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Abstract Research in the neurobiology of sex differences is inherently influenced
by the study species that are used. Some traditional animal research models, such as
rats and mice, show certain sex differences in the brain that have been foundational
to neurobiological research. However, subsequent work has demonstrated that these
differences are not always generalizable, especially to species with different social
structures and sex-associated roles or behaviors. One such example is the naked
mole-rat (Heterocephalus glaber), which has an unusual social structure among
mammals. Naked mole-rats live in large groups where reproduction is restricted to
a dominant female, called the “queen,” and often only one breeding male. All other
animals in the group, the “subordinates,” are socially suppressed from reproduction
and remain in a prepubescent state as adults, unless they are removed from the
presence of the queen. These subordinates show little to no sex differences in
external morphology, neural morphology, or behavior. However, there are a suite
of neurobiological differences between subordinate and breeding naked mole-rats.
After naked mole-rats attain breeding status, many of the classically sexually
differentiated brain regions increase in volume (paraventricular nucleus, medial
amygdala, bed nucleus of the stria terminalis). There are additionally social status
differences in sex hormone receptor expression in the brain, as well as other changes
in gene expression, some of which also show sex differences — though not always in
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the predicted direction based on other rodent studies. Data from naked mole-rats
show that it is critical to consider the evolved social structure of a species when
studying sex differences in the brain.

Keywords Cooperative breeding - Eusocial - Mole-rat - Plasticity - Sex difference -
Social status

Sex differences in the brain are traditionally interpreted through the lens of sex
differences in behavior. In many species, males and females differ in levels of
competition for access to mating opportunities, their particular roles in reproduction,
and the specific behaviors associated with these processes. Thus, it is not unreason-
able to postulate that sex differences in the brain would correspond to these sex
differences in behavior. Foundational work in traditional laboratory rodent models
(rats, mice, guinea pigs) has provided support for this framework. For example, in
rats and several other species, the sexually dimorphic nucleus of the medial preoptic
area (SDN-POA) is significantly larger in males than in females (Greenberg and
Trainor 2016). Accordingly, lesioning of this area in rats impairs male-typical sexual
behaviors, including mounting, intromission, and ejaculation (De Jonge et al. 1989).
There are also female-biased examples: in mice and rats, females have more cells
involved in dopamine synthesis in the anteroventral periventricular nucleus (AVPV)
of the brain, and this population of cells is functionally associated with levels of
maternal behavior (Simerly 1989; Forger et al. 2004; Scott et al. 2015).

Such sex differences in the brain are predominantly shaped during critical
developmental periods. Neural sex differences are often derived through an
organizational-activational process, where the brain is organized by gonadal hor-
mones early in development (prenatal and early postnatal life) and is then modulated
by gonadal hormones in adulthood (Phoenix et al. 1959; Arnold 2009). Increasingly,
puberty has been considered a second or extended critical period of brain organiza-
tion, where circulating sex hormones alter structure and circuits in numerous areas of
the brain (Sisk and Zehr 2005; Schulz et al. 2009). Puberty is of exceptional
importance because of the confluence of gonadal activation, neural rewiring, and
restructuring of the social environment (Sisk and Zehr 2005; Bell et al. 2013).
Organizational and activational events are not entirely distinct from one another
during this period, but rather part of a spectrum where organizational events can
transition into activational events during puberty (Juraska et al. 2013). The influx of
gonadal steroid hormones during puberty activates neural circuitry in a sex-specific
manner, and also further contributes to the sculpting of sex differences in various
brain regions (Sisk and Zehr 2005). For example, in the rat brain, sex differences in
region volume in the AVPV, SDN-POA, and medial amygdala (MeA) are
established through new cell birth during puberty, but these sex-specific changes
in cell number can be attenuated by prepubertal gonadectomy (Ahmed et al. 2008).

However, the same neurobiological sex differences are not consistently present
across species and may even be inconsistent among different strains of mice (Brown
et al. 1999; Holmes et al. 2009). Some species display seasonal sex differences in the
brain: common shrew (Sorex araneus) males have a larger hippocampal CA1 than



The Curious Case of the Naked Mole-Rat: How Extreme Social and. . .

females in the summer, when they have larger home ranges than females, but not in
the winter, when both sexes are less active (Lazaro et al. 2018). Similarly, there are
seasonal sex differences in the hippocampal dentate gyrus in meadow voles
(Microtus pennsylvanicus), where females have higher rates of cell proliferation
and death than males in the non-breeding season, but not in the breeding season
(Galea and McEwen 1999). Conditions in the social environment may also result in
sex-specific changes in the brain. For example, absence of social contact can have
sex-specific effects in Syrian hamsters (Mesocricetus auratus): isolated males have
higher Vla receptor binding in the anterior hypothalamus compared to grouped
males, whereas isolation does not affect V1a binding in females in this region (Ross
et al. 2019). Similar examples can be found in birds. In the zebra finch (Taeniopygia
guttata), mixed effects between sex, social context (exposure to novel or familiar
animals), and behavioral phenotype influence activation of several dopaminergic
populations (Kelly and Goodson 2015). Male zebra finches have more tyrosine
hydroxylase/Fos double-labeled cells in the medial hypothalamus/preoptic area
than females, though the interaction effects of social context and behavioral pheno-
type on this population are independent of sex (Kelly and Goodson 2015).

There are additionally striking interaction effects between social status and sex
differences in the brain. Social hierarchies exist in many species, and an individual’s
social status within the hierarchy (being dominant or subordinate) results in different
roles, behaviors, and often, physiological and reproductive changes (Sapolsky
2004). In some species, social dominance is simply associated with better chances
of successful reproduction (e.g., Holekamp et al. 1996), whereas in others, sub-
ordinates will fully suppress sexual maturation because their chances of accessing
reproductive opportunities are so low (e.g., Jarvis et al. 1994). Subordinates can also
display alternative phenotypes, for example, subordinate males of some species of
cichlid fish will appear and behave as females until they gain dominance, when they
will switch to the male-typical coloration and territorial behaviors (Maruska and
Fernald 2010).

Accordingly, social status can influence neurobiological sex differences in
species-specific ways. Acquisition of dominance in female Syrian hamsters
increases activation of serotonergic neurons in the anterior portion of the dorsal
raphe nucleus relative to subordinate females, but there is no detectable effect of
social status on this population in males (Terranova et al. 2016). In cooperatively
breeding white-browed sparrow weavers (Plocepasser mahali), dominant males
have larger HVC and RA regions in the forebrain (involved in song production)
than do subordinate males. This is thought to be because the dominant males have an
additional type of song that subordinate males and females do not sing (Voight and
Gahr 2011). Though subordinate males still have larger HVC and RA regions than
females, their mRNA expression of candidate genes in the HVC is more similar to
females than to dominant males (Voight and Gahr 2011).

Thus, ample evidence indicates we must acknowledge that the neural sex differ-
ences seen across vertebrates are not rigid phenomena. Rather, they can be dynamic
in response to social organization, reproductive strategy, and factors in the social
environment. The variability in regard to neural sex differences demonstrates it is
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essential to consider species-specific social organization and breeding strategy in
order to understand both how and why sex differences in the brain evolve and
persist. Studying species that differ in social organization captures a more
multidimensional view of sex differences, facilitating interpretation of the signifi-
cance and function of sex differences in the brain. Here, we focus on the naked mole-
rat, a strange and remarkable eusocial rodent that shows minimal evidence of sexual
differentiation. Naked mole-rats have evolved a social system so extreme in its taxon
that it provides a powerful opportunity for investigation into the factors influencing
sex differences.

1 Naked Mole-Rats: A Case for Social Status

Naked mole-rats are subterranean rodents native to sub-Saharan Africa. They reside
in colonies typically containing 70-80 individuals, but can be upwards of 300, in an
expansive burrow system (Jarvis 1981; Brett 1991; Jarvis et al. 1994). They are
considered eusocial, with a reproductively active breeding caste consisting of a
breeding female and 1-3 breeding males, and a reproductively suppressed subordi-
nate caste (Jarvis 1981; Brett 1991). Social hierarchies seem to be maintained via
aggressive interactions between queen and subordinates (biting, shoving, etc.), as the
physical presence of the breeding female is required to maintain subordinate repro-
ductive suppression (Faulkes et al. 1990, 1991; Reeve and Sherman 1991).

While queens have an ovarian cycle length of approximately 34 days, subordinate
females have quiescent ovaries, low levels of luteinizing hormone, and consistently
low progesterone levels, signalling a lack of ovulation (Faulkes et al. 1990). Once
the suppression from the breeding female is removed, either by her death or by
removal of the subordinate from the colony, ovulation activates in female subordi-
nates (Faulkes and Abbott 1993; Smith et al. 1997). Male subordinates are also
reproductively suppressed and show smaller testis size and low sperm quality in
comparison with breeding males (Faulkes et al. 1991, 1994). However, there is
continued spermatogenesis in subordinate males, making reproductive suppression
less absolute than in females (Jarvis 1981). Subordinate animals are chronologically
adults but rarely sexually mature. Given the importance of puberty in wiring and
rewiring neural circuits involved in social cognition and reproductive behaviors,
naked mole-rats provide an opportunity to study what would occur in the adult brain
if puberty was never achieved.

Breeder naked mole-rats exhibit the same copulatory behaviors as other mam-
mals, where males will mount and intromit, and females will perform lordosis during
the peri-ovulatory phase of their ovulatory cycle (Jarvis 1991; Holmes and Goldman
2021). The breeders also exhibit a mutual genital nuzzling behavior that occurs
throughout the female’s ovulatory cycle, and also continues through pregnancy
(Lacey et al. 1991). Mounting behavior in males can be eliminated via castration
and rescued through testosterone treatment, but genital nuzzling is not completely
eliminated by castration (Goldman et al. 2006). Furthermore, aggressive interactions
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Fig. 1 Differences in naked mole-rat external morphology by status and sex. (a) Breeding (BRE)
female and male on the left tend to be larger than subordinates (SUB). Subordinates have no sex
differences in overall body size and appearance. (b) Genitalia of breeding female on the left
compared to subordinate female on the right. The breeding females have enlarged genitals and a
more obvious vaginal fold or vaginal perforation relative to the subordinate females. (¢) Genitalia of
breeding male on the left compared to subordinate male on the right. There are no status differences
between breeding and subordinate males, and minimal sex differences between subordinate females
and subordinate males. Modified from Faykoo-Martinez and Holmes (2021)

are also often performed by breeders, especially the breeding female. The breeding
female initiates more shoving interactions than any other individual within the
colony, including the breeding male, but is never the recipient of shoves (Clarke
and Faulkes 2001). The onset of increased aggressive interactions is closely associ-
ated with caste transition, increases in urinary progesterone in females, and testos-
terone in males, following removal of previous breeders (Clarke and Faulkes 2001).

Subordinates rarely, if ever, perform copulatory or aggressive behaviors within
the colony (Clarke and Faulkes 2001; Goldman et al. 2006). In fact, naked mole-rat
subordinates show very little sex differences both behaviorally and anatomically. All
subordinate individuals, regardless of sex, contribute to colony and litter care
(Sherman et al. 1992). Task specialization is more closely associated with the
body size of the individual rather than their sex (Sherman et al. 1992; Mooney
et al. 2015a). There is also evidence that dispersal behavior is not sex biased in either
wild or laboratory colonies, with males and females being equally likely to leave the
colony (Braude 2000; Toor et al. 2020; c.f. O’Riain et al. 1996 — male-biased
dispersal). In terms of external anatomy, there are no sex differences in size or
weight between male and female naked mole-rats (Fig. 1). External genitalia is
remarkably similar and can only be differentiated by an inconspicuous vaginal
fold in females, and there is no difference in anogenital distance or phallus size/
length (Fig. 1; Peroulakis et al. 2002).

The lack of sex differences in the naked mole-rat seems to be mediated by its
unique social system. When comparing the eusocial mole-rat to its solitary cousin
the silvery mole-rat, and its less-extreme eusocial cousin the Damaraland mole-rat,
social structure was found to predict genital morphology within the Bathyergidae
family with naked mole-rats having no sex differences in genitalia and associated
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muscular, silvery mole-rats having sex differences, and Damaraland mole-rats being
intermediate (Seney et al. 2009).

2 Brain Morphology: Status Differences, Not Sex
Differences

The lack of sex differences in naked mole-rats (especially subordinates) is also
reflected in their neural morphology (Table 1). Regions of the brain that are typically
sexually differentiated in laboratory rats and mice have been examined in both
breeding and subordinate naked mole-rats. These regions include the bed nucleus
of the stria terminalis (BST), the paraventricular nucleus of the hypothalamus
(PVN), the ventromedial nucleus of the hypothalamus (VMH), and the medial
amygdala (MeA). In laboratory rats and guinea pigs, males have more neurons in
the BST, and this region is implicated in sexual behavior, aggressive behavior, and
response to social challenges (Forger et al. 2004; Greenberg and Trainor 2016). The
PVN is critically involved in stress axis reactivity, as it secretes corticotropin-
releasing factor (CRF), and has additional projections to the pituitary. In rats,
males show post-puberty differences in PVN cellular activation in response to stress,
whereas females show post-puberty differences in CRF expression (Viau et al.
2005). The VMH is involved in copulatory behavior and is larger in male rats,
with a greater density of cells (De Vries and Simerly 2002). Male rats also have a
larger MeA, which is functionally associated with olfactory investigation and sexual
arousal (Cooke et al. 1999).

In naked mole-rats, none of these regions significantly differ in volume, cell
number, or cell size between males and females (Holmes et al. 2007). This is true in
both subordinates and breeding animals. However, all of these regions have status
differences: breeders, regardless of sex, differ from subordinates. The BST, PVN,
and MeA are larger in volume in breeders than in subordinates. The VMH shows no
status differences in regional volume, but contains more cells within breeders, with a
marginally larger cell size (Holmes et al. 2007). The increase in volume in the PVN
occurs when subordinates are removed from reproductive suppression and paired
with an opposite sex animal (Fig. 2; Holmes et al. 2011), essentially when the animal
undergoes reproductive maturation. In contrast, the increase in volume in the BST
does not happen at initial pairing and reproductive maturation, but rather once the
animal successfully reproduces (Holmes et al. 2011). Further, these status differ-
ences are not due to an overall change in brain morphology in breeders, as other
regions unrelated to sexual behavior remain unchanged. The suprachiasmatic
nucleus, which controls circadian rhythms, and the anterior cortical amygdaloid
nucleus, which receives olfactory input, do not differ in volume, cell number, or
cell size between subordinates and breeders, nor is there a difference in cortical
thickness (Holmes et al. 2007).
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Fig. 2 Examples of neurobiological status differences and lack of sex differences in naked mole-
rats. (a) Photomicrograph of a Kluver-Barrera-stained portion of Onuf’s nucleus. Motoneurons are
marked by the white arrow, and “small cells” are marked by the black arrow. Scale bar = 50 pm. (b)
Mean (£ SEM) counts of motoneurons in Onuf’s nucleus by sex and status. Breeders and sub-
ordinates differed in cell number but had no detectable sex differences. (¢) Photomicrograph of a
thionin-stained coronal section of the PVN (d) Mean (+ SEM) regional volume of the PVN by sex
and status, with males as black bars and females as white bars. Breeders and subordinates differed in
volume while no significant sex differences or sex and status interactions were detected. Modified
from Seney et al. (2006) and Holmes et al. (2007)

Lack of sex differences in volume and cell number also extend to other parts of
the nervous system. In the mammalian spinal cord, the population of motoneurons
that innervate the muscles of the phallus is called Onuf’s nucleus (ON motoneurons).
The homologous regions in rats and mice are referred to as the spinal nucleus of the
bulbocavernosus and the dorsolateral nucleus. Because this area is associated with
the muscles of the phallus, it displays sex differences in a wide variety of mammals
including rats (Breedlove and Arnold 1980), humans (Forger and Breedlove 1986),
dogs (Forger and Breedlove 1986), Mongolian gerbils (Meriones unguiculatus;
Ulibarri et al. 1995), and Asian musk shrews (Suncus murinus; Polak and Freeman
2010). Yet, in naked mole-rats, there is no sex difference in number or size of ON
motoneurons (Fig. 2; Peroulakis et al. 2002; Seney et al. 2006). This is true for both
subordinates and breeders, however breeders have more large ON motoneurons than
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subordinates, regardless of sex (Seney et al. 2006). This again emphasizes the
predominance of status differences, rather than sex differences, in this species.

3 Brain Gene and Receptor Expression: Status Differences
and Sex Differences

Though naked mole-rats, as of yet, have no identified sex differences in brain
morphology, they display some sex differences, as well as status differences, in
gene and receptor expression in the brain (Table 1; Fig. 3). Brain steroid hormone
receptor expression and circulating steroid hormone levels do show some sex
differences in this species. Although subordinates do not have sex differences in
progesterone or testosterone, breeding females have elevated progesterone levels
relative to males and subordinate females, and breeding males have elevated testos-
terone levels relative to females and subordinate males (Clarke and Faulkes 1997,
1998; Zhou et al. 2013; Swift-Gallant et al. 2015; Faykoo-Martinez et al. 2018).
Thus, sex differences in progesterone and testosterone levels are latent until adult
subordinates undergo reproductive maturation, whereafter sex differences in gonadal
steroid hormones become pronounced. Estradiol is more variable as subordinate
females can have high estradiol levels, comparable to non-pregnant breeding
females (Zhou et al. 2013). However, estradiol levels are elevated in breeding
females when they initially become reproductively active (4 weeks after separation
from the natal colony) and during pregnancy (Swift-Gallant et al. 2015; Edwards
et al. 2021). The estradiol levels in subordinates are positively associated with queen
levels and increase during her pregnancy. This is possibly by social transmission of
queen hormones or due to reduced queen aggression during pregnancy which may
allow subordinates to begin to sexually mature during that time (Watarai et al. 2018;
Edwards et al. 2021). Breeding males and gonadectomized animals of both sexes can
also have high and variable estradiol levels, potentially adrenal in origin (Zhou et al.
2013; Swift-Gallant et al. 2015).

The sex differences in neural androgen receptor levels in naked mole-rats are
generally consistent with expectations based on other species, with males having
higher levels than females. Quantification of brain androgen receptors with immu-
nohistochemistry has demonstrated that male naked mole-rats have more androgen
receptors than females in three particular regions of the brain: the MeA, VMH, and
premammillary nucleus (Holmes et al. 2008). Though this sex effect appeared more
pronounced in breeders, no significant sex by reproductive status interaction effect
was detected (Holmes et al. 2008). When androgen receptor (Ar) mRNA expression
is quantified from the right hemisphere of the diencephalon (pooled tissue), again
male naked mole-rats are found to have higher androgen receptor expression than
females (Swift-Gallant et al. 2015). Status differences in androgen receptors are also
abundant. Regardless of sex, subordinates surprisingly have higher levels of andro-
gen receptor protein expression in the BST, PVN, VMH, and MeA relative to
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Fig. 3 Heatmap of mean gene expression (nNRNA) in naked mole-rat brain regions, arranged using
hierarchical clustering separated by sex. Each row represents a single gene in a specific brain region.
Details can be found in source publication (Faykoo-Martinez et al. 2018). Subordinates (SUB) of
each sex are on the left and breeders (BRE) of each sex are on the right. Means were adjusted to
z-scores with blue indicating low relative expression and red indicating high relative expression.
Modified from Faykoo-Martinez et al. (2018)

breeders (Holmes et al. 2008). However, subsequent gene expression results from
the whole right hemisphere of the diencephalon displayed the opposite effect, with
higher androgen receptor mRNA expression in breeding males than subordinate
males, and no difference in androgen receptor expression between female breeders
and subordinates (Swift-Gallant et al. 2015). This indicates that the status differences
in androgen receptor expression may be region-specific and/or depend on
methodology.

As for receptors and genes related to the female-biased sex hormones, estrogen
receptor alpha (Esr]) and aromatase (Cypl9al) are expressed at higher levels in the
diencephalon in female naked mole-rats relative to males. There is a status difference
in females for both genes, with higher levels of expression in breeding females
relative to subordinate females (Swift-Gallant et al. 2015). Hence, even though
subordinate females and males can have relatively high estradiol levels, they may
not be as responsive to circulating estrogens as are the breeding females. Female and
male naked mole-rats both also have status differences in progesterone receptor
(Pgr) expression, with breeding females having higher progesterone receptor mnRNA
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levels than subordinate females, and breeding males having lower progesterone
receptor mRNA levels than subordinate males (Swift-Gallant et al. 2015).

Additionally, several genes related to reproductive axis function and the onset of
reproductive competence have higher levels of expression in male naked mole-rats
relative to females. In the nucleus accumbens, males have higher expression of
kisspeptin (KissI), neuropeptide VF precursor (Npvf), and tachykinin 3 receptor
(Tac3r), and in the PVN, males have higher expression of RFRP receptor (Gpri47)
and kappa opioid receptor (Kor) (Faykoo-Martinez et al. 2018). Though no main
effect of status was detected on any of these reproductive genes, subordinate males
in particular had the highest levels of Npvf, Tac3r, and Gpri47 in the nucleus
accumbens. These sex differences in neural gene expression may be due to sex
differences in mechanisms and degrees of reproductive suppression in naked
mole-rats. Reproductive suppression is less pronounced in subordinate males than
subordinate females, as the majority of subordinate male naked mole-rats produce
spermatozoa, whereas subordinate females lack mature gametes and do not ovulate
(Faulkes et al. 1991; Coen et al. 2021; Faykoo-Martinez et al. 2021).

Other sex and status differences in naked mole-rat neural gene expression are in
hypothalamic-pituitary-adrenal axis (HPA axis; “stress axis”) related genes and
receptors. The stress axis has pronounced sex differences in other rodent species,
at multiple levels of regulation. In laboratory rats, females have higher circulating
glucocorticoid levels than males and it takes longer for their glucocorticoid levels to
return to baseline following an acute stressor (Oyola and Handa 2017; Heck and
Handa 2019). This difference in stress axis regulation may be partially driven by sex
differences in glucocorticoid receptors in the brain, which are involved in negative
feedback of the stress axis. Female rats have less glucocorticoid receptors in the
hypothalamus and pituitary than males, though there are likely additional differences
in stress axis regulation beyond glucocorticoid receptor expression (Heck and Handa
2019). Further, corticotropin-releasing factor (CRF), which is synthesized in the
PVN and initiates stress axis activity, is expressed at higher levels in female rats
relative to male rats, and CRF expression is stimulated by estrogens and suppressed
by testosterone (Heck and Handa 2019). CRF and other CRF family ligands bind to
two receptor types in the brain: CRFR; and CRFR,. In general, CRFR; activation is
thought to stimulate the stress response, whereas CRFR, activation dampens it (Bale
and Vale 2004). In several species of voles in genus Microtus, CRFR, density is
higher in the BST of male voles than females voles, and estradiol treatment is known
to alter CRFR, density in meadow voles (Beery et al. 2014, 2016). Male meadow
voles additionally tend to have lower corticosterone levels than females, particularly
in breeding individuals (Galea and McEwen 1999; Edwards et al. 2019).

In naked mole-rats, however, these sex differences in the stress axis are largely
absent or reversed. Work comparing blood cortisol levels (the primary
glucocorticoid in naked mole-rats; Ganem and Bennett 2004) in male and female
naked mole-rats, collected during sacrifice, has shown that males have marginally
higher circulating cortisol levels than females, regardless of status, though this
difference appeared to be primarily driven by higher levels in reproductive males
(Faykoo-Martinez et al. 2018). Additional research examining urinary or fecal
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cortisol metabolites, as a measure of integrated baseline cortisol levels, has generally
demonstrated no sex or status differences in cortisol levels in naked mole-rats
(Clarke and Faulkes 1998, 2001; Edwards et al. 2020; c.f. Faulkes and Abbott
1997 — lower urinary cortisol in non-pregnant breeding females; Clarke and Faulkes
1997 — higher urinary cortisol levels in high ranking individuals in some, but not all,
colonies). Although sex differences in CRF have not been quantified in naked mole-
rats, this species has no sex differences in CRFR; levels, neither globally nor in
specific brain regions (Beery et al. 2016; Faykoo-Martinez et al. 2018). Female
naked mole-rats have higher CRFR; density than males globally and in the amygdala
in particular, regardless of status, as demonstrated by receptor autoradiography
(Beery et al. 2016). Subsequent work quantifying mRNA levels found no detectable
sex difference in CRFR, expression, aside from a marginal increase in levels
between breeding males relative to breeding females (but not subordinate males
relative to subordinate females) in the PVN.

A few status differences in stress axis related genes in the brain have been found
in naked mole-rats. Subordinates have higher CRFR density than breeders, globally
and in the piriform cortex and amygdala in particular (Beery et al. 2016), though this
status difference was not found in subsequent CRFR; mRNA expression data from
distinct brain regions. The mRNA expression data additionally indicates that
breeders have higher CRFR, expression levels than subordinates in the MeA and
arcuate nucleus, regardless of sex. No glucocorticoid receptor (Nr3cl) expression
differences between breeders and subordinates were found for any region (Faykoo-
Martinez et al. 2018).

Finally, status but not sex is associated with number of oxytocinergic neurons in
the PVN with subordinates having more than breeders (Mooney and Holmes 2013).
There is a sex difference in oxytocin receptor density in naked mole-rats, with males
having higher levels in the MeA than females. This difference appears to be driven
primarily by breeders, particularly by low oxytocin receptor levels in breeding
females, though no significant main effect of status was detected in the analysis
(Mooney et al. 2015b). No other sex differences in oxytocin receptor density were
detected in any other region (Mooney et al. 2015b). Male-biased oxytocin receptor
expression in naked mole-rats is consistent with sex differences found in some other
rodent species, though less pronounced. Male singing mice (Scotinomys
xerampelinus) and mandarin voles (Lasiopodomys mandarinus) both have higher
levels of oxytocin receptor in the MeA than females of their respective species
(Campbell et al. 2009; Smorkatcheva 2011). Male rats have higher densities of
oxytocin receptors than females in several brain regions, including the MeA
(Dumais et al. 2013). This male bias in rats was hypothesized to be due to a sex
difference in social interest, with virgin males having higher levels of social inves-
tigation of conspecifics than virgin females (Dumais et al. 2013). This explanation
perhaps does not apply to naked mole-rats, as there are minimal sex differences in
social behavior, aside from the queen being more aggressive than other colony
members. As such, sex differences in oxytocin receptor levels in the naked mole-
rat may be related to a compensation effect (De Vries 2004) where increased
oxytocin receptor levels are needed to promote baseline prosocial behavior in males.
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4 Damaraland Mole-Rats as a Comparison

Naked mole-rats can be compared with another cooperatively breeding mole-rat, the
Damaraland mole-rat (Fukomys damarensis). Damaraland mole-rats are also in
family Bathyergidae, and similarly have a single breeding pair per colony supported
by reproductively suppressed subordinates. Evidence suggests that eusociality
evolved independently in naked mole-rats and Damaraland mole-rats, making
them an interesting contrast to examine convergent characteristics of social structure
(Allard and Honeycutt 1992; Jarvis and Bennett 1993; Faulkes and Bennet 2021).
Damaraland mole-rats appear to be an intermediate between the extreme cooperative
lifestyle of naked mole-rats and the solitary lifestyle of some other mole-rat species.
The reproductive skew is lower in Damaraland than in naked mole-rats; Damaraland
mole-rat colonies contain an average of 16 animals (maximum 41), as opposed to
naked mole-rat colonies, which can have up to 300 individuals (Jarvis and Bennett
1993). It is estimated that 90% of Damaraland mole-rats will remain
non-reproductive throughout their lives, whereas over 99% of naked mole-rats will
remain non-reproductive (Jarvis and Bennett 1993; Jarvis et al. 1994).

The extent of the physiological reproductive suppression in Damaraland mole-
rats is not quite as extreme as in naked mole-rats. In females, subordinate
Damaraland mole-rats have greater follicular development in their ovaries than
naked mole-rats. In males, subordinate Damaraland mole-rats have circulating
testosterone levels comparable to breeding Damaraland mole-rats, whereas subordi-
nate naked mole-rats tend to have much lower testosterone levels than breeding male
naked mole-rats (Jarvis and Bennett 1993). Damaraland mole-rats additionally have
more visible sexual dimorphism than naked mole-rats. Whereas subordinate male
and female naked mole-rats have virtually no differences in their external genitalia,
both subordinate and breeding Damaraland mole-rats do have sex differences
(longer anogenital distance and phallus length in males), though these differences
are less pronounced than in solitary silvery mole-rats (Heliophobius
argenteocinereus) (Seney et al. 2009).

Like naked mole-rats, Damaraland mole-rats do not have sex differences in
volume in the BST and PVN, but do have status differences in these regions, with
breeders having larger regional volumes. Further, breeders have larger cells in the
PVN and MeA, an additional status difference that has not been detected in naked
mole-rats (Anyan et al. 2011). These differences reinforce the importance of repro-
ductive status over sex in cooperative breeders. However, Damaraland mole-rats
also have sex differences that were not detected in naked mole-rats: males have a
larger MeA volume and more ON motoneurons than females. While the sex differ-
ences in MeA volume occurred regardless of breeding status, the difference in
number of ON motoneurons appeared to be primarily driven by breeding males,
with a marginal sex and status interaction effect (Anyan et al. 2011). This sex
difference in ON motoneurons in Damaraland mole-rats is in contrast with naked
mole-rats that have no sex differences in this measure, but is consistent with a variety
of other mammals where males have more ON motoneurons (Peroulakis et al. 2002;
Seney et al. 2006).
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5 Reduced Sex Differences: Why and How?

The reduction of sex differences in naked mole-rats, relative to other rodent species,
raises two major questions. The first is why naked mole-rats mostly lack sexual
dimorphism in the brain. If we assume that sex differences in the brain are selected
for to drive sex differences in reproduction, then the reduction in naked mole-rats
would be associated with a lack of differences in reproductive behavior in sub-
ordinates of this species. Only after sexual maturation into a breeder do the female
and male reproductive and social roles diverge. Supporting this are the observations
of more pronounced reproductive status differences, not sex differences, in this
species. The only major sex differences in subordinate naked mole-rats brains,
discovered to date, are related to genes and receptors involved with puberty and
the sex hormones, though there may be other sex differences in gene expression as of
yet unstudied.

The second question is how, mechanistically, this lack of sexual dimorphism
occurs in naked mole-rats. Many sex differences in mammals are known to be driven
by androgen action during development, as opposed to genetic sex alone (Cooke
et al. 1999; Forger et al. 2004). Androgens can act on tissues by interaction with
androgen receptors, and by aromatization to estradiol and interaction with estrogen
receptors, with the evidence of the latter being more important in inducing sex
differences in the brain during development (McCarthy 2008). Sex differences in
the BST and PVN in laboratory rodents can be reversed by manipulating androgen
levels in the perinatal period (Forger et al. 2004). The same principle applies to the
MeA in rats, where castrated males had posterodorsal regions of the MeA that were
similar to females in volume (Cooke et al. 1999). This is also true of ON motoneu-
rons: male rats with androgen insensitivity lack a developed spinal nucleus of the
bulbocavernosus (ON homologous region) and in castrated Mongolian gerbils, size
of the motoneurons was decreased (Breedlove and Arnold 1980; Ulibarri et al.
1995). Similarly, prenatally treating female dogs with androgens increased the
number of ON motoneurons to the same amount as in males (Forger and Breedlove
1986).

Thus, Seney et al. (2009) proposed that naked mole-rats either have minimal sex
differences in androgen exposure during development, or certain tissues are
androgen-insensitive during development. Female naked mole-rats are not “mascu-
linized” like female hyenas, which have masculinized external genitalia
(pseudopenis); rather, Seney et al. (2009) suggested that it may be more appropriate
to consider male naked mole-rats as “feminized.” Similarly, Peroulakis et al. (2002)
noted that while naked mole-rats have sexually differentiated internal sex organs,
they do not have sexually differentiated external genitalia, perineal muscles, and
motoneurons, which is consistent with differential androgen exposure earlier in
gestation, when internal genitalia differentiate, but not later in gestation or early
postnatal life when these other sex differences occur in rodents. Hence, timing of
differential androgen exposure during sensitive periods could drive these lack of
differences in male and female naked mole-rats.
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While prenatal and early life androgens have been heavily studied in traditional
laboratory rodents for their role in sexual differentiation, subsequent work has
revealed other mechanisms that are important agents driving sex differences in the
brain. For example, estrogen receptor activation in the brain, by testicular androgens
aromatized into estradiol, triggers expression of the cyclooxygenase enzymes, which
markedly elevate levels of prostaglandin E2. Prostaglandin E2, in turn, induces
maturation of dendritic spines, thus altering brain morphology (McCarthy et al.
2009). Disrupting any step in this chain can alter sexual differentiation of the
brain: blocking cyclooxygenase enzyme action leads to a female-like level of
dendritic spines, and treatment with prostaglandin E2 leads to a male-like level of
dendritic spines (McCarthy et al. 2009). Hence, there are potentially many places
where natural selection could act to disrupt the development of neural sex differ-
ences in the brain of naked mole-rats.

Although naked mole-rats show few sex differences as subordinates, a number of
status differences in sexually-relevant brain regions emerge following reproductive
activation. These differences are likely induced by hormone and gene expression
changes occurring during naked mole-rat “puberty,” as individuals ascend to breed-
ing status. Indeed, naked mole-rats that are removed from the colony and paired with
an opposite sex conspecific — thus becoming pubescent but not yet established
breeders — display a suite of hormone and gene expression changes. After 4 weeks
of separation from the colony and pairing with an opposite sex conspecific, females
and males have elevated estradiol and testosterone levels, respectively, relative to
subordinates (Swift-Gallant et al. 2015; Faykoo-Martinez et al. 2018). The pubes-
cent individuals additionally have altered expression of reproductive and stress
related genes in the brain, in a unique signature that is distinct from both sub-
ordinates and breeders (Faykoo-Martinez et al. 2018). These changes during puberty
likely drive many of the neurobiological differences observed between subordinate
and breeder naked mole-rats. Additionally, gonadectomy of breeders does not
reverse the differences in volume that develop in the PVN and BST in reproductively
mature animals (Holmes et al. 2011), supporting the idea that irreversible changes in
brain organization occur as naked mole-rats transition from subordinate to breeding
status.

6 Conclusion

Our understanding of sex differences is inherently based on the species that have
been studied in this respect. The majority of work to date focuses on laboratory rats
and mice, which have different social and reproductive strategies between the sexes.
This, in turn, presumably relates to the many observed neurobiological sex differ-
ences. However, investigation of diverse species indicates that the sex differences
originally found in rats and mice cannot necessarily be generalized across species,
especially to species lacking an analogous social structure. Naked mole-rats dem-
onstrate that when considering the evolution of neurobiological sex differences, the
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social organization of the species is critical in predicting and understanding the sex
differences or lack thereof that may be observed.

Beyond research in social neurobiology, naked mole-rats are an exciting study
system based on other aspects of their unique biology. They are very long-lived for a
small mammal, and can live for over 30 years in captivity, with the oldest known
naked mole-rat being 37 (Buffenstein and Craft 2021). They show resistance to
many aspects of senescence, and there are no age effects on death rate, incidences of
disease (including cancer), metabolic rate, bone integrity, or vascular function, until
they approach their maximum lifespan where their condition finally deteriorates
(Buffenstein 2008). Breeding females do not decrease reproduction with age and can
breed until they die, and old males in their late 20s have been documented siring
litters (Buffenstein 2005, 2008). The lack of age-related mortality risk, or “non-
increasing mortality hazard,” is present regardless of sex or status, though breeders
have better survival rates than subordinates generally speaking (Ruby et al. 2018).
Thus, in addition to foundational questions about sexual differentiation of the
nervous system and behavior, naked mole-rats will also be an informative model
for understanding aspects of aging and pathologies that show sex biases in humans
and other species.
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