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Abstract

Sex chromosome genes directly influence sex differences in behavior. The discovery of the Sry
gene on the Y chromosome (Gubbay et al., 1990; Koopman et al., 1990) substantiated the sex
chromosome mechanistic link to sex differences. Moreover, the pronounced connection between
X chromosome gene mutations and mental illness produces a strong sex bias in these diseases.
Yet, the dominant explanation for sex differences continues to be the gonadal hormones. Here we
review progress made on behavioral differences in mouse models that uncouple sex chromosome
complement from gonadal sex. We conclude that many social and cognitive behaviors are
modified by sex chromosome complement, and discuss the implications for human research.
Future directions need to include identification of the genes involved and interactions with these
genes and gonadal hormones.
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Introduction

In species with sexual reproduction males and females must accommodate the demands of
both shared and divergent evolutionary pressures. The responses to different demands are
reflected in sex differences in morphology and behaviors. Primary sex differences, such as
male versus female gonads, are distinctly different between the two sexes, while secondary
sexual characteristics like antlers, body hair, and musculature of the larynxes can be
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completely sexually dimorphic or can vary by degrees. Importantly, sexually dimorphic
structures are also present in the central nervous system, and are necessary for the regulation
of behavioral sex differences.

Morphological sex differences are primarily orchestrated by developmental gene expression,
and, in many vertebrates, sex chromosome genes initiate sex-specific gene expression during
early development. These genes, and the proteins they encode, propagate a cascade of
signaling events within gene-networks to drive sexual differentiation programs. The best-
documented example of this in mammals is the gene of the sex-determining region of the Y
chromosome, S'y. When Sy is expressed at the correct time and place it causes the
undifferentiated gonads to become testes. In turn, androgens, produced by the male testes
during development, organize the brain to respond to male-typical steroid hormones in
adulthood, thereby activating sexually dimorphic masculine behaviors.

In addition to steroid hormones, the substantial genetic difference between males (bearing a
single X and a Y chromosome) and females (bearing two X chromosomes) plays a
significant role in brain development and may lead to neurological disorders (Lyon, 1961;
Qureshi and Mehler, 2010; Raymond, 2006; Savic, 2012). Notably, the proportion of genes
on the X chromosome that are expressed in brain is higher than any other single
chromosome (Xu and Andreassi, 2011), and it is well known that some of these genes play a
role in cognitive behavior. Human males with functional mutations in their only allele of
these X-genes (i.e. FMR1, JARID1C, ATRX etc.) exhibit mental illnesses (Raymond, 2006).
In addition, males with three sex chromosomes (XXY or XYY) can have behavioral
problems and low 1Qs (van Rijn et al., 2006), and XXY (Klinefelter Syndrome) boys are
diagnosed with autism spectrum disorders, schizophrenia, affective disorders, and language
disabilities more often than XY boys (Savic, 2012). Likewise, XO females (Turner
Syndrome) have variable behavioral phenotypes but are often described as socially
immature or fearful (Elsheikh et al., 2002; Lesniak-Karpiak et al., 2003). These are very
common diseases, ranging in incidence from 1:2,500 (Turner) to 1:600-1,000 (Klinefelter),
which highlights the potential clinical applications of research using mouse models of sex
chromosome aneuploidy, as well as models that isolate the behavioral actions of sex
chromosome genes from actions of hormones.

Over the past ten years, a surge in interest in sex chromosome genes and behavior has been
driven by the hypothesis that these genes play a role in sexual differentiation of the brain
(Arnold, 2009; Arnold et al., 2003; De Vries et al., 2002). Because the sex chromosomes are
intrinsically linked to gonadal development, and thereby hormonal differences, genetically
manipulated mice along with spontaneous mutants, have been used as tools for examining
direct, genetically derived sex differences that arise independently of hormones. While many
non-behavioral phenotypes have been described from these models, this review will focus
on and summarize sex chromosome gene effects on sexually dimorphic behaviors. We aim
to broaden the readers’ interests in the roles that sex chromosome genes play in sexually
dimorphic behavior as well as other behaviors that may relate to human neurodevelopmental
disorders with sex-biased incidences.
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The Sex Chromosomes

The mammalian sex chromosomes, X and Y, are structurally heteromorphic, and unequally
represented in the cells of XX females and XY males. It is hypothesized that the mammalian
sex chromosomes started as identical autosomes that diverged once the precursor to the
modern day Y chromosome acquired the gene(s) and mutations necessary for genetic
inheritance of testes determination (Graves, 1995; Graves et al., 2006). After the Y
chromosome captured the testis determining gene(s), three major genetic domains among
the two sex chromosomes of mammals evolved (Figure 1; (Ellegren, 2011)). The two
chromosomes share a region of identical sequence homology, called the pseudoautosomal
region (PAR) (Ellis and Goodfellow, 1989) that, in humans, contains about 29 genes (Ross
et al., 2005). Recombination of the sex chromosome PAR region, like recombination in
autosomes, is essential for meiosis. In addition to the PAR genes shared with X, the human
Y chromosome has approximately 27 known unique genes (429 predicted) in the non-
recombining region of Y (NRY; (Skaletsky et al., 2003), NCBI human genome assembly),
while the X chromosome contains approximately 1,400 known unique genes (1,672
predicted) in the non-pseudoautosomal region of X (NPX; (Xu and Disteche, 2006); NCBI
human genome assembly). In contrast to humans, the single PAR region in mouse sex
chromosomes contains only two known genes (Dal Zotto et al., 1998; Perry et al., 2001,
Raudsepp and Chowdhary, 2008), the NRY contains 54 predicted Y-unique genes, and the
NPX contains 2025 predicted X-unique genes (NCBI mouse genome assembly).

In order to deal with the stoichiometric problem of different doses of sex chromosome genes
between the sexes, mammals developed X-inactivation dosage compensation, whereby one
of the two X chromosomes is transcriptionally silenced at random in every female cell to
match the single X expression levels in XY males (Lyon, 1961; Nguyen and Disteche, 2006;
Wutz, 2011). However, in humans, 15% (Carrel and Willard, 2005), and in mice 3%
(Berletch et al., 2011; Disteche et al., 2002; Yang et al., 2010), of genes on the silenced X
chromosome are capable of escaping inactivation. This can result in a genetic imbalance
between males and females such that, besides the unique genes on the Y chromosome that
are only expressed in males, some of the genes unique to the X chromosome which escape
X-inactivation may be more highly expressed in females. While the number of differentially
expressed X chromosome genes is small (Itoh et al., 2007; Johnston et al., 2008), some of
these genes are important regulators of downstream gene expression (Xu and Andreassi,
2011). In addition, females, not males, inherit a paternal X chromosome; therefore, any
paternally imprinted X genes will be expressed in females only. Dimorphic sex chromosome
gene expression is apparent in brain tissue and thus may cause sex differences in behavior
(Xu and Andreassi, 2011; Xu et al., 2002; Xu et al., 2008a; Xu et al., 2008b; Xu and
Disteche, 2006; Xu et al., 2005). In the case of human sex chromosome aneuploidies, which
have more or fewer than two sex chromosomes, variation in expression of sex chromosome
genes within the brain may also affect behavior (Knickmeyer, 2012; Savic, 2012). For
example, when compared with XX females, females with Turner syndrome (XO) would
have decreased expression of any X chromosome genes that escape X-inactivation, while
individuals with Klinefelter syndrome (XXY) would have over expression of these same
genes when compared to XY males.
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Before reviewing the behavioral data, we provide detailed descriptions of many of the
mouse models that have been used for evaluating sex chromosome effects on behavior. A
simplified summary of these models is found in Table 1. A critical consideration when
interpreting results in mice is that the background strain influences most behaviors;
therefore, we make note of model background strains, and, where appropriate, the Y
chromosome strain of origin.

Four Core Genotypes

A mouse model now known as the “Four Core Genotypes” (FCG) has been used to directly
test the contributions of sex chromosome complement versus gonadal sex (De Vries et al.,
2002). This model takes advantage of a spontaneous mutation that resulted in a deletion of
the testis determining gene, Sy, on the mouse Y chromosome (Lovell-Badge and Robertson,
1990), which is rescued by a transgenic insertion of Sy within an autosome (Mahadevaiah
et al., 1998). An animal with an Sy-deleted Y chromosome (henceforth called “Y~") and an
autosomal Sry transgene (XY~ Sy male) develops normal testes and is a fertile male.

Mating a XY~ Sy male with a normal XX female produces offspring of four genotypes
(Figure 2): females with two X chromosomes (XXF), females with an X and a Y~
chromosome (XYF), males with two X chromosomes and no Y chromosome (XXM), and
males with an X and a Y chromosome (XYM). The FCG unlinks gonadal determination
from the inheritance of the sex chromosomes, and allows for independent analysis of the two
factors.

The FCG mice have been bred into several background strains (SJL, MF1, DBA/2 and
C57BL/6J), but because of the origin of the Sy deleted Y~ chromosome, which was
discovered in a 129 male mouse, all of the Y~ carrying males and females are Y
chromosome congenics with a 129 Y chromosome, while their other chromosomes are from
the background strain. This needs to be considered when data from this cross are compared
with a normal XY that has both sex chromosomes from the same genetic background.
Nonetheless, experiments conducted with the FCG are a good first step to differentiate
whether gonadal sex (presence of ovaries or testes) and/or sex chromosome complement
(XX or XY genotype) contribute to a sex difference in phenotype.

The Y* Mouse

The Y* chromosome was discovered in the LT/Sv inbred mouse line, and was the result of a
spontaneous translocation event. During this chromosome rearrangement in a normal male, a
portion of the X chromosome consisting of the X-centromere and most of the X-PAR,
attached to the end of PAR on the Y chromosome (Eicher et al., 1991); Figure 3). Thus, the
Y* chromosome contains all of the Y-specific genes located in NRY, an inverted

duplication of the proximal and middle portions of PAR joined end-to-end, and a functional
X-centromere on the end of the long arm. In addition, between the duplicated PAR and the
functional centromere is a very tiny fragment of NPX containing approximately 8 genes
(Burgoyne et al., 1998; Eicher et al., 1991; Isles et al., 2004; Wolstenholme et al., 2013).
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The Y* chromosome has been backcrossed into both MF1 and a substrain of the C57BL/6J
background (B6Ei.LT-Y*/EiJ; Eicher et al., 1991). In the C57BL/6J background mating an
XY* male to a normal XX female produces litters with four genotypes (Figure 4). In
addition to XX female and XY* male offspring, recombination of the Y* chromosome with
X yields two additional, unusual genotypes. Half of the females inherit an abnormally small
chromosome, consisting of the small (8-gene) NPX fragment of the Y* chromosome and a
full PAR, while half of the males inherit an abnormally large chromosome, which consists
of an X chromosome (lacking the distal end of the PAR, including the Ss gene) attached to
the NRY and shortened PAR (also lacking the distal end with &s) of the Y* chromosome
(Eicher et al., 1991). All of the offspring have a normal, maternal copy of the NPX genes of
the X chromosome, and both male genotypes retain all of the NRY chromosome genes. For
simplicity’s sake, the offspring are called 1X and 2X, males and females (Table 1). The Y*
mouse model is a useful tool for understanding the role of X chromosome dose, including
the modulation of behavioral sex differences. It also bears relevance to human disease, as
the abnormal female offspring are nearly XO, similar to Turner Syndrome in humans, while
the abnormal male offspring are nearly XXY, similar to Klinefelter Syndrome. The Y*
mouse model may be particularly useful for understanding Turner syndrome, as this disease
is not always caused by complete monosomy (patients can carry a truncated second X
chromosome). However, one limitation of the Y* model is that the mice have the normal
total number of chromosomes (40) and thus are not aneuploids in the strictest sense.

XY~Y*X Cross

Aneuploids

Another limitation of the Y* offspring is that they cannot differentiate effects due to Y
chromosome genes that are independent of gonadal sex. To address this issue, Chen et al.
(Chen et al., 2013a) utilized a cross designed by Paul Burgoyne that mates a normal XX
female to an XY~Y*X(Sry+) male in the MF1 background. This cross generates seven sex
chromosome genotypes all with and without an autosomal Sy transgene (14 groups). To
measure the effects of the Y-chromosome on adiposity and metabolism, Chen and
colleagues (Chen et al., 2013a) compared three of the sex chromosome genotypes: XY™,
XY*X and XX (Table 1). Direct comparisons between XY~ to XY*X can measure the
effects of the presence or absence of NRY genes independent of gonadal sex and the number
of PARs.

The offspring of Y* 1XM and 2XF, in the C57BL/6J background are described above
(Table 1). They possess abnormally configured sex chromosomes, and unusual numbers of
NPX, NRY and PAR genes, but are not true aneuploids (with more or less than two sex
chromosomes). True aneuploids, with more or fewer than two sex chromosomes, can be
generated in several ways. In the MF1 background strain, breeding Y* mice can produce a
number of true aneuploids with 39 chromosomes (39,X0O females) along with the other four
Y* genotypes (Table 1). Other strains of mice harboring X chromosome mutations also
produce 39,XO offspring at a high frequency. Specifically, patchy fur (XPaf) mice with a
mutation in the X-linked Paf gene that resides near PAR, and 40, In(X)1H/X"a mutants
with a large inversion of the X chromosome, display a high frequency of non-disjunction of
the sex chromosomes during meiosis (Evans and Phillips, 1975; Lane and Davisson, 1990).
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When the XPaf mutation is combined with the Y* chromosome rearrangement by mating
these two strains, the numbers of aneuploid offspring produced increases even further
(Burgoyne and Evans, 2000). In addition, these mice can be used to examine X chromosome
parent of origin effects by producing female offspring with either a single maternal or
paternal X chromosome. Mating 40,XX females with XPaf Y* males carrying the patchy fur
mutation on X, produces XO females with a single maternal X (39,XMO). The reciprocal
females with a paternal X (39,XPO) are produced by mating 40, In(X)1H/XPf to 40, XY
(Evans and Phillips, 1975). Another breeding strategy using the Y* mouse produces
41,XXY aneuploid mice. When XY* males are mated to XX females they produce XY*X
females. XY females can be mated to normal XY males to obtain XYY*X males. Finally,
mating XYY*X to XX females produces 41,XXY males, a model for Klinefelter syndrome
(Table 1). 41,XXY males can then be bred to produce more 41,XXY male offspring (Hunt
and Eicher, 1991; Hunt et al., 1998); these four generations of crosses can even make
41,XXY mice in the C57BL/6J background (Lue et al., 2005).

A second method of generating aneuploids is mating XY MF1 males that have an additional
copy of an Sry transgene (XY Sry) inserted onto an autosome with females possessing an
XXY™ genotype (Table 1). These females have two X chromosomes and an Sry-deleted 129
YTdyml chromosome (Y~) and, in the MF1 background, they are fertile. The XYSry by
XXY~ cross can produce the following six testes-bearing males: XY, XYY™, XYSy, XYY~
Sy, XXSy, and XXY™ Sy. Three of the male genotypes are aneuploids with an extra Y~
from the 129T®ML strain (XYY, XYY~ Sy, and XXY~ Sry) and two genotypes have an
extra autosomal copy of Sy from the transgene in addition to the endogenous MF1 copy on
Y (XYSyand XYY~ Sy). In addition, two males have two X chromosomes (XXS'y, and
XXY~™ Sy), and one male has a normal XY genotype and serves as a control (Park et al.,
2008).

A third method used to produce aneuploid mice is similar to the strategy just described.
Designated by the authors as the “sex chromosome trisomy” model, XXY~ females can be
bred with XY~ Sy males (from the four core genotypes) to make eight genotypes of four
males and four females (Chen et al., 2013b). The genotypes include: XX, XY™, XXY~, and
XY~Y™; when the Sy transgene is absent the animals have ovaries, and when present they
have testes. The virtue of this model is that all of the Y-chromosomes are from the same
inbred line (129) and only Sry is a transgene. Like the other two aneuploidy models, these
mice cannot be produced in C57BL/6 and, so far, are only available in the MF1 strain.

This Y-congenic strain (C57BL/6JEiYPS) was formed when the Y chromosome from wild
mice Mus domensticus poschiavinus (YP%) was bred into a C57BL/6Ei background strain
(Eicher et al., 1982). After a few backcrosses there were no true male offspring produced,
but instead there were normal XX females, XYP°S females (X'YPOSF) and intersexed XYP0s
(XYPOs]) with ovotestes (Canastar et al., 2008; Eicher et al., 1995). The intersex individuals
produce sperm that can be extracted from the testicular tissue of the ovotestes to propagate
the line. The ovary-bearing X'YPOSF have normal circulating hormone levels and can become
pregnant (Correa et al., 2012; Stavnezer et al., 2000). One caution for interpretation of the
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data from these mice is that the ovotestes may be transient during embryogenesis (Eicher
and Washburn, 2001). If that were the case, normal XYPOSF may have been exposed to
higher than normal levels of androgen as embryos.

Odsex mice carry a coat color transgene that was inserted into a regulatory region
approximately 1Mb upstream of the Sox9 gene of the FVB/NTacfBR inbred strain. The Sox9
gene is part of the normal testes differentiation cascade, and the transgene insertion causes
overexpression of Sox9, which is normally repressed in females. This results in XX males
(XXMOds) with small testes that, although capable of producing androgens, are lacking
normal spermatogenesis (Bishop et al., 2000).

SF-1 Knockout Mice

Steroidogenic factor 1 (SF-1) is a nuclear receptor that is expressed in the gonads, adrenal
glands, pituitary, and brain (Parker et al., 2002; Parker and Schimmer, 1997). SF-1 is
essential for gonad development (Ingraham et al., 1994), and, due to the important role of
SF-1 in adrenal function, mice lacking the gene (Nr5al) for SF-1 die shortly after birth
unless their adrenals are replaced via organ transplant (Majdic et al., 2002). To keep them
alive from birth, SF-1 knockout (SF1 KO) mice typically receive daily injections of
mineralocorticoids and glucocorticoids, and at about one week of age they receive adrenal
transplants from normal, same age mice. The mice continue to develop in the absence of
gonadal hormones, and therefore brain sex differences can be attributed to sex chromosome
effects (Budefeld et al., 2008). SF1 KO mice (Table 1) have been backcrossed into the
C57BL/6J mouse strain (Grgurevic et al., 2012). Some limitations of this model are that 1)
the ventromedial nucleus of the hypothalamus does not form normally, 2) the pituitaries of
SF1 KO mice do not produce normal levels of gonadotropins, and 3) the mice have to be
exposed to exogenous glucocorticoids during the first week of life, any of which could
potentially alter a number of behaviors in these mice.

Sex Reversed Mice

Sex Reversed mice (C57BL/6J-AW-J YSxra), also called Sxr mice (Table 1), are produced
by males possessing two X chromosomes, one of which contains a fragment of the Y
chromosome that includes the Sy, Zfy2, Kdmbd, Ubely, and Zfy1 genes (Bishop and
Mitchell, 1996). The presence of the Sry on the X chromosome (X5X) leads to testicular
development in these males (Evans et al., 1982; McLaren et al., 1992). However, in the
C57BL/6J background, testicular development can be incomplete with this mutation
producing ovotestes in the XX males (XXSX1), which complicates the interpretation of
behavioral studies (Nagamine et al., 1998).

Sex Chromosomes and Behavior

Now that the relevant mouse models have been described, here we review the literature on
behavioral studies conducted using these mice. However, there are some caveats to keep in
mind when reviewing the behavioral literature. First, even small procedural differences in
behavior tests can have large effects on the outcomes; therefore we have noted experimental
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differences when applicable. Secondly, since strain differences can also impact behavioral
findings, as was done with the description of the mouse models above, we have tried to note
differences in background strain and methodology throughout this review as needed. For a
quick reference, the studies reviewed below are also summarized in Table 2.

Offensive aggressive behavior is highly sexually dimorphic in mice, and largely dependent
upon gonadal hormones (Conner et al., 1969). Different mouse strains are also strikingly
diverse in the display of aggressive behaviors (Carlier et al., 1990). For example, DBA/1
males engage in acts of aggression (“tail rattling, wrestling, flank biting, chasing, or full
attack™) toward male conspecifics more frequently than C57BL/10 males (Selmanoff et al .,
1975). Furthermore, the aggression levels of DBA/1 by C57BL/10 F1 hybrid mice depend
upon which strain was used for the sire and which was used for the dam. In general, F1
hybrid aggression levels more closely resemble the phenotype of the sire’s background
strain than that of the dam’s strain, suggesting a role for gene(s) on the Y chromosome in
aggressive behaviors. Early studies backcrossed hybrids to produce Y chromosome
congenics with the DBA/1'Y chromosome in the C57BL/10 genetic background strain.
Congenic males were then mated to DBA/1 females to generate male hybrid offspring with a
DBA/1-Y, despite having paternal autosomes from the C57BL/10 strain (D1B10-Y1 F1).
These hybrid mice with a DBA/1 'Y were more aggressive than hybrids with a C57BL/10 Y,
elegantly demonstrating that the Y chromosome contributes to strain differences in
aggression (Maxson et al., 1979). Later, using a positional gene candidate strategy it was
determined that the NRY gene, Sy, was most likely involved in establishing these strain
differences (Maxson, 1996a; Maxson, 1996b), although these conclusions could not be
proven with the methods available at the time.

Further evidence for the importance of the Y chromosome strain origin in aggressive
behavior came from F1 hybrids of CBA and NZB mice (Roubertoux and Carlier, 1988), and
inbred lines of wild mice selected for aggression (Van Oortmerssen and Sluyter, 1994).
These studies showed not only that the Y chromosome was important, but also using cross-
fostering that the postnatal maternal environment could alter aggressive behavior (Carlier et
al., 1991; Sluyter et al., 1995). In contrast to the studies by Maxson and colleagues, another
group suggested that a gene within the PAR of the Y chromosome, rather than an NRY
gene, influenced differences in aggression by using different congenic strains (N and H)
with substitutions in the PAR regions of the Y chromosome (Roubertoux et al., 1994).
Eventually, both groups studying Y chromosome effects on aggressive behavior directly
compared their hybrid strains using the same testing procedures, and agreed that an NRY
gene (presumably Sry) was the best candidate gene on the Y chromosome associated with
aggression (Guillot et al., 1995). Nonetheless, using a different testing paradigm, the PAR
located steroid sulfatase gene (s) and its enzymatic activity were found to be positively
correlated with aggressive behavior (Le Roy et al., 1999; Mortaud et al., 2010); thus,
suggesting that both Ssand Sy may be involved in the regulation of aggressive behavior.

These early studies on the genetics of aggressive behavior revealed the importance of the Y
chromosome, but due to the function of the Sry gene, could not delineate effects that were
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caused by differences in androgen secretion. However, research from other animal models
(such as birds) suggested that the sex chromosomes might contribute to brain development
and behavior directly, not via the actions of gonadal hormones. Thus, while S’y and Ss may
be involved in strain differences in male aggression, these and other sex chromosome factors
may also influence sex differences in aggression. Following this work, studies with
gonadectomized and testosterone replaced FCG mice in the C57BL/6J background showed
that the XYF were faster and more likely to attack a submissive male intruder in their home
cage as compared to XXF, which virtually never attack (Gatewood et al., 2006). These
results suggested that genes on the Y chromosome other than Sry have an effect on
aggression. However, as mentioned above, the FCG Y chromosome is from the 129 strain.
Since normal males of the 129 strain attack intruders more than C57BL/6J males (Abramov
et al., 2008), if the strain difference is due to a Y-genetic component as others have noted
with hybrids from other strains (Maxson et al., 1979; Roubertoux et al., 1994), aggression in
FCG XYF may depend on the strain origin of the Y chromosome. Moreover, the data in
FCG mice was collected prior to the strain being completely backcrossed into a C57BL/6J
background (still partially on a MF1 background), and this too could have influenced the
aggressive behavior in these mice.

In addition to genes on the Y chromosome, the X chromosome may also influence
aggression. To investigate the contribution of the X chromosome in offensive aggression,
adult Y* mice of both sexes were gonadectomized, testosterone replaced, and tested in
resident-intruder tests. Neither 2X nor 1X females (2XF and 1XF) attacked intruders
(neither genotype has a Y chromosome). However, 2X male (2XM) mice showed a trend for
increased aggression as measured by attack latency and number of attacks (Bonthuis et al.,
2012). Prior to this study, two genes located on the X chromosome had been implicated in
aggression: the previously discussed Ss gene which is in the PAR of both sex chromosomes
(Le Roy et al., 1999), and Monoamine oxidase A (Maoa), which encodes an enzyme that
degrades monoamine neurotransmitters. Transgenic male mice with MAOA deficiency
show increased aggressive behavior (Cases et al., 1996). Interestingly, while MAOA levels
have not yet been assessed in adult Y* mice, neither genotype of male Y* mice possess the
Y chromosome copy of the s gene because of the nature of the Y* rearrangement (Davies
et al., 2007), suggesting that Stsis not the cause of the X chromosome effect on aggression
in Y* males.

Along with the FCG and Y* mice, three additional models, SF1 KO, POS (XYP°) and
Odsex mice, have been used to assess the role of the sex chromosomes on aggression, and
resulted in conflicting findings. In one study, XY (genetically male) and XX (genetically
female) SF1 KO and WT control mice were gonadectomized prior to puberty, treated with
testosterone, and tested with intruder males (Grgurevic et al., 2008). The SF1 KO mice of
both XX and XY genotypes (XXKOSF! and XYKOSFL) were far less aggressive than wild
type males (X'YMSFL), indicating that testosterone given during adulthood was not enough
to overcome a deficit in steroid hormones during development, and importantly, that
hormone exposure, rather than genetic sex, is needed for proper development of the neural
circuits that regulate aggressive behavior. These results point to a potential interplay
between sex chromosome genes and hormones during development to establish sexually
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dimorphic neural circuitry. In another study, ovary-bearing XYP°SF were no different than
XX females in measures of aggression toward an intruder male, and displayed less
aggressive behavior than XY males, while Odsex XX males (XXM©9%) did not differ from
XY males in aggressive behavior (Canastar et al., 2008). However, in both of these
experiments the aggression tests were done in a neutral cage, a significantly different test
than resident-intruder aggression, and one that might reduce the amount of aggression since
neither mouse is the resident. In addition, the mice did not receive exogenous testosterone to
normalize hormone levels, which is in contrast to the FCG and Y* studies. Therefore, the
differences between the findings of this study and others may be caused by strain differences
and/or discrepancies in testing conditions.

Sexual Behavior

Like aggression, male sexual behavior may be sensitive to the strain of origin of the Y
chromosome. The first demonstration of this compared DBA/2 males to males with a
DBAJ/1Y chromosome in the DBA/2 genetic background (DBA/2.DBA/1-Y). In this case,
the DBA/1'Y chromosome reduced the frequency of males mounting during a 10-minute test
to 13%, down from 50% in normal DBA/2 mice possessing their own Y chromosome
(Shrenker and Maxson, 1984). These findings may be relevant to the two subsequent sexual
behavior studies conducted in FCG mice, in which different results were found using mice
on two different background strains.

The first study examining behavior in FCG mice was in the MF1 background strain and did
not detect any sex chromosome complement effects on male sex behavior (De Vries et al.,
2002). However, this study showed that both XXF and XYF were faster to initiate mounting
and thrusting than were XXM or XY M. Furthermore, when the XYM in the FCG cross
(harboring a Y from the 129 strain) were compared with normal XY males possessing an
MF1 Y chromosome, the normal XY males took longer to commence thrusting and
displayed fewer mounts than FCG XYM (XY~ Sy males), suggesting a Y chromosome
strain-of-origin effect. Alternatively, differences in the prenatal or postnatal environments or
effects of the Sy transgene might also contribute to these strain differences.

The second FCG study used mice on the C57BL/6J background (Bonthuis et al., 2012).
Again, females were faster to mount and thrust, and engaged in more of these behaviors than
males, indicating that these behaviors are not exclusively displayed by males. However, in
contrast to the finding from the mice on an MF1 background, there was also a sex
chromosome effect: counter intuitively, XX individuals (XXM and XXF) displayed more
mounts and thrusts than XY mice in both sexes. Moreover, XXM were significantly faster to
ejaculate than XYM. Aside from differences between strains, discrepancies in the data
between the two studies using FCG mice may have also been produced by interactions
between the autosomes and the 129 Y~ chromosome. Regardless, as is true of all studies
using only FCG mice, these results do not reveal whether the absence of a Y chromosome,
or the presence of the extra X chromosome produces faster ejaculation latencies in XX
males.

To differentiate between the effects of multiple X chromosomes versus the presence of the
Y chromosome, male sexual behavior in Y* mice of the B6Ei.LT-Y*/EiJ strain was also
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examined. When gonadectomized and given testosterone implants, both 2XM and 2XF,
displayed increased male sex behaviors as compared with mice of both sexes with only one
X chromosome (Bonthuis et al., 2012), indicating that dosage of X chromosome genes
influences male sexual behavior. These data clarify the interpretations of the FCG data and
show that mice with two X chromosomes perform more male sexual behavior. In addition,
males with two X chromosomes (2XM) ejaculated more frequently than males with a single
X (1XM). In contrast to Bonthuis et al. (2012), a study using XYPSF females, and XXMOs,
found that they were no differences in measures of male sex behavior when compared to
normal XX females, and XY males or XYMOUS, respectively (Canastar et al., 2008).
However, XYFOSF in this study were gonad intact and not treated with testosterone, and the
frequencies and latencies to ejaculation were not reported in XXMOSS; therefore, it is
difficult to directly compare the results of the two studies.

The experiments conducted in the Y* mice also suggested that aneuploidy influences male
sexual behavior. This was tested directly using aneuploids in the MF1 background (Park et
al., 2008). In the absence of an Sy transgene, an extra Y~ chromosome increased the
frequency of ejaculation, and decreased the latency to intromit and ejaculate in XYY~ males
compared to XY control males. In the presence of the Sy transgene, the extra Y~ had no
effect on male sex behavior. In contrast to work on the FCG and Y* male mice, the presence
of two X chromosomes appeared to increase latencies to mount, thrust and ejaculate, and
decreased the number of mounts, intromissions and ejaculations in XXSy and XXY~ Sy
males as compared to XYSy and XYY~ Sy males, respectively. Importantly, these
differences were not confounded by genotype differences in testosterone levels at the time of
testing, because all animals were gonadectomized and replaced with testosterone in
adulthood. However, the direct comparisons of the effects of aneuploidy are complicated by
Y-chromosomes from two different inbred lines, and by having either or both copies of an
endogenous and transgenic .

Like male aggressive behavior, female sexual behavior is also highly sexually dimorphic,
but to date there is only one report on the role of sex chromosomes in the development of
female-typical sexual behaviors. Adult SF-1 knockout mice and their wild-type littermates
were given injections of estradiol, followed by progesterone, to induce behavioral estrus
(Grgurevic et al., 2012). While, as expected, WT females were the most receptive and
attractive to a stud male and WT males the least receptive and attractive, a sex chromosome
difference persisted in the SF-1 knockout mice with the XXKOSFL mice receiving more
mounts from males than the XYKOSFL, It is important to note that all SF1 KO mice
(XXKOSF! and XYKOSFL) have female external phenotypes. These findings suggest that
the development of testes in males is not the only factor important for defeminizing their
behavior, and that genes on the Y chromosome may reduce, or genes on the X might
increase, receptivity. Moreover, the investigators reported that the sex chromosome effect
might be attributable to differences in progesterone receptor expression within the
hypothalamus (Grgurevic et al., 2012). However, in FCG neonates sexual dimorphisms in
the numbers of progesterone receptor containing cells was not influenced by sex
chromosome composition (Wagner et al., 2004). Unpublished data from our laboratory also
failed to show any differences in the receptivity scores of FCG females (XXF versus XYF;
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Rissman et al., unpublished), but it will be important to investigate the role of sex
chromosome genes on female sexual behavior using other models. For example,
experiments using the Y* model could help to differentiate whether a second X chromosome
increases, or Y decreases, receptivity in SF1 KO mice.

Parental Behavior

The influence of sex chromosome genes on parental behavior has been examined in two
mouse models. In the FCG mouse on a C57BL/6J background, spontaneous maternal
behavior is influenced by sex chromosome complement. When adult, virgin FCG mice of
both sexes were exposed to newborn pups, XXF retrieved more pups back to the nest, and
began retrieving sooner, than XYF. The XYF were indistinguishable from the males in both
behavioral measures (Gatewood et al., 2006). These findings are similar to those found in
sex-reversed (Sxr) mice, where, in tests of parental care, Sxr XX males (XXSX"M) displayed
less infanticide and more pup retrieval than XY males, but were not quite as good as XX
females at these tasks (Reisert et al., 2002). However, in this study the authors did not
discriminate XY from XY Sxr males, which could have potentially altered their
interpretation. Nonetheless, in sum, these studies suggest an inhibitory effect of the Y
chromosome on parental behavior, and/or a facilitating effect of X chromosome on these
behaviors. However, an advantage of the XX genotype was not noted in the FCG XXM.
Alternatively, the amount of androgen exposure during the neonatal period may differ
between these strains and this may influence adult parental behaviors.

Social Interactions

Non-aggressive, social interactions have also been examined in the FCG mouse and Y*
mouse models, both in the C57BL/6J strain. Adult gonadectomized XY FCG mice of both
sexes spend more time engaged in social activities, such as investigating and grooming a
strange male, as compared to XX mice (McPhie-Lalmansingh et al., 2008). In these same
tests, XXF mice, in comparison to the other three genotypes, also spend more time
performing digging, an asocial behavior. Social interactions and play behaviors have been
examined in juvenile FCG mice (Cox and Rissman, 2011). When paired with an unfamiliar
mouse of the same age and sex; juvenile XXF (21-22 days of age) were less social than all
other genotypes; however, when paired with same-sex siblings they were the most social of
the FCG genotypes. In play-soliciitng behavior, which is distinguishable from prolonged
social contact, XYM were the most likely to solicit play from an unfamiliar mouse, and
XXF were the least likely to solicit play from a sibling. Both of these studies suggest a
contribution of sex chromosome in social interactions in mice without an indication of
which sex chromosome(s) are having this effect.

A recent study using juvenile Y* mice has expanded on these earlier findings in the FCG. It
was found that both 2XM and 2XF are more interactive and investigate a novel mouse more
than 1X mice (Cox et al., unpublished data). While different from the findings in juvenile
FCG mice that XXF are less social in certain contexts, these data are consistent with
previous findings in adult Y* mice. Adult 2XM mice spend more time than 1XM
investigating a novel mouse than a novel object (Liu et al., 2010). Taken together with the
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FCG data, these results suggest a role for both Y and X chromosome genes in the
development of social behaviors.

The first behavioral data generated using the Y* mouse directly compared anxiety in the
1XF mice (generated by the Y* model on an MF1 background) to normal 2XF. These
studies were based on observations made in Turner syndrome patients, which demonstrated
a parent of origin effect. Patients with their single X from their mothers had more severe
impairments to executive function and social behaviors than patients with a paternal X
(Skuse et al., 1997). To further assess the potential contribution of genetic imprinting,
39,X0 female mice carrying either maternal (X™) or paternal (XP) X chromosomes were
necessary for comparative studies (Isles et al., 2004). Because the 1XF from the Y* model
retain PAR and a small piece of X chromosome (the Y*X), the authors reasoned that
behavioral differences between 1XF and true 39,XO mice could be attributed to genes
present on the Y*X (Figures 4 and 5). In initial experiments, mice were tested for anxiety
(on the elevated plus maze) and locomotor activity. There were no differences in locomotor
activity between groups, and no effect of X chromosome imprinting on either behavior, as
39,XMO and 39,XPO behaved similarly. However, both 39,X0 and 1XF (from the Y* cross)
displayed increased anxiety on the elevated plus maze as compared to 2XF, indicating that
the X gene(s) involved in modulating fear reactivity are not on the Y*X chromosome
fragment but reside in NPX.

More recent studies using juvenile Y* mice on the C57BL/6J background found the same X
chromosome effect of heightened anxiety in 1X mice compared to 2X, and, since the
juveniles were pre-pubertal, the findings indicate that circulating gonadal hormones are not
responsible for this behavioral difference (Cox et al., unpublished data). Importantly, this
study also examined gene candidates responsible for this behavioral phenotype, and found
that X chromosome number correlates with the expression of vasopressin in the amygdala.
Vasopressin is a neuropeptide implicated in a variety of social behaviors in mammals (De
Vries, 2008), and is also involved in the regulation of anxiety (Neumann and Landgraf,
2012).

Visuospatial Attention

In addition to anxiety, subsequent experiments using adult MF1 Y* mice examined
visuospatial attention in a 5-choice serial reaction time task. As with the elevated plus maze,
there was no effect of X chromosome imprinting on baseline behavior in this task. Yet,
when the difficulty of the task was increased, 1XF performed as well as normal 2XF, while
the 39,X0 females made more errors (Davies et al., 2007). Based on these results, the
authors hypothesized that the Ss gene, located within the PAR of the sex chromosomes,
may be responsible for the attentional deficit seen in 39,XO females. As previously
mentioned, the 1XF from the Y* cross have a copy of Ss on the chromosomal fragment
(Y*X) that they inherit, and therefore they, like normal XX females, possess 2 copies of the
gene. In contrast, the Y* and XY™ chromosomes are lacking this gene, due to the deletion
within the PAR; therefore, males of the Y* cross, like true 39,XO females, have only 1 copy
of the SXsgene.
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To confirm that the dose of the Stsgene is involved in attention, a different breeding strategy
was used to generate 39,XY"0 male mice (with a single X-attached-to-Y chromosome, and
thus no Ssgene). These mice were compared to normal XY males (with 2 copies of s) in
the same 5-choice serial reaction time task. Results from the 39,XY"0 males were similar to
those obtained in females, showing deficits in attention, further implicating Ss (Davies et
al., 2009). More recent studies have expanded on those findings, by showing that XY*O
males are hyperactive as compared to XY males and they display increased anxiety in a
light-dark box (Trent et al., 2012). However, no direct comparisons have been made
between males and females of the Y* cross to determine which other factors, such as
gonadal hormones and Y chromosome effects, may also influence attention.

Learning and Cognition

Many genes on the X chromosome are linked to mental retardation (Zechner et al., 2001),
pointing to an important role for the X chromosome in cognition. In addition, data from Y*
mice in an MF1 background indicate that X chromosome dosage can influence cognitive
behaviors. When Y* males were tested in a novel-object recognition task, 1XM recognized
the novel object as shown by their increased investigation, whereas 2XM investigated
familiar and novel objects equally (Lewejohann et al., 2009). Studies using 41,XXY
aneuploid males (Aneuploids, Table 1), also showed impaired Pavlovian conditioning in
males with two X chromosomes (Lue et al., 2005) compared with XY males. Together,
these studies indicate that an extra X chromosome in male mice causes deficits in cognitive
behavior.

In addition to the number of X chromosomes, the parent of origin of the X chromosomes
may also have effects on learning. Although there was no suggestion of X chromosome
imprinting noted in the anxiety or attention tasks reviewed above, when 39,X™MO and
39,XPO female mice were compared to XX females in a serial reversal learning task,
39,X™MO females displayed more errors in this task and showed more perseveration as
compared to 39,XPO and XX females (Davies €t al., 2005). These results led to the
discovery of a novel imprinted gene on the X chromosome, XIr3b, which was also found to
be expressed in a sexually dimorphic manner, with XY females and 39,XMO females
showing higher expression levels compared to 39,XPO and XX females (Davies et al.,
2005). Thus, there may be another level of complexity when considering X chromosome
effects on cognitive tasks.

PAR genes, found on both sex chromosomes, may also be a source of variation in learning.
XX females on reciprocal congenic backgrounds that were genetically identical except for
the source of their sire’s Y chromosomes displayed differences in abilities to learn in two
spatial mazes: the Morris water maze, and the Lashley maze (Hoplight et al., 2000). These
results suggested that mere exposure to an unknown genetic difference between the two Y
chromosomes could potentially alter offspring behavior, presumably through the exchange
of genetic information in the PAR between the Y and X chromosomes during meiosis.
However, sires remained with the dams after the litters were born, therefore there may have
also been postnatal paternal, environmental effects on offspring behavior.
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Feeding and Metabolic Activity

Sex chromosome complement has also been shown to effect food intake (Chen et al., 2012;
Chen et al., 2013a). Gonadectomized XX FCG mice from both sexes (in the C56BL/6 line)
gained more weight, with an increase in fat deposits, compared with XY mice over a 10-
month period. XX mice also had a higher percentage of fat versus lean body mass when fed
chow with a normal fat content. When switched to a high fat diet, XX mice gained more
weight with higher levels of fat and lean mass, secreted more leptin, and suffered more
adverse metabolic consequences of a fatty liver and reduced insulin sensitivity than did XY
mice. Importantly, the increase in fat mass correlated with a behavioral difference wherein
XX FCG mice consumed more food than XY mice during the light portion of the day, a time
when mice are less active and eat less.

In gonadectomized Y* mice (MF1) the number of sex chromosomes is also positively
correlated with food intake during the first three days when fed a high fat diet. 2XF (with
two sex chromosomes) gained more weight than 1XM (with 2 sex chromosome) and were
equal to 2XM (with 3 sex chromosomes) after 16 weeks on high fat diet (Chen et al.,
2013a). Results from that study, also showed that sex chromosome aneuploidy, in and of
itself, influences metabolic measures. The authors crossed FCG and Y* models to make
novel males (XY~Y*XSy+), then mated them to XX females (all on an MF1 background) to
produce aneuploid offsping (Table 1). The number of sex chromosomes and type (either X
or Y) affects body weight and fat mass (Chen et al., 2013a). Mice with two or three sex
chromosomes had a higher body weight than mice with a single X chromosome. From these
results, it is clear that the influence of sex and sex chromosomes on food intake, metabolic
factors, and body mass is complex and will require continued effort to unravel.

Focusing on 11 genes that escape X inactivation in FCG mice in C57BL/6 background,
higher expression levels in all three XX peripheral tissues of the liver, and inguinal and
gonadal fat, as compared with XY tissues, suggest three candidate: Eif2s3x, Kdm6a, and
Ddx3x (Chen et al., 2012). Six of the 11 escapees examined (Kdmbc, Usp9x, Ubal, Rik,
Shroomd, and Midl), were also differentially expressed in at least one of the tissues; all
except Midl were more highly expressed in XX tissue. Furthermore, systemic signals (i.e.
leptin, glucose, insulin) feedback on the brain to affect feeding behavior, and we have found
that growth hormone (GH) is sexually dimorphic in several hypothalamic regions (Addison
and Rissman, 2011). In addition, we have shown in Y* mice that body weight, which is
influenced by the number of X chromosomes, is positively correlated with GH mRNA in the
mPOA (Bonthuis and Rissman, 2013). Peripheral and central administration of GH increases
appetite (Blissett et al., 2000; Bohlooly et al., 2005; Bonthuis and Rissman, 2013), and GH
is peripherally secreted in sexually dimorphic circadian patterns (Jaffe et al., 1998). Our
working hypothesis is that part of the impact of sex chromosome complement on body
weight is mediated by a central effect on GH, which stimulates appetite particularly during
the inactive part of the day/night cycle. Intriguingly, a recent paper on sex differences in
circadian rhythms demonstrated a small difference in FCG mice. In the C57BL/6J strain,
XX mice were more active in constant dark than XY mice, and XXM mice were more active
than XXF. In a light cycle however, no sex chromosome effects were found (Kuljis et al.,
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2013). Together, these data suggest that sex chromosome genes could be intimately involved
in a variety of homeostatic behaviors.

and Habit Formation

One additional interesting behavioral phenotype is that FCG mice (on either a C57BL/6J or
an MF1 background) with an XX genotype are more sensitive to noxious pain than are XY
mice, regardless of gonadal sex. Adult XXM and XXF are faster to withdraw their paws
from a hotplate, and spend more time licking their paws when injected with formalin, as
compared with XY males and females (Gioiosa et al., 2008a). Similarly, when tested the day
after birth, XX pups are faster to withdraw their tails from a hot water bath than are XY pups
(Gioiosa et al., 2008b). In humans, sex differences in pain perception have been studied for
decades, but some of the findings are contentious (Racine et al., 2012); therefore, while the
results of the FCG studies are intriguing, it is unclear what role the sex chromosomes are
playing in this particular behavioral response.

In contrast to the pain literature, sex differences in addiction are well documented, although
not always in the same directions when comparing rats, mice and humans (Anker and
Carroll, 2011; Kerstetter and Kippin, 2011). In a test of conditioned habit formation for a
food reward (Quinn et al., 2007), XX (all studies in the MF1 FCG) mice regardless of
gonadal sex formed the habit more quickly than XY mice. When food was paired with
conditioned taste aversion, XY mice showed an aversion while XX mice did not, suggesting
that they had acquired an instrumental habit. However, when alcohol was used for
conditioning, XY mice did not devalue alcohol when it was paired with conditioned taste
aversion, whereas XX mice reduced their consumption (Barker et al., 2010). Whether X or
Y sex chromosome genes influence sex differences in habit formation and why natural
versus alcohol rewards are percieved differently by XY and XX mice have yet to be
determined, but these findings are interesting, nonetheless.

Summary and Conclusions

Y chromosome effects on behavior

Collectively, the literature on aggressive and social behaviors suggests an effect of Y
chromosome genes on male social interactions (Gatewood et al., 2006; McPhie-
Lalmansingh et al., 2008); but in some cases exposure to androgens may substitute for the
actions of Y genes. It is possible that Y chromosome genes “prime” a male to respond to
testosterone later, and therefore that females with a Y chromosome are also primed for this
response. It is not clear which gene(s) on the Y chromosome are involved, and, since the Sy
gene is always coupled with the development of testes, FCG mice cannot be used to assess
the direct effects of Sy on these behaviors. However, data from SF1 KO mice, (Grgurevic et
al., 2008), suggest that expression of Sy outside of the gonad has no impact on aggressive
behaviors. These results are complicated by the fact that, as previously mentioned, the
ventromedial nucleus of the hypothalamus (VMN) of SF1 KO mice is disorganized. Indeed,
the ventral lateral VMH (vIVMH) is critically important for aggression (Lin et al., 2011;
Nelson and Trainor, 2007; Yang et al., 2013). Therefore, their aggressive behavior may, in
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fact, be related to the unique cellular organization of the VMN, rather than sex chromosome
effects.

Effects attributed to the X chromosomes

A role for X chromosome genes in male sexual behavior has been clearly established using
both the FCG and Y* mouse models (Bonthuis et al., 2012). In addition, females also
display more male copulatory behaviors (indicative of sexual motivation) than males. We
need to broaden our examination of the contexts under which these behaviors occur to
discover the role of these behaviors when conducted by normal females. One possibility is
that females use mounting behavior in social interactions (dominance) with other females
(Fang and Clemens, 1999).

In addition to male sexual behavior, there also appears to be an X chromosome effect on
female attractivity and receptivity, as shown using the SF1 KO mice (Grgurevic et al.,
2012). In our laboratory we attempted to replicate this finding with FCG mice that were
gonadectomized prior to puberty, but we did not find a sex chromosome effect on receptivity
(unpublished data). However, in contrast to our study, the SF1 KO mice were fed a
phytoestrogen-free diet to eliminate the influence of exogenous estrogens on behavior, and
they never had ovaries. Thus, as with male aggressive behavior, hormones, both endogenous
and in the environment, may interact with sex chromosome genes and block their actions on
female sexual behavior.

Aside from social behaviors, X chromosome genes may also impact a variety of other
behaviors. The number of X chromosomes influences anxiety behavior as shown in both
adult and juvenile Y* mice (Davies et al., 2007)(Cox et al., unpublished data), and there has
been an elegant demonstration of the affect of X chromosome genes on food intake and
metabolism (Chen et al., 2012). X chromosome copy number is also involved in learning
and cognition, as has been shown with the Y* mouse model (Lewejohann et al., 2009; Lue
et al., 2005), and, interestingly, parent of origin effects are implicated in learning tasks that
are influenced by the X chromosome (Davies et al., 2005). Attempts to uncover the
imprinted X chromosome genes led to the discovery of a cluster of imprinted genes on the
mouse X (Raefski and O’Neill, 2005), but, unfortunately, none have human homologs.

Future Directions for Behavioral Research

Taken together, the data presented here lead us to conclude that genes on the Y chromosome
are playing an important role in the sex difference in male-typical defensive aggression.
However, genes on the X chromosome are solidly implicated in several other behaviors,
including male sexual behavior, social behavior, anxiety/attention, and feeding. Two of
these four behaviors are not sexually dimorphic, and the one behavior that is classically
considered sexually dimorphic, male copulatory behavior, is actually not highly dimorphic
under conditions of testosterone replacement in C57BL/6J mice, the strain used for many of
the behavioral studies discussed. To date, only these few behaviors have been examined for
the potential roles of sex chromosome genes. However, it is likely that a variety of other
behaviors are influenced by sex chromosome genes, and perhaps include behaviors that are
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not as strongly influenced by gonadal hormones as those that have been investigated in the
literature.

In addition to the need for discovering new behaviors to interrogate, there is still follow-up
work to be done on the behaviors that we know are influenced by sex chromosomes. The
data on Y chromosome effects on aggression have been available for many years, but so far
there has not been direct manipulation of Y chromosome gene candidates. It would be
prudent to focus on the genes that are essential for male aggression. Partial Y chromosome
deletion (short versus long arm) mice, BAC insertions in XX mice, and CRISPRi (Gilbert et
al., 2013; Larson et al., 2013) technologies could be used to test the importance of specific
Y genes. Few laboratories have made use of these and other modern genetic techniques that
could lead to important information on the interactions between genes on Y and hormone
levels, which undoubtedly affect behavior (Abel and Rissman, 2012). Also, studies that
manipulate the source of the Y chromosome and neonatal hormones are warranted. We have
shown that sex differences in calbindin message in the cerebellum of mice is influenced by
both sex chromosome complement and by the estrogen receptor alpha, but how these two
factors interact is not known (Abel et al., 2011). The use of classical sexual differentiation
paradigms (Phoenix et al., 1959) to investigate such gene-hormone interactions would be a
large step ahead for the field. Additionally, environmental variables that may trigger
enzymatic signaling, such as low nutrition, can also be modeled in mice with sex
chromosome abnormalities.

In combination with behavioral research, more work also needs to be done to map the
effects of sex chromosome genes on the development of brain regions involved in behaviors.
This will require using not only traditional mapping and immunocytochemical approaches,
but also novel technologies to examine brain activity. A recent fascinating experiment used
neural imaging of XX, XY and 39,XPO mice in young adult hybrid mice derived from a
novel crossing strategy to investigate sex chromosome effects on activity (Raznahan et al.,
2013). Genotype differences in activity were noted in the majority of regions examined, but
the most striking differences between 39,X0 and XX brains were present in the bed nucleus
of the stria terminalis, thalamus, and the nucleus accumbens. How these differences are
related to behavior has yet to be determined, but point to a tremendous opportunity for
research in this field.

Relevance to Human Behaviors

The mouse models we have presented in this review have the potential to inform human
research on sex chromosome related disorders. The mice used are not designed to mimic
human disease, but rather are engineered to isolate effects of X and/or Y-chromosomes on
behavior. However, there are patients that have chromosomal abnormalities similar to these
mice. For example, individuals with mutations of regions of the Y chromosome that include
the SRY or SOX9 genes have disorders of sexual differentiation (Sim et al., 2008).
Phenotypes of these 46,XY individuals include gonadal dysgenesis, an external female
phenotype, and in some cases underdeveloped gonads that produce no or low hormone
levels. Likewise, translocations of SRY can produce 46,XX individuals, and in some cases
the X chromosome with the translocation is preferentially activated (Bouayed Abdelmoula
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et al., 2003), and the individuals have testes but are infertile. These types of mutations in
humans are rare, and so the precise chromosomal complements produced by the FCG, sex
reversed mice, or the odsex mutation are not often mirrored in humans. Certainly there are
too few patients to determine whether their gonadal and sex chromosome discordance
influences any of their behaviors.

Unlike the abovementioned rare sex chromosome mutations, sex chromosome aneuploidy is
very common in humans. Klinefelter Syndrome (47,XXY) is the most common sex
aneuploidy disorder and occurs in 1 out of every 1,000 to 600 men (Savic, 2012), while
Turner Syndrome (45,X) affects approximately 1 in every 2,000 women (Elsheikh et al.,
2002). In these syndromes gonadal and chromosomal sex are concordant; however, patients
may have cognitive and social behavioral phenotypes (Lesniak-Karpiak et al., 2003;
Schmidt et al., 2006). The data collected in mice may lead to predictions about genes on sex
chromosomes that affect behavior in humans.

There is a wide range of symptoms found in men with Klinefelter syndrome. Delayed
puberty and infertility are the main reasons that these men are diagnosed, but it is likely that
more than 80% are undiagnosed (Savic, 2012). Working with what may be the most severe
population, a variety of abilities have been assessed in 47,XXY men, and these patients have
lower abilities in object and pattern recognition (Bruining et al., 2010), lower scores on
cognitive tests (DelLisi et al., 2005), and impaired social processing (Temple and Sanfilippo,
2003; van Rijn et al., 2006) as compared with normal 46,XY men. The aspect of the
syndrome that has received the most attention is impaired verbal abilities, including lower
verbal 1Q scores, in Klinefelter boys (Geschwind et al., 2000), which correlate with
differences in brain morphology and function. Specifically, the frontal and temporal lobes
and the cerebellum are reduced in volume in Klinefelter males (Steinman et al., 2009), and
Klinefelter men have less lateralized processing in language centers than controls (Aleman
et al., 2008). One of the key features of autism spectrum disorders (ASD) is disrupted
language skills, and in one study 27% of boys with Klinefelter syndrome (Bruining et al.,
2009) met the criteria for ASD. In addition, Klinefelter men are more likely than controls to
have psychosis symptoms, schizophrenia, and/or depressive disorders.

Sex chromosome trisomy can present in configurations other than 47, XXY and for males
47,XYY chromosome complement may be just as common, along with 47, XXX in females.
Because these two conditions do not interfere with gonadal hormone production they are
rarely diagnosed. However, there are some similarities between these conditions and
Klinefelter syndrome (Bishop et al., 2011). Klinefelter and 47,XXX share similarly
disrupted motor skills and language impairments. Boys with 47,XY'Y also have language
deficits and lower than average 1Q scores (Leggett et al., 2010). Boys with sex chromosome
trisomy also have attention and executive control difficulties and poor motor control (Ross
et al., 2009). However, a study using a population identified via prenatal diagnosis found
that 37% of 47,XXY, 14% of 47, XYY and 55% of 47,XXX children had no
neurodevelopmental difficulties (Bishop et al., 2011). This variability could be caused by
several mechanisms described below.
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In contrast to sex chromosome trisomy, girls with Turner syndrome, characterized by the
loss of all or part of an X chromosome, are recognized at an early age based on short stature
and other physical characteristics. Turner syndrome is associated with cognitive deficits,
including problems with visuospatial perception and memory, emotionality, and attention
(Skuse, 2005; Skuse et al., 2005). Girls with Turner syndrome also have reduced social
competence and facial recognition (Hong et al., 2011; Lawrence et al., 2003), and may be at
higher risk for autism (Burnett et al., 2010; Marco and Skuse, 2006). Using a tracking task
that required increasing amounts of attention, Beaton and colleagues (Beaton et al., 2010)
examined BOLD patterns in normal and Turner syndrome girls. When the task was a simple
activity, Turner brains were similar to the normal girls. However, as the number of objects
tracked increased so did activity in several cortical areas, including prefrontal cortex and in
the amygdala. The authors suggest that the Turner girls process information differently from
the controls, using less efficient subcortical regions. Interestingly, a variety of phenotypes in
Turner patients vary in severity depending on the parent of origin for the single X
chromosome (Donnelly et al., 2000; Ko et al., 2010; Lepage et al., 2011). In general, a more
pronounced phenotype is noted in girls with a maternally inherited X as compared with the
paternal X only (Lepage et al., 2012). While imprinting in mice may be different from
humans, data from mice may give more information as to which autosomal genes are
downstream of the X chromosome genes responsible for this effect on cognition.

Pre-pubertal girls with Turner syndrome are typically treated with growth hormone and later
with estrogens prior to and after puberty. This is done to both increase heights to near
average and to ameliorate the low levels of estrogens produced by dysfunctional ovaries. A
few, but not all, of the behavioral symptoms of this illness are also reduced by hormone
treatment (Ross et al., 1998; Ross et al., 2004; Ross et al., 2002). Klinefelter boys are
typically older when their disorder is detected and testosterone replacement is prescribed.
Few studies have sorted out effects of hormones on behavior in this population, and the
lasting neurobehavioral effects of aneuploidy indicate that this is an area that requires further
research. Studies in mice that lead to candidate genes affecting cognitive and social
behaviors may well inform treatment of Klinefelter and Turner syndromes. Reciprocally, the
few candidate genes that have been suggested based on the human data; STS, NLGN4X, and
RPSAX (Pessia et al., 2012; Zinn et al., 2007), could have their roles investigated in mice.

While we have focused on abnormal human sex chromosome arrangements in our
discussion of human studies, it is also very likely that individual genes identified to affect
behavior in mice will also have effects in normal humans. For example, KDM5C (also
known as SMICX and JARID1C) is a gene that escapes X-inactivation in mice and in
humans. Human males with normal XY sex chromosome complement, and mutations in
their single copy of this gene have mental retardation (Akbarian and Huang, 2009; Jensen et
al., 2005). This gene codes for a histone demethylase and as such may regulate transcription
of multiple autosomal and/or other sex chromosome genes. Other X-inactivation escaping
genes (i.e. RPAX) also conserved in mice and humans may provide new information about
the roles of X chromosome gene expression in normal human behavior. The X chromosome
genes are highly expressed in brain, and mutations in several lead to mental illnesses. We
speculate that in lieu of DNA mutations, epigenetic modifications of these genes, may lead
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to disease. Thus, the sex chromosomes may do much more than just influence sex
differences in behavior: they may be key to the regulation of many neural processes.
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X

Figure 1. Structural domains of mouse X and Y sex chromosomes
Schematic of the sex chromosomes in mice. PAR (in green), the pseudoautosomal region

has sequence homology between X and Y with identical genes that recombine during male
meiosis. s (in white), the steroid sulfatase gene. NPX (in pink), the non-pseudoautosomal
region of X-chromosome genes unique to X. NRY (in yellow), the non-recombining region
of Y-chromosome genes unique to Y. Sy (in blue), the sex determining region of Y
encoding the testis-determining transcription factor. The centromere is represented as a
white circle.
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X0z
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Figure 2. Cross of XXF and XY~ Sry to generate Four Core Genotypes (FCG)
Top line: Breeder mice to generate the FCG offspring. The dam is a normal XX female, and

the sire is an XY male with a deletion on Y of testis-determining factor rescued by an
autosomal transgene. The color of the mouse body denotes gonadal sex: female (F) is pink,
and male (M) is blue. The autosomes (A) are in orange with Sy, the sex determining region
of Y encoding the testis-determining transcription factor, in blue. PAR (in green), is the
pseudoautosomal region. NPX (in pink), is the non-pseudoautosomal region of X-
chromosome genes unique to X. NRY (in yellow), is the non-recombining region of Y
chromosome genes unique to Y. The X on this region denotes the Sy gene mutation, and all
Y-chromosomes have the Sy deletion. The centromere is represented as a white circle.
Bottom Line: FCG offspring consisting of the following: XX females, XXF; XY females,
XYF; XX males, XXM; and XY males, XYM. Maternally inherited X chromosomes are
labeled with a pink X. Paternally inherited X chromosomes are labeled with a blue X. All
other depictions are the same as for the breeders on the top line.
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Figure 3. Domains of the Y* chromosome
Represented are both the normal Y (on the left) and the Y* chromosomes. The

pseudoautosomal region (PAR) of the normal Y has been separated into three domains based
on their locations relative to the normal centromere (depicted here as a white circle on the
normal Y): proximal (a = red), middle (b = orange), and distal (c = green) domains. The Y*
chromosome contains all of the unique Y-genes located in the non-recombining region of Y
(NRY, yellow domain) including the sex determining region of Y (S'y, blue bar). A
spontaneous translocation event from the X chromosome duplicated the PAR proximal and
middle regions of Y* and attached the duplicate domains in an inverted fashion along with a
new centromere. Hatched circle, inactive Y-centromere on the Y* chromosome. Note that
the Y* chromosome is missing the s gene.
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Figure 4. Y* meiosis
During metaphase of a 4S gamete, the altered pseudoautosomal region (PAR) of the Y*

chromosome pairs with the X PAR in an inverted fashion. To demonstrate the arrangements
of the domains of the pseudoautosomal region (PAR) throughout mitosis and recombination
of X and Y*, the PAR region has been depicted as three domains based on their locations
relative to the normally active centromere (depicted here as a white circle on X): proximal (a
= red) domain; middle (b = orange) domain; and distal (c = green) domain. When genetic
material is exchanged between X and Y* in the inverted orientation during recombination,
the recombined chromatids are different in structure and content of sex chromosome genes
compared to the non-recombined chromatids. After recombination and separation of the four
unique chromosomes after telophase 1 and 2, four male gametes are produced that differ in
content of the following paternal sex chromosomes: X, XY™, Y*X and Y*. The non-
pseudoautosomal region of X (NPX), and the non-recombining region of Y (NRY), are
depicted in pink and yellow, respectively. The active Y* centromere is depicted as a white
circle, and the inactivate centromere is a circle with stripes. Sy, the sex determining region
of Y (blue bar in NRY).
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Figure 5. Offspring of the Y* Cross
When an XX female (XXF) is mated with a male possessing a Y* chromosome (XY*M),

four different genotypes of offspring are produced from the inheritance of the sire’s sex
chromosome. Every pup receives a maternal X chromosome, and in combination with the
paternal sex chromosome the four genotypes are: XX female, 2XF; XY*X female, 1XF;
XXY™ male, 2XM; and XY* male, 1XM. NPX, the non-pseudoautosomal region of X
(pink). NRY, the non-recombining region of Y (yellow). PAR, the non-pseudoautosomal
region of Y broken into proximal (a = red), middle (b = orange), and distal (c = green)
domains.
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