

have greater body weight than XX female mice. In C57BL/6 mice, the number of X 

chromosomes causes sex differences in body weight and fat, but the Y chromosome has little 

effect (Chen et al., 2012) (Figure 3). In MF1 strain mice, however, XO mice weigh less than 

XX or XY mice, so that the addition of a second sex chromosome of either type to the XO 

genotype has the same effect (Chen et al., 2013). In MF1 mice, the X and Y chromosomes 

have balanced effects on body weight and fat, but the two chromosomes have unequal effects 

in C57BL/6, illustrating that the balance the two chromosomes can come and go depending 

on factors that interact with X and Y genes.

The tension between the gonad-centric and sex-chromosome-centric views of sexual 

determination uncovers a fundamental difference in thinking about evolutionary forces that 

lead to sex differences in phenotype. Within the gonad-centric view, sex differences are 

related predominantly to the evolution of sexual reproduction. Animals with testes or ovaries 

have evolved functional differences throughout the body that support the two reproductive 

roles. The evolution of sex differences in internal and external genitalia are obvious 

examples, because the different anatomical structures support the different roles. Sex 

differences in other tissues, such as the brain, have also long been rationalized as the result 

of separate selection pressures on males and females to make the brain support sex-biased 

reproductive functions such as ovulation, sex behavior, and aggression. In this view, sex 

differences are often seen as adaptive, rather than side-products of other evolutionary 

processes. The sex-chromosome-centric view emphasizes a different set of selection 

pressures. The inherent sexual inequality in genomic dose and effect of X and Y genes is the 

result of evolutionary factors generally unrelated to sexual function. As discussed above, sex 

differences caused by imbalance of X and Y genes occur because of loss of recombination 

of the X and Y chromosomes, loss of genomic regions on the Y chromosome, dosage 

compensation on the X and Y chromosomes, intergenomic conflict, etc. Thus, gonadal 

females get stuck with having two X chromosomes, and gonadal males with one X and one 

Y, for evolutionary reasons that do not primarily enhance reproduction. Moreover, the 

inequality of chromosome size affects many genes lacking a direct influence on 

reproduction. Of course, the different effects of X and Y genes in the two sexes must be 

compatible with their reproductive roles, so that both types of evolutionary pressure operate 

simultaneously within the constraints of tissue requirements related to sex roles. The 

evolution of different reproductive roles of cells and tissues, controlled dominantly by 

hormonal effects of gonadal secretions, occurs on a background of inherent sex differences 

in the genome.
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4. Categories of X and Y genes causing phenotypic differences between 

XX and XY cells

It is useful to list all of the types of sexual inequality that are currently known or suspected 

in XX vs. XY cells because of the inherent imbalance of representation of sex chromosome 

genes (Arnold, 2017a). (1) The male-specific expression of Y genes causes XY cells to 

differ from XX cells (Arnold, 2017b; Case and Teuscher, 2015). (2) The constitutive 

difference in number of X chromosomes leads to four classes of X genes that underlie sex 

differences in phenotype. (2A) X genes escaping X inactivation are expressed higher in XX 

than XY cells (Carrel et al., 1999; Tukiainen et al., 2017). Sex differences in trophoblast 

expression of the putative X escapee gene Ogt is reported to cause sex differences in 

resilience to prenatal insults (Nugent et al., 2018). (2B) Genes in the pseudoautosomal 

regions (PAR) of the sex chromosomes are often expressed at higher levels in XY cells, 

relative to XX cells, because some of them are subject to X inactivation in XX cells 

(Tukiainen et al., 2017)(Figure 2). (2C) X genes that experience a parental imprint can be 

expressed at a higher or lower level in XX vs. XY cells because a paternal imprint affects 

only XX cells (Arnold, 2017a). (2D) The difference in epigenetic regulation of the X and Y 

chromosomes could have ramifications for epigenetic status of the autosomes. In 

Drosophila, for example, the large heterochromatic Y chromosome has indirect epigenetic 

effects on autosomal gene expression, which are not mediated by expression of Y genes 

(Silkaitis and Lemos, 2014). In mammals, it is conceivable that Xist, which initiates X 

inactivation in cis in XX cells, also has trans effects on autosomes. For example, silencing of 

Xist in adult XX mice leads to hematologic cancer (Yildirim et al., 2013), although this 

could be the result of reactivation of the inactive X chromosome instead of direct effects of 

Xist on autosomes. Moreover, a large heterochromatic X chromosome, present only in XX 

cells, is postulated to sequester heterochromatizing factors and reduce their availability to 

regulate autosomal heterchromatin, affecting autosomal gene expression (Wijchers and 

Festenstein, 2011).

The molecular differences between XX and XY cells, just listed, operate during ontogeny of 

all individuals, and thus can often be measured in inbred laboratory strains of animals, 

especially mice. Other forces cause sex differences in populations of humans and other 

animals, because of natural genetic heterogeneity not modeled in inbred strains (reviewed by 

(Arnold, 2017a)). These factors cause average differences between groups of males and 

females. (1) XY males have hemizygous exposure of X alleles, so that they express X allelic 

variations more prominently than XX females (Midgeon, 2007). XY individuals with X-

linked lethal alleles are removed from the population, and shift the mean phenotype of males 

vs. females. (2) XX individuals are mosaic for X alleles and X gene imprints, because the 

parental origin of the active X varies among XX cells but not among XY cells. The 

mosaicism itself can have a protective effect for XX but not XY tissues. For example, in XX 

mice with a null mutation in one allele of the X-linked Hccs gene, cells expressing the null 

allele are selectively removed from the heart during embryonic development (Drenckhahn et 
al., 2008). (3) Some autosomal alleles are likely to be better adapted to one sex than the 

other, and thus will be found in greater frequency in one sex, creating an average genetic 

difference in autosomes of males and females. (4) The different modes of inheritance of the 
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mitochondrial and nuclear genomes lead to sex-biasing effects. Because the mitochondrial 

genome is inherited in the female lineage, mitochondrial alleles might arise that are 

beneficial to females but harmful to males. Such a mismatch of mitochondrial genomes of 

the mother and nuclear genomes of her sons can have differential harmful effects in males 

relative to females (Camus et al., 2012; Frank, 2012; Innocenti et al., 2011).

5. Mouse models and methods that separate effects of sex chromosomes 

vs. gonadal hormones

For well over a century, investigators have been able manipulate gonadal hormone levels 

effectively to test their roles in causing sex differences in physiological and behavioral traits. 

The classic method is to reduce hormone levels by gonadectomy, and increase them by 

treating with hormones. Hormone effects are also manipulated by pharmacologic or genetic 

manipulations of steroid receptors or synthetic enzymes. In contrast, manipulating the 

number of sex chromosomes has been much more difficult. Thus, the first reports of sex 

chromosome effects causing sex difference relied on naturalistic observations rather than 

experimental manipulation. In the marsupial tammar wallaby, sex differences in the 

differentiation of the pouch or scrotum precede the differentiation of gonads (Renfree and 

Short, 1988). In mice and other mammalian embryos, the size of XX and XY embryos 

differs long before differentiation of gonads (Burgoyne et al., 1995). The embryonic mouse 

transcriptome differs in XX and XY cells as soon as the embryonic transcriptome is 

activated at the 8-cell stage or earlier (Lowe et al., 2015; Werner et al., 2017; Bramble et al., 
2016), and sex differences in the transcriptome are found at later embryonic stages prior to 

gonadal differentiation (Dewing et al., 2003; Nef et al., 2005). In other cases, sex differences 

in phenotype are found in adult intersex animals such as avian gynandromorphs in which the 

sex difference is attributable to sex chromosome effects rather than hormonal effects (Agate 

et al., 2003; Witschi, 1939; Zhao et al., 2010).

The investigation of sex chromosome effects has been advanced by the production of mouse 

models in which whole mice with the same gonadal sex are engineered to have different 

complements of sex chromosomes (Burgoyne and Arnold, 2016; Arnold, 2014; Cox et al., 
2014). In these models, the hormones are held relatively “constant” across groups, while sex 

chromosome complement is varied. In the Four Core Genotypes (FCG) model, the Sry gene 

is deleted from the Y chromosome, producing the Y¯ chromosome and XY¯ gonadal females 

that are compared to XX gonadal females. In addition, an Sry transgene is introduced onto 

chromosome 3, so that testis-determination is specified independently of the sex 

chromosome complement. In the FCG model, XY¯(Sry+) fathers mate with XX females to 

produce four types of offspring: XX and XY gonadal males, and XX and XY gonadal 

females (Figure 3). The model separates sex-biasing factors into two groups: those that 

differ in XX vs. XY mice (comparing XX and XY mice with the same type of gonad), and 

those that differ in gonadal males and females (comparing gonadal males and females with 

the same sex chromosome complement) (De Vries et al., 2002). The model is widely 

applicable to assess the causes of sex differences in virtually any somatic trait. As expected, 

many phenotypes differ in gonadal males and females, confirming the long-standing concept 

that gonadal hormones cause many or most sex differences in somatic phenotypes 
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throughout the body. However, an increasing number of XX vs. XY differences have also 

been discovered (Cox et al., 2014; Arnold et al., 2017; Arnold et al., 2016; Arnold et al., 
2013; Arnold and Chen, 2009).

The discovery of a phenotypic difference in XX vs. XY FCG mice is the first step in 

discovering the mechanisms of action of X or Y genes causing sex differences in phenotype. 

A second mouse model, the XY* model, is useful for figuring out whether the XX vs. XY 

phenotypic difference is attributable to X or Y genes. The XY* model produces genotypes 

very similar to XO, XX, XY, and XXY (Burgoyne and Arnold, 2016) (Figure 3). The XY* 

model allows measurement of the effects of X chromosome number (XO vs. XX gonadal 

females, and XY vs. XXY gonadal males). It also allows measurement of effects of 

presence / absence of the Y chromosome: XO vs. XY, and XX vs. XXY. Because Sry is 

present on the Y chromosome in this model, the comparisons of mice with and without the 

Y chromosome are confounded by differences in the type of gonad and levels of gonadal 

hormones. However, if such gonadal effects are found not to cause the sex difference in 

phenotype in FCG mice, the effects of the Y chromosome in the XY* model can be 

attributed to non-hormonal (direct) effects of Y genes. Using the XY* model, sex 

differences have been attributed more often to the effects of X genes, but Y chromosome 

effects have been found as well (Umar et al., 2018; Arnold et al., 2016).

6. Sex differences caused by sex chromosome effects

The FCG and XY* mouse models have been used to discover sex differences in various 

mouse phenotypes that are caused by sex chromosome complement, as previously reviewed 

(Arnold et al., 2016; Arnold, 2014; Cox et al., 2014; Arnold et al., 2017). A few examples 

are selected for discussion here.

In the aggregate, the studies indicate that XX vs. XY differences participate in causing sex 

differences in a wide variety of tissues and traits, and affect multiple mouse models of 

disease. The XX vs. XY differences affect autoimmune disease and susceptibility to 

infection, brain and behavior, metabolic traits including adiposity and fat metabolism, and 

numerous cardiovascular traits. Although sex chromosome effects are now widely 

recognized, numerous questions remain. For most traits, it is not known which X or Y genes 

(or non-genic regions of the sex chromosomes) account for the sex chromosome effect. This 

question is particularly of translational importance. The identification of specific X or Y 

genes causing a sex chromosome effect will greatly facilitate research about the role of such 

genes in sex differences in human disease. For example, one can study effects of variation of 

that gene in human populations, and cellular pathways influenced by the gene in human cell 

systems. The FCG and XY* models can be used to discover effects of X or Y genes 

contributing to sex differences in mouse models, after which manipulation of specific 

candidate genes leads to identification of the genes responsible [reviewed by (Burgoyne and 

Arnold, 2016)].

A second major outstanding question is how the sex differences caused by sex chromosome 

complement interact with sex differences caused by gonadal hormonal effects. Typically, 

both of these factors contribute to sex differences of the same phenotypes in mice. In what 
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molecular pathways do diverse sex-biasing factors interact to affect the same disease 

process?

6. 1 Independent sex biasing factors interact to cause sex differences in physiology and 
disease

6.1.1 Metabolism and Body Weight—The greater body weight of male mice, relative 

to females, is reduced by gonadectomy of adult mice, indicating that gonadal hormones 

largely are responsible for this difference. However, after gonadectomy of FCG mice, the 

body weight of XX mice increases slowly over weeks until it is much greater than that of 

XY mice, irrespective of their type of gonad (Figure 3A)(Chen et al., 2012). The sex 

chromosome effect is eventually as large as the effect of gonadal hormones in young mice at 

the outset of the experiment. As discussed above, use of the XY* model allows us to test 

mice with different numbers of X or Y chromosomes. These studies show that the XX-XY 

difference is caused by X genes, not Y genes (Figure 3B). The greater body weight is mostly 

the result of an X chromosome effect on the amount of body fat. In mice eating a high fat 

diet, sex chromosomes cause sex differences in the level of plasma cholesterol, and 

accumulation of liver trigylcerides (Link et al., 2015; Chen et al., 2012). In the case of body 

weight, the gonadal hormonal effect counteracts the sex chromosome effect: male hormones 

are associated with greater body weight, but male sex chromosomes (XY) with lower body 

weight (Figure 3). To date, little is known about the molecular site of interaction of the two 

effects, and whether they influence the same molecular pathways or distinct pathways that 

both impinge on the same emergent phenotype.

6.1.2 Sex differences in volumes of brain regions—Concepts of sexual 

differentiation in brain and behavior have stemmed disproportionately from study of a few 

phenotypes with large sex differences. In animals, a few brain regions are 3–6 times larger in 

one sex than the other (Forger, 2009; Arnold and Gorski, 1984), where it has been easiest to 

measure the effects of variables that cause the sex differences. These large sex differences 

are related to sexual function, such as sexual behavior, ovulation, aggression, and courtship. 

The principles learned for these brain regions have been thought to represent general 

principles by which sex variables (e.g., gonadal hormones) influence brain development and 

function (Breedlove et al., 1999). The advent of high-resolution brain-wide structural MRI 

has allowed investigators to ask if these principles also apply more generally across all brain 

regions. Importantly, study of FCG mice shows an unexpected incidence of sex chromosome 

effects not previously found in the most sexually dimorphic brain regions (Corre et al., 
2016). Of 62 brain regions examined, 30 were significantly different among FCG groups, 

with 20 showing effects of gonadal hormones and 14 effects of sex chromosomes (Figure 4). 

The brain regions affected by gonadal hormones or sex chromosomes tended to be distinct. 

When gonadal hormones were removed before puberty and brain anatomy was measured in 

adulthood, most differences between XX and XY brain regions persisted, although on 

average they were modestly attenuated (Vousden et al., 2018). In some brain regions, the 

effects of gonadal hormones and sex chromosomes were synergistic, such that male-female 

hormonal effects where in the same direction as XY-XX sex chromosome effects. In other 

regions, the two sets of variables were antagonistic or compensatory, such that removal of 

hormones caused an increase in effect of sex chromosome complement. These complex 
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interactions of hormonal and sex chromosome factors illustrate the orthogonal actions of the 

two sets of factors in a brain-region dependent fashion (Vousden et al., 2018).

6.1.3 Sex chromosome regulation of brain sensitivity to gonadal hormones—
The potential interaction of sex chromosome and sex hormone effects is also implied by the 

recent discovery in FCG mice that sex chromosomes influence the metabolism of gonadal 

hormones in the brain, and regulate the sensitivity of specific brain regions to sex steroid 

hormones. The amygdala has long been recognized as a site of action of gonadal steroids, to 

cause sex differences in function. In the anterior amygdala of E16 mouse embryos, XY 

mice, relative to XX, have greater expression of aromatase, the enzyme converting 

androgens to estrogens, irrespective of gonadal type (Cisternas et al., 2015). The same sex 

chromosome effect on aromatase is found in cultures of embryonic amygdala neurons 

(Cisternas et al., 2017; Cisternas et al., 2015). In vitro, estrogen receptor beta (Esr2) is 

expressed higher in XY than XX cells (Cisternas et al., 2017). Treatment of neurons with 

estradiol or dihydrotestosterone increases expression of aromatase and Esr2 in XX cells 

only, and abolishes the difference in Esr2 expression caused by sex chromosomes. Esr1 
expression in vitro is also regulated by both sex chromosome complement and by gonadal 

hormones. This example is particularly interesting because it demonstrates a regulation by 

sex chromosomes both of local synthesis of estradiol, and of the sensitivity to estradiol, to 

regulate amygdalar phenotypes. The regulation of aromatase by sex chromosomes could 

shift the balance of action of estrogens and their androgenic precursors, contributing to 

hormonally driven sex differences in amygdala development. It will be exciting to discover 

the molecular pathways by which X or Y genes regulate steroid sensitivity of this and other 

brain regions (Cisternas et al., 2018; Cambiasso et al., 2017).

6.1.4 Cardiovascular and pulmonary disease—Women and men differ in the 

susceptibility and progression of numerous cardiovascular diseases, including 

atherosclerosis, aneurysms, ischemia/reperfusion injury, and systemic and pulmonary 

hypertension (Arnold et al., 2017). In animal models, the sex differences appear to be caused 

by a combination of sex chromosome and hormonal effects. These diseases have quite 

diverse molecular mechanisms, indicating that a wide range of cellular processes are 

influenced by sex chromosome complement. In models of abdominal aortic aneurysms, 

which affect men much more than women, testosterone exacerbates disease, and XY sex 

chromosome complement is worse than XX (Alsiraj et al., 2016). Thus, both male hormones 

and male sex chromosomes appear to promote disease. In a model of ischemia / reperfusion 

injury, estrogens are generally protective, but XX sex chromosome complement is worse that 

XY, indicating compensatory or counteracting effects of estrogens and sex chromosomes (Li 

et al., 2014). Hypertension affects men more than women. Ovarian hormones appear to be 

protective, but XX mice are more affected in mouse models than XY mice, again suggesting 

counteracting hormonal / sex chromosomal effects (Ji et al., 2010). The sex differences in 

humans can often be complex, depending on changes in age, hormonal status (e.g., pre- vs. 
postmenopausal), which might imply an age-related change in balance of hormonal and sex 

chromosome effects.
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Pulmonary arterial hypertension affects women more than men. In a mouse model of 

experimental pulmonary hypertension using FCG mice, XY mice were less affected by 

hypoxia than XX mice. Further study of XY* mice indicated that the sex chromosome 

effects were caused by the presence of the Y chromosome, rather than the number of X 

chromosomes. Four Y genes, members X-Y gene pairs, are expressed in mouse lung, 

making them interesting candidates for the protective effect of the Y chromosome in this 

disease model (Umar et al., 2018).

6.1.5 Immune and Autoimmune Function—In Experimental Autoimmune 

Encephalomyelitis (EAE), a mouse model of multiple sclerosis (MS), (EAE), different sex 

chromosome factors interact to produce sex differences in the disease. Mice are immunized 

with autoantigens that trigger an immune response resembling MS. Disease progression and 

neuropathology is worse in XX than XY mice (Smith-Bouvier et al., 2008; Palaszynski et 
al., 2005). However, when bone marrow chimeric mice are produced in which the sex 

chromosome complement (XX vs. XY) in the immune system is independent from that of 

the brain, XY brains are found to respond worse in EAE than XX brains (Du et al., 2014). 

The different direction of the sex chromosome effects may be related to the complex sex 

difference in humans, in which incidence of MS is greater in women than men, but disease 

progression is worse in men than women. Conceivably different sex chromosome genes 

influence the immune system and the response of brain tissue to the immunological attack. 

The sex chromosome effect is found also in models of other autoimmune diseases such as 

lupus erythematosus (Smith-Bouvier et al., 2008; Moore et al., 2013). Sex chromosome 

effects also affect immunological response to some viruses (Robinson et al., 2011).

6.1.6 Interaction of sex chromosome effects and age—An experimental model of 

stroke involves temporary occlusion of the middle cerebral artery followed by reperfusion of 

the brain. Estrogens are known to protect from stroke damage in this model, causing a sex 

difference. In young FCG mice, no sex chromosome effect was discovered (Manwani et al., 
2015). In aged mice, however, sex chromosome complement is the primary contributor to 

sex differences in this model. XX mice had greater lesions than XY mice, irrespective of 

gonadal sex, as well as greater activation of microglia and secretion of pro-inflammatory 

cytokines (McCullough et al., 2016). Among the aging processes that could contribute to an 

increase in sex chromosome effects is an age-related increase in escape from X inactivation 

(Disteche, 2016).

6. 2 Sex differences in the germline

Germ cells have long been known to show sex differences in behavior, including onset of 

meiosis during embryonic life. Although some evidence pointed to the possibility that XX 

and XY cells are sexually differentiated before they migrate into the undifferentiated 

gonadal ridge (Chuva de Sousa Lopes et al., 2008), most evidence supported the idea that 

germline sex differences were imposed by the testicular vs. ovarian environment in which 

the cells differentiate (Spiller et al., 2017). Thus, the sex differences were perceived to be 

downstream of the processes causing differentiation of gonadal somatic cells, induced by 

Sry in males vs. ovary-determining genes in females. Recently studies demonstrate, 

however, that the phenotypic differentiation of XX and XY germ cells depends also on sex 
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chromosome complement. During the specification of germ cells in the epiblast and 

migration into the gonads, the active X chromosome of XX and XY germ cells is 

upregulated to be on par with autosomes. At early stages of differentiation of the gonads 

(E12.5 to 14.5), however, XX cells show X to autosome expression ratios above one, and 

XY cells have ratios below one [(Sangrithi et al., 2017); see also (Chuva de Sousa Lopes et 
al., 2008)]. This sex difference depends on the number of X chromosomes, not gonadal sex, 

and is another illustration that sex differences in development are not only dependent on 

gonadal type.

6. 3 Y chromosome-mediated sex differences in physiology and disease

One method for testing the involvement of the Y chromosome in traits is the use of Y 

chromosome consomic mice, in which Y chromosomes from different mouse strains are 

crossed onto the same genetic background. Phenotypic differences among strains reveal the 

effects of variation of Y genes. The use of Y consomic strains has been expanded 

impressively recently in studies of EAE in which males differing only in their Y 

chromosomes show quite substantially different disease progression (Case et al., 2015; Case 

and Teuscher, 2015; Case et al., 2013; Spach et al., 2009). Consomic Y chromosome strains 

also differ in their response to influenza A infection (Krementsov et al., 2017).The strain 

differences do not appear to be caused by different levels of testosterone. These studies 

allow the confident conclusion that genetic elements on the Y chromosome modulate 

disease, but may not necessarily imply that Y genes normally contribute to sex differences in 

disease mechanisms (Arnold, 2017b). On the one hand, Y genetic elements may have a 

“masculinizing” function in autoimmune disease in the sense that they make males different 

from females. But because the Y chromosome also balances the effects of the X 

chromosome, the variation in Y consomic strains may represent different mismatches of Y 

elements with X and autosomal genes with which they are artificially paired during breeding 

of consomic strains. The balancing role of the Y chromosome does, however, suggest a 

contribution of Y genes to sex differences more generally in human populations. In 

populations with different Y chromosome haplotypes, specific Y variants may be more or 

less compatible with certain X chromosomes or autosomes. In the same way that 

mismatches of the mitochondrial and nuclear genomes have a different effect on the two 

sexes, discussed above, the Y chromosome mismatches with the rest of the genome may 

induce male-specific variation in natural populations.

7. Comparison to birds

The study of sex differences in birds has contributed substantially to concepts of sex 

determination and sexual differentiation, and evolution of sex chromosomes. Males are 

homogametic (ZZ) and females are heterogametic (ZW). In the absence of easy transgenic 

methods in birds, two methods have historically been used to investigate a causal role for sex 

chromosomes in sex differences. One method is to transplant tissues from one sex to the 

other, to determine if the sexual phenotype of the donor is maintained or modified in the 

hormonal and tissue environment of the other sex. Using this approach, several studies found 

that some tissues retained their sex-specific character when transplanted to the other sex 

(Kozelka, 1932; Mueller, 1977). Although the suggestion was that genetic factors within the 
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transplanted tissue might cause the sex differences, there remained the possibility that 

hormones might have caused permanent differences in the tissue before transplantation 

(Lillie, 1939). The second line of evidence came from study of lateral gynandromorphs, 

which are intersex birds with male plumage and a testis on one side of the body and female 

plumage and an ovary on the other. Early investigators realized that the presence of tissues 

typical of both sexes, within the same body, was unlikely to have an endocrine explanation, 

because hormones are expected to affect both sides (Macklin, 1923; Witschi, 1939).

Avian gynandromorphs have been analyzed since the advent of molecular tools that allow 

assessment of genotype and Z or W gene expression (Agate et al., 2003; Zhao et al., 2010; 

Morris et al., 2018). In a gynandromorphic zebra finch, brain regions controlling male song 

were larger on the genetically male side than on the genetically female side, implying sex 

chromosome effects on sexual development of the brain (Agate et al., 2003). In chickens, 

sexually dimorphic traits such as comb, wattles, leg spurs, and body size were male-like on 

the genetically male side, and more female-like on the genetically female side. Although the 

genotype of cells on the two sides is mixed ZZ-ZW (Zhao et al., 2010), the male side had 

more ZZ cells than the female side, and the female side had more ZW cells (Agate et al., 
2003; Zhao et al., 2010; Morris et al., 2018). Interestingly, cells of one sex, introduced into 

chick embryos of the opposite sex, took up residence in the gonads and expressed markers 

typical of the donor sex, confirming that sex-specific development of gonadal somatic tissue 

is specified by sex chromosome complement (Zhao et al., 2010).

Zhao et al (2010) suggested a distinction between birds and mammals, in which sexual 

phenotype is specified cell-autonomously in birds, in contrast to hormonal specification in 

mammals. This distinction is unwarranted, because of extensive evidence that gonadal 

hormones cause sex differences in avian tissues (Balthazart et al., 2009; Arnold and Itoh, 

2011; Witschi, 1961), and because of extensive evidence reviewed here that sex 

chromosomes have cell-autonomous sex-differentiating effects in mammals. However, the 

lack of a Z chromosome-wide mechanism of dosage compensation in birds (Itoh et al., 2007; 

Mank, 2009) means that most Z genes are expressed higher in every ZZ cell relative to ZW 

cells, making these genes available as drivers of sex differences. In mammals, the more 

effective X dosage compensation means that fewer X genes may be inherently sex-biased in 

their expression, so they may be less likely to acquire the ability to induce sex differences in 

cell function (Arnold et al., 2008).

8. Conclusions

It is now widely recognized that the sex chromosomes of mammals are a major source of 

inherent sex bias in the genome, because of the unavoidable sex difference in copy number 

of the two chromosomes. Nevertheless, much work is needed to identify the specific genes 

and mechanisms by which the two chromosomes cause sex differences in tissue function. 

Moreover, it will be imperative to understand how diverse forces, from different sex 

chromosome genes and from gonadal hormones, interact with each other to cause sex 

differences. Discovering these sex-biasing pathways is important for better understanding of 

sex differences in a wide variety of diseases.
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Figure 1. The sex-chromosome-centric view of sexual differentiation.
All phenotypic sex differences stem from the difference in number and type of sex 

chromosomes present in the zygote. In the undifferentiated gonadal ridge, Sry expression in 

XY cells induces differentiation of testes. Ovaries differentiate in XX animals in the absence 

of Sry, because of the expression of autosomal or X-linked genes. Differences in gonadal 

hormone levels contribute to sex differences in tissue function. In parallel, sex differences 

are also caused in all non-gonadal tissues by differences in effects of X and Y genes. 

Hormonal and sex chromosome factors interact to promote or reduce sex differences in 

phenotypes.
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Figure 2. Inherent bias in human X chromosome gene expression across tissues.
Analysis of over 5500 transcriptomes from 29 human tissues from GTEx consortium data 

shows the level of sex bias in expression of X genes reported to escape inactivation. Rows 

indicate different tissues, and columns represent X genes reported to escape X inactivation, 

mapped by chromosomal position. Red indicates expression higher in females, and blue 

indicates expression higher in males. Grey indicates expression too low to be analyzed. In 

the non-pseudoautosomal (non-PAR) region, about 23% of X genes overall showed higher 

expression in females, and in PAR1 region most genes were expressed higher in males. This 

general pattern can be attributed to escape from X inactivation in the non-PAR region in XX 

cells, and from some inactivation of PAR genes in XX cells but not XY cells. However, other 

sex-biasing factors (gonadal hormones, parental imprint) could contribute to sex differences 

as well, in either direction, and may account for colors that deviate from the pattern of 

adjacent genes (e.g., red squares in the PAR, and blue squares in the non-PAR). Reprinted 

from (Tukiainen et al., 2017) under terms of Creative Commons Attribution 4.0 International 

license.
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Figure 3. The number of X chromosomes influences body weight in FCG and XY* mice.
A. In FCG mice, gonadal males at postnatal day 75 (week 0) weighed about 25% more than 

gonadal females. When gonads were removed on that day, the sex differences disappeared 

by 4 weeks after gonadectomy (GDX). After that, XX mice slowly gained much more body 

weight than XY mice, irrespective of previous gonadal type. B. In the XY* model, the same 

experiment replicates the larger body size of two groups with testes, relative to two groups 

with ovaries. After gonadectomy, the groups with two X chromosomes gained more weight 

than those with one X chromosome, illustrating that the body weight is affected by the 

number of X chromosomes. M = gonadal male, F = gonadal female. PAR = 

pseudoautosomal region. Reprinted from (Chen et al., 2012) under terms of the Creative 

Commons Attribution License.
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Figure 4. Sex chromosome and hormonal effects on brain volumes from FCG mice.
Whole-brain MRI was used to measure volumetric variation in gonad-intact FCG mice. 

Among seven brain regions illustrated, some showed significant effects of gonadal hormones 

(parieto-temporal lobe of the cerebral cortex, the hypothalamus, and the bed nucleus of the 

stria terminalis). Others showed effects of sex chromosomes (basal forebrain, occipital lobe 

of the cerebral cortex, cerebellar cortex, corpus callosum). Asterisks indicate changes were 

significant at false discovery rate of 5% or less. Error bars represent 95% confidence 

intervals. Reprinted by permission of Springer Nature from (Corre et al., 2016).
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