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Abstract

Discerning the biologic origins of neuroanatomical sex differences has been of interest since they
were first reported in the late 60°s and early 70’s. The centrality of gonadal hormone exposure
during a developmental critical window cannot be denied but hormones are indirect agents of
change, acting to induce gene transcription or modulate membrane bound signaling cascades. Sex
differences in the brain include regional volume differences due to differential cell death, neuronal
and glial genesis, dendritic branching and synaptic patterning. Early emphasis on mechanism
therefore focused on neurotransmitters and neural growth factors, but by and large these endpoints
failed to explain the origins of neural sex differences. More recently evidence has accumulated in
favor of inflammatory mediators and immune cells as principle regulators of brain sexual
differentiation and reveal that the establishment of dimorphic circuits is not cell autonomous but
instead requires extensive cell-to-cell communication including cells of non-neuronal origin.
Despite the multiplicity of cells involved the nature of the sex differences in the neuroanatomical
endpoints suggests canalization, a process that explains the robustness of individuals in the face of
intrinsic and extrinsic variability. We propose that some neuroanatomical endpoints are canalized
to enhance sex differences in the brain by reducing variability within one sex while also
preventing the sexes from diverging too greatly. We further propose mechanisms by which such
canalization could occur and discuss what relevance this may have to sex differences in behavior.

The origins of behavioral differences between men and women, boys and girls, males and
females, has been a topic of fascination since the dawn of consciousness. In contrast, the
idea that the brain is the principle means by which males and females behave differently is
strikingly modern, having only been accepted as a possibility following a Battle of the
Titans in the 1950’s when Frank Beach famously argued that the critical variable that
determined how males behaved versus females was the type of genitalia one possessed,
either intromitting or receiving (Beach 1974, Phoenix et al 1959). This viewpoint was
eventually overturned beginning with an iconic paper published in 1959. Using guinea pigs
as a model William C. Young and colleagues convincingly demonstrated that prenatal
hormones were capable of sex reversing the behavior of females when adults (Phoenix et al
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1959). While this and other studies succeeded in ending the debate about what organ in the
body was controlling sex differences in behavior, it also generated a degree of tunnel vision
as the next 2-3 decades were dominated by studies of reproductive behavior and physiology
leading to the widespread belief that sex differences in the brain are narrow in both their
scope and significance, being limited to control of the anterior pituitary gland, courtship,
copulation and parenting.

Hormonal modulation of neural plasticity opened the gateway for sex differences outside the
context of reproduction. This can largely be traced to the seminal finding of the McEwen lab
that dendritic spine density on hippocampal pyramidal neurons varied by almost 30% across
the few days of the estrus cycle in female rats (Woolley & McEwen 1992). This was viewed
as an astonishing level of plasticity at that time and initial reports were met with skepticism.
But again, an irrefutable march of data led to the general acceptance that indeed hormones
are powerful regulators of neuronal function outside of the diencephalon and outside the
context of reproduction. Importantly, however, modulation of adult neural function or
behavior by hormones is not the same as sex differences in neural function or behavior.
Investigation into whether adult functions known to be impacted by steroids in a modulatory
manner are sexually differentiated are actually relatively few. For instance, estradiol alters
synaptic physiology and cognitive function in adult females, but are these endpoints also
subject to sexual differentiation? Answering this question is actually surprisingly difficult
precisely because of the hormonal modulation in adulthood. What does one compare? An
estrous female to an intact male or maybe both sexes should be gonadectomized and
hormone replaced to standardize their endocrinology? But whose endocrine profile do you
choose? It quickly becomes a Gordian Knot of possibilities and scares off even the bravest
of the curious. Further complicating the picture is the impact of a lifetime of experience and
environment which can vary in profound and significant ways between males and females.
These difficulties can be avoided, however, by studying the origins of sex differences in
development, which while not immune to environment and experience, are at least
somewhat buffered from them simply by not having had as much time to have accumulated
an effect.

Historical Perspective on Sex Differences in the Brain

The first robust sex difference discovered in the healthy mammalian brain was aptly named
the sexually dimorphic nucleus of the preoptic area (SDN-POA) (Gorski et al 1978, Gorski
et al 1980) and is one of, if not the most, extensively studied sex difference in the brain. It is
located under the anterior commissure, above the optic chiasm, lateral to the third ventricle,
and anterior to the hypothalamus (Figure 1). Neurogenesis in the SDN begins at embryonic
day 14 (E14) and ends on E18. The sensitive period during which the size of the SDN is
influenced by gonadal steroids is from E18 to postnatal day 4 (PN4) (Jacobson & Gorski
1981, Orikasa et al 2010, Rhees et al 1990a, Rhees et al 1990b). Although first described as
a densely-packed bundle of neurons revealed with a simple Nissl stain (Gorski et al 1978,
Gorski et al 1980), the SDN has since been more clearly (and reliably) defined by a subset
of cells that are immunopositive for the expression of Calbindin-D28k (a calcium binding
protein expressed in GABAergic neurons and implicated in neuroprotection) and is thus now
referred to as the CALB-SDN (Kato et al 2012, Sickel & McCarthy 2000). Sex differences
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in the SDN and the CALB-SDN, are of the same magnitude and both arise after PN4.
During development, the SDN of males and females have similar numbers of neurons but
due to higher levels of apoptotic cells undergoing DNA-fragmentation in females between
PN6 and PN9, this region becomes markedly smaller in females (Davis et al 1996). Other
studies support the role of apoptosis in sexual differentiation of the SDN by demonstrating
that the male SDN has higher expression of anti-apoptotic Bcl-2 (at the protein but not
mMRNA level) while the female SDN contains higher expression of pro-apoptotic Bax from
PN5-PN7. Apoptosis via caspase-3 activation occurs at higher rates in the female SDN and
this corresponds with the decrease in size of the female SDN. Sex differences in pro-
apoptotic Bax and Bcl-2 are abolished in response to treatment of females with estradiol but
the mechanism by which estradiol modulates Bcl-2 and Bax in the SDN is not yet clear
(Tsukahara et al 2008, Tsukahara et al 2006). Interestingly, when sex differences in the
CALB-SDN were investigated in a Bax knockout mouse, there were no significant increases
in the size of the CALB-SDN as compared to their wild type counterparts, suggesting that
Bax expression is not the primary mechanism by which cells are dying off in females
(Gilmore et al 2012). A role for estradiol up regulation of calbindin and calretinin expression
in males has been considered but not clearly demonstrated. Elevated levels of these calcium
binding proteins may protect cells from toxicity that can result from excessive neuronal
excitation in males compared to females. Although testosterone treatment can up regulate
calbindin and calretinin expression in the hypothalamus (Brager 2000, Watson et al 1998),
this has not been demonstrated specifically in the SDN. Thus, despite much speculation over
mechanisms by which estradiol regulates volume of the SDN, no consensus has been
reached and the origins of this iconic sex difference remain a mystery.

Subsequent to the discovery of the SDN in the rodent, analogous structures were reported in
the ferret (Baum et al 1996, Park et al 1996), sheep (Roselli et al 2004) and primates,
including humans(Hofman & Swaab 1989, LeVay 1991, Swaab & Hofman 1995).
Moreover, several more brain regions were found to be larger in one sex, with the majority
being male dominant. Second to the SDN, the most intensely studied volumetric sex
difference is that of the anteroventral periventricular (AVPV) nucleus which like the SDN is
also just a collection of cells that are distinguished by Nissl, but unlike the SDN in this case
there are more in the female than the male (Simerly et al 1985). Also unlike the SDN, there
is a clear functional role for the AVPV in reproductive physiology. Neurons in this region
project directly to the GnRH neurons that control the release of LH from the pituitary, which
is under distinct control in males and females, showing a continuous pulsatile pattern in
males versus a cyclic pattern marked by a large surge in females (Simerly 2002). A
combination of GABAergic and dopaminergic neurons make up this nucleus and evidence
suggests the relative survival of each is mediated by distinct mechanisms (Krishnan et al
2009, Waters & Simerly 2009, Zup et al 2003). Moreover, the principal nucleus of the bed
nucleus of the stria terminalis is also different in volume in males and females as a result of
cell death in females, and there may be yet another distinct mechanism here involving
epigenetic programming (Murray et al 2009). But it is hard to say with complete confidence
that there are indeed multiple unique mechanisms as each incidence has been discovered and
studied by a different group and thus no systematic comparisons have been made.
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The aforementioned hormonal modulation of dendritic spine synapses in hippocampal
pyramidal neurons sparked interest in the potential for sex differences in dendritic
morphology and synaptic patterning, and indeed several differences were found (Amateau &
McCarthy 2002a, Mong et al 2001, Schwarz et al 2008). When considering the sources of
variability in synaptic patterning the obvious candidates to consider are the
neurotransmitters that traffic at those same synapses. Indeed the notion that direct hormonal
modulation of neurotransmitters and/or their cognate receptors must be the source of sex
differences in brain and behavior preceded the discovery of many neuroanatomical sex
differences. The number of studies exploring virtually every neurotransmitter or
neuromodulator as a candidate target for hormonally mediated sexual differentiation are too
numerous to review but can largely be summarized as demonstrating that too much or too
little of any particular transmitter system was sufficient to disrupt normal sexual
differentiation, but none of them were capable of substituting for the hormone. In other
words, none of them were both sufficient AND necessary. While never clearly articulated,
there was a general consensus that the process of sexual differentiation of the brain was so
fundamental to reproductive fitness that it was likely to be highly redundantly organized so
that the loss of no one system was capable of derailing the entire process, or directing it.

Changing Views on the Origins of Brain Sex Differences

The conclusion that sexual differentiation of the brain is multifactorial is essentially where
the field stood until we made the surprising discovery in the early 2000’s that
prostaglandins, not neurotransmitters, were the primary target for hormonally mediated
sexual differentiation of at least one system, the masculinization of the synaptic patterning
of the medial POA and the expression of adult male sexual behavior (Amateau & McCarthy
2004). We determined that estradiol, following aromatization from testosterone, up regulates
expression of the cyclooxygenase genes, COX-1 and COX-2, leading to increased
production of the prostaglandin PGE2. Normally associated with inflammation and fever,
PGE2 is a membrane derived rapidly acting signaling molecule which binds to G-protein
coupled receptors that are adenylate cyclase linked(Regan 2003). The subsequent production
of cAMP within dendritic spines activates PKA (Wright & McCarthy 2009) localized to
dendritic spines leading to phosphorylation of the GIuR2 subunit of glutamate AMPA
receptors, thereby inducing trafficking of AMPA receptors to the membrane (Lenz et al
2011). In a manner not completely understood, this process induces the formation and
stabilization of dendritic spine synapses (Lenz & McCarthy 2010). The resulting density of
spine synapses per unit of dendrite is twice as great in males, is stable throughout life and is
highly correlated with the expression of adult male copulatory behavior measures such as
frequency of and latency to mount a receptive female (Wright et al 2008). Most importantly,
we found that injection of female pups with PGE2 into the brain during the sensitive period
was capable of fully masculinizing the synaptic pattern and adult copulatory behavior in the
absence of any neonatal hormone treatment (Amateau & McCarthy 2004). This was the first
report of a neurochemical other than steroids (testosterone or estradiol) that was both
necessary and sufficient for masculinization of a neuroanatomical or behavioral endpoint.
The effect of PGE2 was surprisingly specific, having no impact on the volume of the SDN,
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synaptic patterning in the hippocampus, amygdala or mediobasal hypothalamus and no
effect on female sexual behavior, maternal behavior or emaotionality (Todd et al 2005).

In addition to the effects of PGE2 being specific to neurons of the POA, we also detected an
effect on the morphology of the local astrocytes. Males have more highly stellate astrocytes
in the POA, with more numerous and more branched processes than those of females
(Amateau & McCarthy 2002b). Treatment of female neonates with PGE2 shifted the
morphology of their astrocytes towards that of males and we have long speculated that the
astrocytes are the source of the glutamate that activates the AMPA receptors that have been
trafficked to the synaptic membrane (Wright et al 2010). Thus, we argued, there is a two-cell
system inherent in sex differentiation that requires cross talk between neurons and
astrocytes. But there was one observation that remained puzzling, a single injection of PGE2
to a newborn female rat pup was fully effective at masculinizing POA synaptic patterning
and sexual behavior (Wright et al 2008). This surprising observation prompted us to
consider the potential for a positively reinforcing system that was initiated by this single
exposure to elevated PGE2 and the most likely candidate for that was a third cell type, the
microglia.

Microglia are rather unfortunately named as they are not related to glia of the nervous
system, the astrocytes and Schwann Cells. Unlike true glia which have common precursors
with neurons, microglia are the primary immune cells of the brain and are modified
macrophages that originate peripherally from the yolk sac and migrate into the brain in early
embryonic development, where they take up permanent residence (Ginhoux et al 2013).
Traditionally thought of as resting sentinels of the brain, microglia were believed to function
primarily in the context of immune challenge or insult (Repovic & Benveniste 2002, Streit
2000, Taylor & Sansing 2013). Microglia both respond to and produce prostaglandins in
response to an insult, along with other inflammatory and anti-inflammatory cytokines and
growth factors (Streit 2000). It was this aspect of microglia function that presented itself as a
potential mediator of a positively reinforcing effect of PGE2 and we found this to indeed be
the case.

Microglia are highly variable in their morphology but this conveniently provides a window
into their functional status. Ranging from a rounded, ameboid-like appearance to highly
ramified and stellate (Figure 2), microglia morphology parallels a functional shift from
“activated” to what was once called “quiescent” but is now more appropriately referred to as
“surveying”. The latter change is in light of the high degree of motility of ramified microglia
which extend and retract their processes on a continual basis and in this way monitor a
stable of nearby neurons for which they are responsible (Derecki et al 2013, Nimmerjahn et
al 2005). Microglia are tiled relatively evenly throughout the brain leading to the belief that
all neuronal populations are constantly being monitored, and perhaps assisted, by a local
microglia. Moreover, if an injury does occur the local sentinels are the first to respond
followed by recruitment of others and rapid proliferation (Neumann et al 2009, Taylor &
Sansing 2013). What is of interest in our system is that there is no injury, yet we found that
the microglia in the male POA are more likely to exhibit an ameboid or rounded
morphology and produce more PGE2 than those in the female (Lenz et al 2013). Moreover,
when females are treated with either a masculinizing dose of estradiol, or PGE2, their
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microglia take on an activated morphology and increase the local production of PGE2, i.e. a
positively reinforcing response. This additional PGE2 production is essential for both the
establishment of the masculine synaptic pattern and adult sexual behavior. Thus it takes at
least three cell types to properly masculinize the preoptic area; neurons, astrocytes and
microglia, and the latter are of non-neuronal origin, even originating outside the brain (Lenz
& McCarthy 2014).

Microglia are being increasingly recognized as far more dynamic and engaged in brain
development than previously thought (see(Nayak et al 2014). These unique cells provide
both supportive and deleterious functions. Microglia regulate cell number by promaoting cell
survival through trophic factor release (Sierra et al 2010), influence synaptic plasticity and
connectivity (Brown & Neher 2014), and phagocytose apoptotic cells and debris (Neumann
et al 2009). Interestingly, the ability of microglia to engulf other cells is not only limited to
dying cells, but also to viable cells in a process termed “phagoptosis” (Brown & Neher
2012, Brown & Neher 2014). Targets of phagoptosis are stressed but otherwise viable cells,
and are often recognized by the exposure of “eat me” signals on the surface of their
membranes. The best characterized of these signals is phosphatidylserine (PS), a membrane
phospholipid normally maintained in the inner leaflet, but reversibly redistributed to the
external cellular surface under conditions of stress (Fadok et al 1992). Microglial
phagocytosis is a critical regulator of postnatal neurogenesis (Sierra et al 2013, Sierra et al
2010), and impairments in phagocytic ability are thought to be involved in the progression
of Rett Syndrome (Derecki et al 2013). We are detecting sex differences in the phagocytic
profile of microglia in select brain regions (unpublished observation), however, the exact
nature by which microglia sculpt behavior-specific circuitry remains to be elucidated.

Sex differences in the brain are both a mosaic and canalized

An unavoidable consequence of the multiplicity of mechanisms that mediate brain region
specific sex differences is that there will be variability in the degree to which a region is
either masculinized or feminized both across and within individuals. In our rodent animal
models the majority of sex differences in the brain are induced by estradiol (McCarthy
2008), although androgens do directly impact some endpoints (Zuloaga et al 2008). It is
conceivable that all end-points induced by estradiol and/or testosterone would involve the
same signal transduction pathway and thus would be predicted to differentiate to the same
degree within one individual and to the same degree across individuals if the hormone
exposure is equivalent — a sort of “Unified Field Theory” of sex differences in the brain. But
no matter how desirable such a scenario might be, it isn’t true. Instead every brain region
destined to differ in males and females appears to have co-opted a distinct mechanism for
achieving that differentiation. This likely includes locally synthesized steroids, both
androgens and estrogens, although this is vexingly difficult to definitively establish and
quantify. Nonetheless, in one region estrogen receptors at the membrane interact with
specific kinases critical to promoting sex-specific dendritic branching (Schwarz et al 2008),
in another region the same receptors directly bind to DNA and up regulate transcription of
prostaglandin producing genes (Amateau & McCarthy 2004) or the GABA synthetic
enzymes (Mong et al 2002) to ultimately control dendritic spine number after involving a
number of other signaling molecules and cell types.
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The sheer number of nodal points of regulation guarantee diversity as there will be inherent
genetic variation as well as environmentally induced epigenetic changes. Included in the
genetic variation is the sex chromosome complement which will vary systematically in all
male versus female cells but which may influence aspects of hormone action and the
attendant signal transduction pathways in unique ways between brain areas (Arnold 2012,
Arnold et al 2013). As a result each individual brain is a mosaic of regions of relative
maleness or femaleness as well as regions that are unisex. Indeed one of the things that
makes the brain so unique when considering sex differences is its capacity for a range of
endpoints, from strongly male to strongly female and everything in between including
sameness. The same cannot be said to be true for the reproductive tract, i.e. the gonads and
genitalia, or the genes mediating sex differentiation, an observation codified as the 3G’s of
sex differences by Daphna Joel (Joel 2012). There are no mosaics in these endpoints, the
phenotypic or genotypic sex is purely binary, either male or female (with rare exceptions
such as pseudo hermaphrodites, androgen insensitivity, etc).

In contrast, there is no true “male” or “female” brain, instead it is a mosaic. But a mosaic is
not a blend. A blend would be a continuum of maleness to femaleness and if this were the
case it would be evident in the data we have on sexually differentiated endpoints where we
would see high variability within each sex and as a result there would be a low magnitude
mean difference. Instead, just considering the data from this laboratory on sexually
differentiated endpoints ranging from synaptogenesis (Amateau & McCarthy 2002a,
Amateau & McCarthy 2004, Schwarz et al 2008), dendritic branching (Speert et al 2007),
astrocyte (Amateau & McCarthy 2002b, Mong et al 1996, Mong & McCarthy 2002, Mong
et al 2002) and microglia morphology (Lenz et al 2013) to neurogenesis (Bowers et al 2010,
Waddell et al 2013), we consistently see a magnitude sex difference of one-to-two fold with
low variability. Moreover, when we treat female pups with a masculinizing dose of either
estradiol or testosterone, there is an increase or decrease in the endpoint that matches that of
the male, but rarely if ever exceeds it. Likewise if we inject newborn male pups with either
estradiol or androgen, which would provide even higher levels of steroid in the brain, there
is usually no change or a response in the opposite direction. Put more simply, we do not
observe a super-masculinization of either males or females when steroid levels are very
high.

In summary, over many years of neuroanatomical quantification of various endpoints in the
neonatal rodent brain we observe a consistent pattern in which there is a high degree of
within sex consistency (i.e. low variability) and a high degree of consistency of the
magnitude of the difference between the sexes. This could be because forces such as
hormones or chromosome complement push the two sexes apart so that the mean response is
distinctly different while other forces push the sexes together so that the response parameter
stays within a range that does not differ too greatly between males and females.
Alternatively, there may be simple limitations to the degree of masculinization that are
unrelated to sexual differentiation. For example, the number of motor neurons in the spinal
nucleus of the bulbocavernosus is markedly higher in males than females as the function of
these neurons is associated with penile erection (Forger et al 1992, Forger et al 1998,
Freeman et al 1996). But you can’t supermasculinize the number of motor neurons because
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they are rate limited by the number of muscle fibers, and therefore myogenesis is the
limiting factor not sexual differentiation of the brain.

The above discussion is in many ways consistent with the evolutionary principle of
“robustness”, the ability of a species to buffer itself against minor environmental and genetic
variation by maintaining a consistent phenotype. The term “canalization” was first coined by
Waddington (Waddington 1959), and was used to explain how development almost always
reaches the same endpoint despite external fluctuations or inherent noise. External
fluctuations would include temperature, oxygen availability, pH, nutrition, water salinity for
aquatic species and so on, essentially anything that would cause stress to an organism by
creating a disturbance in its predicted environment. Internal noise would be allelic or point
mutation variation in genes, but could also include hormones. The concept of robustness is
considered a universal emergent property of all living systems, but the degree to which
canalization is a result of environmental versus genomic variation, and a combination
thereof, remains a topic of debate (Posadas & Carthew 2014). Waddington merged the two
forces under the umbrella of epigenetics, arguing that external factors impacted genomics by
silencing or promoting the expression of specific genes and thereby narrowing phenotypic
variability. We here propose that the process of canalization contributes to both the
divergence and convergence of sex differences in neuroanatomical endpoints. By reducing
variability within a sex, sex differences are enhanced, but by restricting further divergence
of phenotype, sex differences are reduced (Figure 3). Specific agents of canalization have
been proposed and include organizing proteins, and non-coding RNAs such as microRNAs
and transposons.

Empirical approaches to canalization are best achieved in rapidly reproducing species
occupying an environment which can be controlled and manipulated and possessing a
clearly quantifiable morphological endpoint that is subject to natural selection. Thus fish,
drosophila and plants have been among the most commonly investigated. Heatshock protein
90 (Hsp90) is a central component of the “chaperome”, a network of chaperone proteins that
buffer the cell against physiological challenge and assist protein folding (Taldone et al
2014). Hsp90 is highly conserved and ubiquitously expressed in all cells. It has long been
considered a potential master regulator of canalization (Ruden et al 2003) and this was
definitively demonstrated to be the case for the control of eye size in a species of tilapia
which rapidly progresses towards blindness when cave dwelling. This occurs because the
water conditions found in caves inhibit Hsp90 resulting in expansion of eye size variability,
generating both larger and smaller eyes than occurs in non-cave dwellers. Eyes are
energetically expensive and since they are of no use to cave dwellers, smaller and smaller
eyes are favored until they eventually disappear all together (Rohner et al 2013). If Hsp90
levels remain high there is very little variation in eye size and therefore nothing for selection
to act upon even if the eyes are useless. Thus Hsp90 is a capacitor of morphological
evolution. When Hsp90 is abundant phenotypic variation is suppressed, but when Hsp90 is
low or absent, phenotypic variability increases immediately and provides a more varied
substrate for selective pressure. This occurs in part because during a period of intense
canalization genetic anomalies and mutations are allowed to accumulate and are then
released from repression when canalization is relieved. Many of these mutations will be
deleterious of course, but presumably some will not.
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The primary mechanism of Hsp90 and related chaperone proteins is to promote proper
protein folding and function in the presence of minor genetic variation such as point
mutations or premature truncations (Smith et al 2015). But an additional potential
mechanism of canalization involves retrotransposons, originally called “jumping genes”
when first discovered by Barbara McClintock but now referred to as mobile DNA elements.
These ubiquitous and prevalent stretches of non-gene coding DNA are remnants of viral
DNA insertions into the genome and while the overwhelming majority are silenced, a
surprising number remain active and capable of transpositioning to new sites after
production of RNA and key enzymes (see (Coufal et al 2009). LINE-1 is the most prevalent
of the mobile DNA elements and is most active in neural progenitor and germ cell tissue
(Belancio et al 2010, Singer et al 2010). Transposition events are highly variable between
and within individuals and when they occur in neural progenitor cells are speculated to lead
to genetic diversity between neurons within an individual. This process continues
throughout life as a consequence of ongoing neurogenesis in the adult brain, and appears to
be increased by external variables such as stress (Hunter et al 2014). Greater genomic
variability in the brain, the reasoning goes, will provide greater flexibility in responding
during challenging times (Erwin et al 2014). Others have taken the notion further and
propose that transposition events contribute to phenotypic plasticity and hence provide
physiological targets for natural selection, in essence an escape from canalization. Hsp90
suppresses transposon transposition by promoting expression of piwi-interacting RNAsS,
which are germ line-specific small regulatory RNAs known to maintain repetitive sequences
and transposons in a repressed state (Piacentini et al 2014).

Another viable agent of canalization is a class of regulatory RNAs called microRNA’s
(miRNAS). As transcriptional regulators, miRNAs are perfectly poised to act as agents of
canalization as their principle function is to dampen, not silence, gene expression (Posadas
& Carthew 2014). This is largely achieved by binding to messenger RNA’s and either
hastening their degradation or blocking translation. The balance between miRNAs and
MRNAs determines the rate of transcription and this is particularly important during
development. If mMiRNAs are inhibited there is increased variability of morphological
endpoints, indicative of canalization. Moreover, within a certain range of transcription there
is a lack of linearity between mRNA levels and protein output due to the governing effect of
miRNAs, but if mMRNA production outpaces miRNAs, i.e. all miRNAs are saturated, then
linearity will be abruptly resumed (Figure 4) leading to switch-like or thresholding of
regulatory networks (Posadas & Carthew 2014). It is this thresholding aspect of miRNAs
that makes them different from other regulators of gene expression such as co-expressors or
co-repressors. The existence of a threshold is consistent with many sex differences in the
brain that are hormone mediated. A central tenet of sexual differentiation is that males have
a large surge in androgen production and local conversion of estradiol within the brain, but
when steroid levels in the brain are measured one finds that females actually have
considerable amounts of neural estrogens as well and in fact the difference from males is
relatively small (Amateau et al 2004). Something must be altering the sensitivity of the
female to her own steroids. This is most strikingly illustrated in our observation of
neurogenesis in newborn rat pups. Males make twice as many new neurons as females
during the first week of life and treating females with exogenous estradiol increases
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neurogenesis to that of males (Bowers et al 2010), yet endogenous estradiol measured in the
hippocampus at that time is either not different in males and females (Konkle & McCarthy
2011) or higher in females (Amateau et al 2004). So why are females making so many fewer
new neurons than males? This mystery can be resolved by introduction of miRNAs as
regulatory governors that suppress the proliferative effects of estradiol in females.
Consistent with this, a collection of miRNAs associated with proliferation were detected at
higher levels in the developing hippocampus of females (Figure 5). Future studies will be
essential to establishing a cause and effect relationship between miRNAs and canalization of
hippocampal neurogenesis in males and females.

Behavioral output may not match neuroanatomical canalization

Rigidity of behavioral response in the face of variable stimuli is obviously a maladaptive
strategy. Virtually all behavioral manifestation is the compilation of internal calculations of
competing and converging inputs from multiple brain regions and each of those regions is in
turn responding to multiple variables. Ultimately some neural pathway “wins” and a
behavioral response is executed but outside of fixed action patterns, aspects of the behavior
may vary in magnitude or frequency in subtle or obvious ways. One of the more vexing
issues in the study of brain and behavior in the context of sex differences is causally
connecting neuroanatomical variability with behavioral output. The SDN, arguably the
largest neuroanatomical sex difference in the rodent brain, has been famously difficult to tie
to a behavioral output. Analogous structures in humans, ferrets and sheep have been
correlated with sexual partner preference (Baum 2006, LeVay 1991, Roselli et al 2004), but
causality has not been established. Perhaps the best connection between neuroanatomy and
behavior is bird song. There is in general a reasonable positive correlation between the
degree that there is a sex difference in song behavior and the degree that there is a sex
difference in the volume of key forebrain nuclei that control the learning and production of
birdsong (Ball et al 2009), but even here the correlation does not always hold up. In Streak-
Backed Orioles the song control system shows the usual male bias in size yet females sing
more than males (Hall et al 2010). In another instance involving songbirds, social status
impacts the neuroanatomical sex difference but this does not map onto behavior (Voigt &
Gahr 2011). The relationship between neuroanatomy and behavior becomes even more
difficult when considered at the synaptic level. The density of dendritic spines on POA
neurons is correlated with the frequency of sexual mounting by males or experimentally
masculinized females in rats (Wright et al 2008), but is it causal? Only by being able to
selectively manipulate the density of dendritic spines selectively in this brain region without
disturbing any other signaling pathways in this or other brain regions would one be able to
address this question. But as explained above, the signal transduction pathway mediating the
sex difference in synaptogenesis in the POA is a ubiquitous one, calling on such common
mediators as protein kinase A (Wright & McCarthy 2009). Thus even with the power of
mouse genetics and conditional knockouts of select genes, it is still out of our grasp to so
precisely manipulate one component of a specific circuit. This brings to mind a sentiment
expressed by Per Stdersten almost 30 years ago - “The search for morphological sex
differences in adult rat brains that are caused by the ‘organizing effect of perinatal
androgen’ and that can be related to sex differences in behavior has not been fruitful and
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may continue unrewarded” (Sédersten 1987) — a sentiment that arguably still holds true
today. But that is not because neuroanatomy has no impact on behavior but instead is likely
due to the other tenet reiterated by Sodersten and De Vries (De Vries & Sddersten 2009) that
sex differences in behavior are context-dependent, which is just another way of saying that
multiple inputs to multiple brain regions ultimately determine behavior. However we
propose, as have many others, that the probabilities of specific behavioral outputs are shifted
by the underlying neuroanatomy. If a portion of that anatomy is strongly canalized to be
different in males and females, than the probability of a particular behavioral pattern would
also be predicted to be shifted. Selection pressure is brought to bear on behavior, not on
neuoranatomy directly, and therefore ipso facto if a neuroanatomical endpoint is canalized
then it must be having a significant impact on behavior. Establishing if canalization is
occurring may be easier to achieve then it first appears. Inhibition of the factors determining
canalization during a critical developmental window, be they Hsp90, epigenetics or other
regulatory elements would be predicted to abolish later sex differences in behavior by
greatly increasing variability within each sex, i.e. reducing the probability that sex specific
behavior will be expressed. And with this approach hopefully new advances in
understanding brain and behavior relations can be made and avoid the further admonition of
Sddersten and De Vries that forging links between structure and function may be “akin to
building a house of cards”.
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Highlights
«  Sex differences in the brain are multifactorial in origin
e Non---neuronal cells are key players in masculinization of the brain
e The brain is a mosaic of maleness and femaleness

e The idea that sex differences in the brain are canalized is proposed
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Figure 1. The Sexually Dimorphic Nucleus of the Preoptic Area

Surveying

* Phagocytic
: Microglia

A collection of Nissl dense cells located in and around the Medial Preoptic Nucleus centralis
(MPNCc) constitutes the SDN. The volume of this nucleus is 3-5 times larger in males than

females. Microglia morphology is also different in males and

females in this brain region,

being more rounded and ameboid-like in males and more ramified or “surveying” in
females. POA = preoptic area, MPN = medial preoptic nucleus, C — central, M = medial, L =
lateral, opt = optic chiasm, aco = anterior commissure, 3V = third ventricle.
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Figure 2. Sex differences in microglial morphology
Microglia vary in morphology from a rounded amoeboid like shape that is often indicative

of activation to a highly ramified state previously considered quiescent but now known to be
in a state of surveillance. In the developing preoptic area males have significantly more
amoeboid shaped microglia while females have more surveying microglia (Lenz et al.,
2013).
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Figure 3. Canalization of sex differences in neuroanatomical endpoints
Canalization is a process first proposed by Waddington to explain the robustness of

individuals in response to varying environments and genetic composition. Using
Waddington’s iconic image of the epigenetic landscape for illustration, we propose a similar
process regulates neuroanatomical sex differences by reducing variability within each sex,
thereby enhancing differences between the sexes, but also simultaneously assuring that the
two sexes do not diverge too far apart from each other. Agents of canalization could include
components of the chaperome, hormones, epigenetics and microRNAs (see text for details).
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Figure 4. MicroRNA’s may mediate canalization
MicroRNAs (miRNA) are governors of gene expression by inhibiting or degrading

mRNA’s. In the absence of miRNA regulation, the relationship between mMRNA and protein
synthesis is predicted to be linear. However under conditions of miRNA regulation low
levels of MRNA are effectively governed and expression is repressed at a wide range of
mMRNA concentrations. If the mMRNA level saturates the capacity of the miRNA, there is a
rapid rise in expression and eventual return to linearity, thus creating a threshold below
which there is little response and above which there is maximal response. The same
principle could be applied to neuroanatomical endpoints such as dendritic spine density or
cell genesis, processes which require protein synthesis (redrawn from (Posadas & Carthew
2014).
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Figure 5. Sex differences in microRNA’s in the developing hippocampus
Sex differences in expression levels of selected microRNASs in the dentate gyrus of Sprague

Dawley rat pups during the first postnatal week, as determined via quantitative PCR (qPCR).
Total RNA was isolated from dentate gyrus of untreated male and female pups on postnatal
day 4 and transcribed to cDNA, and gPCR of 14 selected mature miRNAs was performed
using custom TagMan MicroRNA Array Cards (Life Technologies). Relative quantification
(RQ) levels are normalized to U6 and sno6 small RNAs and expressed relative to males for
each target miRNA. n= 4 for each sex (ANOVA,; * p < 0.05; # p < 0.001).
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