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Abstract

Sex steroid hormones are major determinants of bone morphology and quality and are responsible
for sexually dimorphic skeletal traits. Hypogonadism results in suboptimal skeletal development
and may lead to an increased risk of bone fracture later in life. The etiology of delayed puberty
and/or hypothalamic amenorrhea is poorly understood, and experimental animal models
addressing this issue are predominantly based upon short-term experimental induction of
hormonal suppression via gonadotropin releasing hormone antagonists (GnRH-a). This acute
change in hormone profile does not necessarily emulate the natural progression of hypogonadic
bone disorders. We propose a novel animal model with which to explore the effects of chronic
hypogonadism on bone quality, the naked mole-rat (NMR; Heterocephalus glaber). This mouse-
size rodent may remain reproductively suppressed throughout its life, if it remains as a subordinate
within the eusocial mole-rat colony. NMRs live in large colonies with a single dominant breeding
female. She, primarily by using aggressive social contact, naturally suppresses the hypothalamic
gonadotropic axis of subordinate NMRs and thereby their reproductive expression. However
should an NMR be separated from the dominant breeder, within less than a week reproductive
hormones may become elevated and the animal attains breeding status. We questioned if sexual
suppression of subordinates impact upon the development and maintenance of the femora, and
lead to a sexually indistinct monomorphic skeleton. Femora were obtained from male and female
NMRs that were either non-breeders (subordinate) or breeders at the time of sacrifice. Diaphyseal
cross-sectional morphology, metaphyseal trabecular micro-architecture and tissue mineral density
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of the femur was measured using MicroComputed tomography and diaphyseal mechanical
properties were assessed by four-point bending tests to failure.

Subordinates were sexually monomorphic and showed no significant differences in body weight
or femoral bone structure and quality between male and females. Femora of subordinate females
differed significantly from that of breeding animals, whereas in males, the divergent trend among
breeders and non-breeders did not reach statistical significance. Subordinate NMRs, naturally
suppressed from entering puberty, may prove to be a useful model to tease apart the relationship
between bone morphology and hypogonadism and evaluate skeletal development during pubertal
maturation.
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Introduction

Sexual dimorphism in bone traits is attributed to the differential action of androgens and
estrogen. Current studies show that the actions of androgens at puberty are mediated by
estrogen [1, 2], and that differences in hormone levels among males and females results in
pronounced sexual dimorphism in most bone traits. Indeed, subperiosteal expansion during
the adolescent growth spurt is greater in males resulting in a larger bone diameter [3].
Current studies show that the actions of androgens at puberty are mediated by estrogen [1,
2]. Chronic estrogen deficiency during growth and maturity has negative effects on the
skeleton of both sexes. Young female athletes commonly show a delay in the onset of
puberty, delayed menarche, and increased fracture risk despite the bone-strengthening
effects generally associated with high levels of activity [4, 5]. Even in female athletes that
have completed puberty, exercise induced amenorrhea, associated with low body fat, is a
common occurrence, and, like delayed menarche, leads to suboptimal skeletal development,
and a concomitant decrease in bone strength, bone mass, and an increase in the incidence of
bone fragility [4, 5]. The etiology of delayed puberty and/or hypothalamic amenorrhea is
however currently unknown.

Male endurance athletes also have very low levels of body fat, and exhibit concomitant low
levels of sex steroid hormones commensurate with hypogonadism. These athletes often
present in later life with bone-related problems that are exacerbated if excessive training
occurred during adolescence and development [6]. The effects of hypogonadism in males
are equivocal [7, 8] and to a large extent depend upon the age at which hypogonadism
occurred. A delay in puberty may result in slower rates of peak bone growth with a result
that these males may fail to reach their genetic target height and have shorter stature than
expected [8]. There are, however, also many reports that a delay in male pubertal onset
results in tall stature as a result of persistent linear growth due to a delay in epiphyseal
closure with concomitant delayed bone age, and increased risk for osteopenia/osteoporosis
later in life [2, 9, 10]. Indeed, chronic hypogonadism during puberty may lead to a reduction
in BMD and an increase in osteoporosis, osteopenia, eunuchoid skeletal traits and delayed
epiphyseal closure in both males and females [10, 11].
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Hypogonadism in both sexes impacts upon bone quality, resulting in impaired bone strength
with reduced bone mass and changes in trabecular architecture and bone area [12-14].
Suboptimal skeletal development during puberty affects long-term bone strength, leading to
an increase in fracture risk later in life [5, 14-16]. The effects of hypogonadism on both
human and rodent (mice and rat) skeletal tissue have been extensively characterized in
females and to a lesser degree in males. Hypogonadism in animal models is generally
experimentally induced over a relatively short duration via gonadotropin releasing hormone
(GnRH) antagonists (GnRH-a). While these studies have yielded considerable information
in this regard, in particular about cortical bone remodeling through the use of double
labeling, the short-term nature of these studies as well as the extended duration of bone
remodeling and turnover, limits these studies in what they can ell us about “catch-up”
growth or chronic hypogonadism and begs the question of whether or not there is a natural
animal model for long-term hypogonadic effects on bone. One such novel animal model
may be the Bathyergid rodent, the naked mole-rat (NMR; Heterocephalus glaber, Ruppell
1842).

NMRs are eusocial, exceptionally long-living (~30 years), mouse-size (~35 g) mammals that
live in large subterranean colonies of up to 300 individuals in north east Africa [17, 18].
They have a strict social organization that culminates in the presence of a single breeding
female in a colony [18]. She suppresses reproductive hormone levels and sexual maturation
in both non-breeding males and females [17]. Any female, older than six months of age,
within the colony is capable of becoming a breeder. Should the dominant female die or be
removed from the colony, the remaining females removed from the stimuli for reproductive
suppression will fight to the death to establish dominance and become reproductive [17, 19].
Similarly any female, older than 6 months, isolated from her natal colony, and either housed
on her own or with a mate, may show reproductive hormone cycling, although not all
females necessarily recover this capacity to breed after prolonged suppression. When a
female becomes a breeder she exhibits an estrogen-dependent “pubescent” growth surge
[20], and may increase her head to tail length 1.4-fold [19]. Breeding males do not show an
obvious hormone-dependent growth surge, but nevertheless show markedly different steroid
hormone profiles to those of their non-breeding siblings [21]. The dominant female will
breed with her original mate for life, and also will select 1-3 of her sons as additional sires.

Non-breeding subordinate females are anovulatory due to the inactivity of GnRH and the
low hormone levels of the hypothalamic pituitary gonadal axis (HPGA) [22, 23] while
subordinate males have lower levels of plasma luteinizing hormone (LH) and testosterone
and abnormal sperm development when compared to their breeding counterpart [24]. NMRs
also have naturally low levels of thyroxine, insulin like growth factor (IGF) and vitamin D
[25] and attenuated levels of these hormones also may impact upon the onset of puberty and
skeletal maturation [26].

Suppression of reproductive hormones in NMRs can delay their puberty for life [20] and
they remain monomorphic in overall body size, ano-genital distance, expression of a wide
range of behaviors, brain and spinal cord structure and function [27, 28]. NMRs may show
elevated sex steroid levels within 7 days of isolation from the dominant female. Activation
of growth processes following “restoration of puberty” may take considerably longer, and
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growth changes occur over at least three and often as long as seven or eight pregnancy
cycles. Growth surges that accompany the changes in breeding status of the dominant
female appear to mainly target lumbar vertebral bone rather than limb bones [20]. This
differential growth of the vertebrae with changes in reproductive status seems to be similar
to that observed during delayed puberty in humans where they also have shorter stature
attributed to decreased truncal growth rather than limb growth [29, 30] and may reflect
differential sex steroid influence on axial and appendicular growth [29].

We questioned whether sexual suppression and the resulting low steroid hormones [31, 32]
impact upon development, maintenance and mechanical properties of the femora, and if so,
whether these sexually suppressed rodents showed signs of sexual dimorphism in their
skeletal properties. We propose that suppression of puberty gives rise to a monomorphic
skeleton in the NMR. Furthermore, because HPGA hormones remain low throughout the
entire life span of subordinate male and female NMRs, and the relative ease of removing
them from this suppression by simply isolating individuals from the dominant female, we
propose the NMR as a new animal model to study the effects of chronic hormonal
suppression on the mechanical and structural properties of the skeletal system.

Materials and methods

Animals study and design

Femora were obtained from both male (2-5 yrs, n = 7; 6-10 yrs, n = 3; 11-15 yrs, n = 4) and
females (2-5 yrs, n = 9; 6-10 yrs, n = 4; 11-15 yrs, n = 7) young to middle aged NMRs, that
were non breeders (subordinate) at the time of sacrifice. These age cohorts were chosen
because we wanted to use only animals that were no longer growing (i.e. at least 2 years-
old) and that would approximate humans at 7-10%, 25-30% and 45-50% of maximum
lifespan and ought to represent peak bone quality as well as the periods in which noticeable
changes in human bone are evident. These were compared with data from a small cohort of
young to middle-aged NMRs breeders (male 2-7 yrs, n=4 and female 2-8 yrs, n=6).
Although we did not measure hormone levels, since our colony has been extensively
characterized in behavioral and physiological studies and obvious genitalia and skin color
differences are evident amongst breeders and non-breeders, we were able to easily recognize
breeders from non-breeders. All NMRs were born in captivity and maintained in colonies at
The City College of New York (CCNY) and at the University of Texas Health Science
Center at San Antonio in simulated, multi-chambered burrow systems under constant
climatic conditions that were designed to approximate their native habitat (30°C; 75% RH).
NMRs were fed fruit and vegetables ad libitum and supplemented with a high protein and
vitamin enriched cereal (Pronutro, South Africa). All animal handling procedures were
approved by the Institutional Animal Care and Use Committee (IACUC) at both CUNY and
UTHSCSA.

Physical bone traits

Diaphyseal cross-sectional morphology, metaphyseal trabecular micro-architecture and
tissue mineral density (TMD) of the femur were measured using an Explore Locus SP Pre-
Clinical Specimen MicroComputed Tomography system (GE Healthcare, London, Ontario,
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Canada). Three-dimensional images of the entire femur were reconstructed at 8.7 pm voxel
size. The mid-diaphysis analysis region was standardized by selecting a 3mm region that
was located immediately distal to the third trochanter while the trabecular bone analysis
region was standardized by selecting a 1mm region that was located immediately under the
distal growth plate (Fig. 1).

Femoral mid-diaphyseal and trabecular metaphyseal images were individually analyzed
using a standard thresholding algorithm to segment bone and non-bone voxels [33]. A
custom analysis program (The Math-works, Inc., Natick, MA USA) was developed to
quantify morphologic traits describing the amount of tissue (cortical area [Ct. Ar]; marrow
area [Ma.Ar]; total area [Tt.Ar]; cortical thickness [Ct.Th] and the spatial distribution of
tissue (moment of inertia [J.]). Moment of inertia is a measure of the proximity of the tissue
to the geometric centroid of the cross section. The amount and distribution of tissue are both
necessary to properly relate diaphyseal morphology to mechanical function, because bones
having the same cross-sectional area but different moments of inertia will exhibit different
mechanical behaviors under bending and torsional loads. Total bone area was defined as the
sum of the cortical and marrow areas. The relative cortical area [RCA] was determined from
the ratio of Ct. Ar/Tt. Ar and provided a measure of the proportion of the total area that was
occupied by bone. These traits were quantified for each cross-section and the values were
averaged over the volume of interest.

A custom analysis program (The Math-works, Inc., Natick, MA USA) was also developed to
reduce noise in the raw trabecular volumes by using a median filter. Trabecular bone volume
fraction (BV/TV), trabecular thickness (Th.N), trabecular separation (Th.Sp) were assessed
using MicroView advanced Bone analysis (v. 1.23; GE Healthcare).

Tissue mineral density (TMD) is the average mineral value of the bone voxels only and was
expressed in hydroxyapatite (HA) density equivalents. TMD was calculated by converting
the gray-scale output of bone voxels in Hounsfield units (HU) to mineral values (mg/cc of
HA\) through the use of a calibration phantom containing air, water and HA (SB3:Gamex
RMI, Middleton, WI, USA). TMD in cortical and trabecular bone was defined as the
average bone voxel HU value divided by the average value of the HA phantom multiplied
by 1130 mg/cc (HA physical density). The same calibration phantom was included in all the
scans to account for the variation in X-ray attenuation inherent to independent scan sessions.

Mechanical Properties

Femora from a subset of the males (6-15 yrs, n = 9) and females (6-15 yrs, n = 13)
mentioned above were loaded to failure in four-point bending at 0.05 mm/sec using a
servohydraulic materials test system (Instron Corp.; Canton, MA, USA) to assess whole-
bone mechanical properties. Load deflection curves were analyzed for stiffness (the slope of
the initial portion of the curve), maximum load (Max Load), post-yield deflection (PYD),
and work-to-failure (Work). PYD, which is a measure of ductility, was defined as the
deflection at failure minus the deflection at yield. Yield was defined as a 10% reduction of
stiffness relative to the initial (tangent) stiffness. Work, which is a measure of toughness,
was defined as the area under the load deflection curve. Femora were tested at room
temperature and kept moist with phosphate buffered saline during all tests.
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Sexual dimorphism in cortical and trabecular bone was determined by comparing the slopes
and intercepts of the Tt.Ar, Ma.Ar, Ct.Ar, Ct.Th, stiffness, PYD, max load, work, trabecular
BV/TV, Th.Th, Tb.Sp and TMD versus age and bodyweight curves using ANCOVA to
measure the effects of gender or body size, and two way ANOVA to measure the effects of
breeding status, gender and age on bone traits followed by Bonferonni post-tests (GraphPad
Prism; San Diego, CA, USA). Statistically significant differences between groups are
defined as p values less than 0.05 adjusted for multiple comparisons and data are presented
as means and standard deviation.

Qualitative characterization of naked mole-rat bone

The epiphysis of the NMR femur was 3.5mm wide and it flared medially and laterally
whereas the patellar articulating cartilage surface extended across 75% of the width of the
epiphysis (Fig. 1 B). NMR femora accommodated a thick and wide patella that measured 2.9
mm + 0.189 in length and 1.54 mm + 0.136 in width. The femoral head of NMRs was
spherical in shape, whereas the femoral neck was short (1.11 mm + 0.02 in length) with an
even distribution of tissue throughout. No differences in cross-sectional area were observed
between the anchorage of the femoral neck to the femoral head and the anchorage of the
shaft to the femoral neck (Fig. 1 B). There were no gender differences in bone length,
femoral head thickness or femoral neck dimensions among subordinate NMRs.

Cortical bone

Two way ANOVA showed that the majority of femoral bone traits differ with age but not
sex (Table. 1). Subordinate male and female NMRs showed no differences in subperiosteal
expansion and endocortical apposition with size or age. Total area was observed to increase
in females with age, but not in males, but no differences in the slope or intercept of the total
area versus age regressions were found between males and females (Fig. 2). Marrow area
was observed not to change with age in males and females. No sex differences were found in
the slope or y-intercept of the age versus marrow area regressions. Thus, with age both
males and females showed similar subperiosteal expansion and no marrow infilling.

No obvious sex differences in cortical bone were evident among subordinate NMRs. Body
weight was shown to be a strong determinant of total area, cortical area and cortical
thickness in femora from both male and female subordinate NMRs. Total area increased
significantly with body weight for both males and females. No sex differences were found in
the slope or intercept of the total area versus body weight regressions of males and females
(Fig. 3). Marrow area did not correlate with body weight, and no differences in the slope or
intercept of the marrow area versus body weight regressions (Fig. 3).

Cortical area increased significantly with body weight in both males and females (Fig. 4).
No differences in the slopes or intercepts of the linear relationship between cortical area
versus body weight were evident between males and females (P = 0.1, ANCOVA). Cortical
thickness increased significantly with body weight in females (Figure 5). No differences in
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the slopes or intercepts of the linear relationship between cortical thickness versus body
weight were evident between males and females (P = 0.2, ANCOVA). The femora of both
subordinate male and female NMRs appear to adapt to increasing weight through
subperiosteal expansion with no endocortical infilling or resorption occurring in the
endosteal surface. This yielded femora with greater diameter, cortical area and cortical
thickness in larger individuals regardless of sex.

Trabecular bone

Body weight was shown to be also a strong determinant of trabecular BV/TV, and trabecular
number. No gender differences were observed between slopes or intercepts of the BV/TV
versus body weight, similarly gender differences were absent in the relationship between the
trabecular number versus body weight (Table 2). In both genders, trabecular bone adapts to
increasing body weight by increasing both BV/TV and trabecular number (Tables 2 and 3).
Age-related effects were however evident in trabecular BV/TV and trabecular thickness.
BV/TV and trabecular thickness increased in females while trabecular spacing was observed
to decline in females. No differences among genders were observed in either the slope or the
intercept for the relationship between trabecular BV/TV versus age, trabecular thickness
versus age and trabecular spacing versus age (Tables 2 and 3).

Mechanical properties of bone

No gender differences were observed between the slopes and intercepts of the stiffness
versus age and stiffness versus body weight curves (Table 4). However, in females the
relationship between stiffness and body weight reached statistical significance, and because
the older females were also the heavier females this relationship with age was also
maintained. Both male and female NMRs exhibit similar resistance to bending and this trait,
in females but not in males, is correlated with body weight.

Material composition

Tissue mineral density (TMD) did not change with age in male and female cortical bone
(Table 5). However, trabecular bone TMD increased in both males and females with age and
in females with body weight (Table 5). No sex difference in the slope or intercept of the
TMD versus age and TMD versus BW regressions were found among males and females for
either cortical or trabecular bone (Table 5).

Collectively these data reveal that among subordinates no sex differences in morphology,
material composition and mechanical properties are evident in both trabecular or cortical
bone and clearly subordinates show a monomorphic hind limb skeleton, even when analyzed
relative to age and BW.

Quantitative analysis between subordinate and breeding naked mole-rats

Significant differences between young breeders and age matched subordinates were evident
in females, but not males. In males, although similar trends towards larger bone in breeders
were evident, differences that could be attributed to reproductive status did not reach
statistical significance.
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The mid-diaphysis of young (2-8 year) breeding females had a 27% bigger total area, a 25%
larger marrow area, a 34% greater cortical thickness and a 23% increase in cortical area
(Table 3). Breeding females also had significantly longer femora, greater trabecular bone
BV/TV and increased trabecular number when compared with those measurements in
smaller-sized subordinates (Table 3). Morpholological differences in data from our breeding
and subordinate male cohorts did not reach significance however a similar trend to that
observed in females was evident whereby breeding males had a 9% larger total area,
and16% higher trabecular bone BV/TV (Table 3).

Data for femora of breeding females were not significantly different from those of breeding
males.

Discussion

In this study we used MicroComputed Tomography to characterize the NMR bone
phenotype, and to assess if reproductively-suppressed hypogonadic subordinate NMRs show
a monomorphic femoral bone profile, and whether or not this differs from the bone
phenotype of their breeding counterparts. Briefly, femoral bone morphology of both
subordinates and breeders showed no sexual dimorphism, although there were some
significant differences between female breeders and subordinates. Despite reproductive
suppression and concomitant low sex steroid hormone profiles [24, 34], and unlike other
models of delayed puberty and hypogonadism, NMRs maintain bone structure and strength
for at least 50% of their exceptional 30 year lifespan (Fig. 2, Tables 1 and 4).

Characterization of the naked mole-rat hind limb

The NMR hind limb has not been previously characterized and differs from that of common
laboratory rodents. NMR hind limb morphology may reflect adaptive responses to the
subterranean milieu that these rodents have inhabited since the early Miocene [35]. Given
their life in self-excavated burrows, NMRs have evolved a fusiform cylindrical shape with a
concomitant reduction in limb length relative to the axial skeleton. Although NMRs use
their procumbent incisors as chisels for burrow excavation, the hind limb provides the power
for locomotion, braces the NMR while digging and assists in dirt removal [36] by kicking
the dirt out behind them using backward thrusts. The fore limbs and hind limbs of the NMR
are nearly equal in length. The femora of NMRs, like that of most subterranean rodents, are
thickened (Fig. 1) presumably to reduce torsion and bending stresses. Cross sectional
morphology of the femora scale with body mass (Fig. 3), as is common in other
hystricognath rodents [37].

NMRs live permanently in the dark and naturally have very low levels of the principal
circulating metabolite of the photo-hormone vitamin D, 25-hydroxy vitamin D (25(OH)D).
These levels are below the detection limit for routinely used assays [38]. They nevertheless
have detectable, albeit very low levels of the active hormone, 1,25 dihydroxy vitamin D
(1,25(0H),D). Given their well-mineralized bones (Tables 1, 3 and 5) that are sustained
with age for at least half of their 30 year lifespan, these low levels of 1,25(0H),D may be
adequate to maintain bone mineral quality. Neither oral supplementation with vitamin D, nor
controlled exposure to sunlight significantly altered bone mineral density or calcium balance
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[25, 39, 40], as such it is possible that these strictly subterranean rodents may have very low
requirements for 1,25(0OH),D or have evolved vitamin D independent bone metabolism.

Hind limbs of subordinate naked mole-rats are sexually monomorphic

Femur length of both male and females is similar and scales with body size (Table 1). Cross
sectional areas of the bones of subordinate females (Fig. 2) more closely follow a male
pattern of bone development where you see continued subperiosteal expansion with age.
This bone profile and in particular the subperiosteal expansion, interestingly, is independent
of testosterone but is highly correlated with body weight. Sexual monomorphism in
subordinates of this species has been documented for body size, ano-genital distance,
expression of behavior, perineal muscles and perineal motoneurons and the brain and spinal
cord [23, 28, 41-43] and these traits are significantly different from those of breeding
individuals, where regardless of gender, they too show sexual monomorphism. Here we
show that femoral morphology, trabecular micro-architecture and strength also follow a
pronounced monomorphic phenotype (Tables 1, 2, and 5).

Subordinate male and female NMRs show pronounced physiological differences during
reproductive suppression: Females are anovulatory, maintaining low levels of luteinizing
hormone, progesterone and estrogen while males show impaired fertility manifested by
poorer quality sperm and low sperm counts. They have extremely small testes with fewer
Leydig cells and 5-fold lower levels of testosterone than observed in breeding males [24, 31,
32].

Comparative differences among femora of breeders and subordinates

Any individual within the colony is capable of changing its status from a subordinate to a
breeder once removed from the dominant female. When females become breeders they
exhibit a growth surge in the lumbar vertebral bone that continues at least over the first 6
pregnancies, however femoral length does not change significantly [19, 44]. Although, our
sample size for breeding animals is small, marked differences in femoral traits among
breeding females versus non-breeders were evident (Table 3). Breeding females showed a
more robust bone with a significantly larger diameter, trabecular bone volume and trabecular
number. Even though, cortical thickness was not observed to be significantly larger,
considerable variability was observed in this and other traits. This may reflect the large
variability among the various individual bone measurements and our comparatively small
sample size of 4 male and 6 female breeders in our experimental cohorts. Further, this may
reflect that breeders may have been killed at different stages of their reproductive cycle and
that we did not control for those animals that were successfully raising pups, litter size or
prior reproductive history. An alternate explanation may be that the differences in femoral
bone features among breeding females and subordinate females simply reflect the fact that
breeding females tended to be larger animals; whereas body size in males was similar
amongst breeders and non-breeders. The exact effects of puberty on bone in NMRs need to
be further analyzed. We believe that the timing of reproductive onset, the number of
pregnancies the female has had, and her success in raising her pups, as well as the stage of
the reproductive cycle when the breeding female died, all contribute the variability in these
traits. This may reflect the use of cortical bone as mineral reservoirs for fetal bone
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mineralization and for lactation. Indeed, in some early pregnant animals we observed that
the bone marrow cavity was almost completely occluded, while in late pregnancy and during
lactation, we noted extensive evidence of endocortical bone resorption.

The greater cross sectional area seen in breeding females (Table 3) when compared with
subordinates was not expected since breeding females have higher levels of estrogen and
this hormone has been shown to inhibit subperiosteal expansion in rats and humans [45-47].
It is possible that changes in bone traits with breeding status, rather than reflecting sex
steroid actions, are due to adaptive changes associated with greater body weight. Breeding
females more than double their mass during pregnancies and even post lactation are among
the biggest animals within the colony [48]. Because most bone traits of male and female
subordinates correlate closely with body size, we expect this may also hold in breeding
females.

Compared to the subordinate males our comparatively small (n=4) cohort of breeding males
did not show significant morphological or tissue quality differences compared to the non-
breeding counterparts. This was unexpected since breeders in this species have five-fold
higher testosterone levels than non-breeders [24]. Elevated testosterone levels have been
linked to subperiosteal expansion [45, 47]. It is possible that femoral bone development is
complete before animals become breeders and does not change substantially thereafter.
Given that both breeding males and subordinate males have a similar body size (Table 3),
the lack of a significant difference in these variables may also suggest that body size rather
than steroid hormone level, is a key determinant of the bone phenotype in these animals.

Bones of breeding females were similar to those of breeding males. Lack of sexual
dimorphism even when sex steroid hormones are elevated is intriguing. This may reflect our
small sample size and the large inherent variability in bone traits, or it may suggest that
femoral bone development is complete before the animals become breeders. Although
animals can breed from as young as 6 months of age, most animals only become breeders
when older than 2 years of age. While vertebral bone changes accompany changes in
breeding status, femoral length and bone quality, quantity and strength are unchanged,
suggesting that these are only modestly influenced by changes in hormone status after the
animals achieved adult stature. Further studies are needed exploring the relationship
between age, and breeding status and changes in skeletal traits at multiple anatomic sites to
state with confidence that bones of breeders are sexually monomorphic. If this were indeed
the case, our data would support neural morphological studies in this species which report
that NMR breeders lack many of the sex differences in the brain and spinal cord commonly
found in other rodents [27, 49]. Indeed their studies found no evidence of sexual
dimorphism; rather breeders, regardless of sex, differed substantially from the subordinates
by having more neurons in the ventromedial nucleus of the hypothalamus (VMH), larger
overall volumes of specific brain regions and pronounced differences in perineal muscles
and motor neurons [49, 50].

Delayed puberty

Puberty is induced by changes in the gonadotropin axis and a concomitant surge in the sex
steroids. Theoretically, NMRs can suppress this surge for their entire life. Interestingly, a
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fifteen-year delay in puberty did not affect the strength of their femora, total mineral density,
or cause a decrease in cortical thickness (Tables 1 and 5 and Fig. 5). Quite the opposite,
cortical thickness was observed to increase over this period. Humans on the other hand
attain peak bone quality by 30 years of age [51] and by 50% of their maximum lifespan (61
years) may have lost a considerable amount of bone tissue. Prolonged and sustained good
bone health in NMRs is at variance with age-related changes in bones of mice and humans
[52-55] and demands indepth analyses as to the mechanisms facilitating sustained bone
quality over more than 50% of their extraordinary lifespan [56] .

In humans, a delay in menarchy has been associated with lower BMD, higher incidence of
stress fractures, greater cortical area, lower BV/TV, and thinner cortical shell [12, 13, 57,
58]. In mice and rats, a delay in pubertal onset has also been shown to reduce trabecular
number, increase trabecular separation, and reduce femoral length and strength [5, 53,
59-61]. Subordinate NMRs circumvent the observed detrimental effects of hypogonadism on
the skeletal system that are evident in humans, rats and mice. Rather, they appear to
maintain bone morphology, strength and trabecular micro-architecture. Understanding the
mechanisms by which hypogonadic NMRs protect their bone may identify pivotal points of
intervention that could mimic the prolonged good bone health found in this naturally long-
lived species.

Current animal models to study delayed puberty have several drawbacks. Ovariectomy
models often manifest with high GnRH, since its inhibition by sex steroids and inhibin is
reduced, whereas GnRH-antagonists affect not only the entire hypothalamic-pituitary-
gonadal axis, but also have a tendency to increase body weight, serum IGF-1 levels, and
complete suppression of the onset of puberty is dose dependent [5, 62, 63]. NMRs on the
other hand, are naturally suppressed from entering puberty and do not show differences in
other hypothalamic pituitary hormones or serum IGF-1 levels, a clear advantage to other
models. Further, “puberty” can be initiated within 7 days once isolated from the dominant
female [21] and levels of the sex steroid hormones in these recently isolated NMRs reach
concentrations comparable to those of their long-term breeding counterparts [24, 64]. This
activation of gonadal activity and fertility is extremely rapid, especially when considering
that non-breeders may have been reproductively suppressed for many years, and even 24
year old females are capable of exhibiting rapid changes from reproductive suppression to
ovarian cycling. Further studies in which hormone status may be experimentally
manipulated in young individuals both prior to and after attainment of adult mass may shed
more light as to whether or not bone morphology and mechanical properties are sustained by
sex steroid hormone independent mechanisms. Elucidating the mechanisms facilitating
sustained bone structure and strength in hypogonadic subordinates may yield pivotal insights
into potential mechanisms and therapies for sustaining bone in delayed puberty and
exercise-induced hypogonadism.

Subordinate NMRs are sexually monomorphic with no significant differences in femoral
bone structure and quality among males and females. Similarly sexual dimorphism was not
evident among breeding males and females; however as breeders showed considerable
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variability in bone histomorphometry and our sample size was small we cannot conclude
with confidence that breeding males and females are also sexually monomorphic.
Significant differences exist between the dominant (reproductive) and subordinate (non-
reproductive) female bone morphological and functional properties. Despite reproductive
suppression and concomitant low sex steroid hormone profiles [17, 32], unlike other models
of delayed puberty and hypogonadism, NMRs maintain a robust bone structure and strength
for at least 50% of their unusually long lifespan. The challenge ahead is to understand how
this species is able to maintain bone quality and structure independent of reproductive status.
Elucidating these mechanisms may enable therapies aimed at protecting bone health
independent of reproductive hormone status and this may have extensive collateral health
benefits.
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Fig 1.

3IZ£)J rendered tomographic image of a naked mole-rat (NMR) femur showing the regions of
analysis and representative mid-diaphyseal cross section and metaphyseal trabecular bone.
The region through the mid shaft of the femur is used to measure total area (Tt.Ar.); marrow
area (Ma.Ar) and cortical thickness (Ct.Th). Metaphyseal trabecular bone measurements
included trabecular thickness (Th.Th), trabecular number (Th.N), trabecular spacing (Th.Sp)
and tissue mineral density (TMD), in addition the ratio of trabecular bone volume (Tv) to
total bone volume (Bv) was calculated. This tomographic image of the NMR is shown next
to that of a 16 week-old male C57BL/6J mouse. Note that the NMR has a wide femoral neck
(1), a third trochanter that is enlarged and distally shifted (2), and a wide epiphysis (3). In
addition, it has a lateral condyle that has a small articulating surface relative to the medial
condyle (4).
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Figure 2.

Femoral mid-diaphysis total area and marrow area in subordinate male (closed squares) and
female (open circles) naked mole-rats are phenotypically similar.

Bone. Author manuscript; available in PMC 2016 March 09.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Pinto et al.

Page 18
2007 m Male TeAr (y=0.01x + 0.6, R>= 0.5, P <0.05) Ma.Ar (y = 0.0006x + 0.2, R? = 0.004, P=0.8)
475 © Female TtAr (y=001x+08, R?=0.9, P<0.05) Ma.Ar (y=0.01x+0.2, R>=0.02, P=0.6)
O
1.50+
-— Total area
“E 1.25-
E
o 1.00-
2 m
< 0.751
0.5091 Marrow area 0O O
[ ] O O [ |
0.25- g—ﬁb‘.zo—_ﬁr—(!-—%: :
5 L)
O
0.00 . . : n__ T .
10 20 30 40 50 60
Body weight (g)
Figure 3.

Femoral mid-diaphysis in subordinate male (closed squares) and female (open circles) naked
mole-rats functionally adapts to body weight by increasing the total area with no marrow
infilling observed in either gender.
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Figure 4.
Femoral mid-diaphys in subordinate male (closed squares) and female (open circles) naked

mole-rats adapts to increasing body weight by increasing cortical area.
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Femoral mid-diaphys cortical thickness in subordinate female (open circles) naked mole-rats

adapts to increasing body weight by increasing cortical thickness.
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Sexual monomorphism in body weight and femoral traits; femoral length, tissue mineral density (TMD) and

mid diaphysis morphology: total area (Tt.Ar), marrow area (Ma.Ar) relative cortical area (RCA), polar

moment of inertia (Jo), cortical thickness (Ct.Th), cortical area (Ct.Ar), robustness and stiffness (N) measured
in 3 age cohorts of subordinate males. Two-way ANOVA analysis showed significant age related changes but
no significant sex differences in any of these variables. Post-hoc tests showed significant differences in certain
traits shown in bold between age cohorts but not between the sexes.

2-5 years 6-10 years 11-15 years Two way
ANOVA (P)
Male (n = Female (n Male (n =3) Female (n Male (n = Female (n = Sex Age
7) =9) =4) 4) 7)

Weight () 355+58 28.7+10.2 412+54 30.0+4.7 458+ 17.3 166+ 7 7* 0.18 0.02
F. Length (mm) 13.7+05 133+1.3 14.0+0.9 14.0+0.5 15.0+0.5 150407 0.74 | <0.00

2 *
Tt.Ar (mm?) 1.09+0.11 1.03+0.15 1.05+0.07 1.02+0.14 | 1.22+0.21 1314012 t 0.96 | <0.00

2 *
Ct.Ar (mm?) 0.82+0.10 | 0.75+0.11 0.76 + 0.08 0.79+0.13 | 0.98+0.10 1.00+0.16 0.98 | <0.00
Ct.Th (mm) 0.25+0.02 | 0.24+0.03 0.23+£0.04 0.25+0.03 | 0.29+0.01 0.27 £0.04 0.98 0.03
Ma.Ar (mm?) 0.26 £ 0.06 0.27 +0.10 0.21+£0.19 0.22 +0.05 0.23+0.12 0.29 £ 0.08 0.64 0.46

4 *
Jo (mm?*) 0.21+0.04 | 0.16+0.06 0.19 +£0.01 0.18+0.05 | 0.28+0.08 031 +0.07 0.67 | <0.00
RCA (Ct.Ar/Tt.Ar) 0.75+0.05 | 0.73+0.08 0.72+0.11 0.78+0.05 | 0.80+0.07 0.76 £ 0.07 0.96 0.40
Robustness (TtAr/F.Le) | 0.07+0.01 | 0.07+0.01 | 0.07+0.001 | 0.07+0.01 | 0.08+0.01 0.08 £ 0.01 0.92 0.09
TMD (mglcc) 1370 + 56 1370 £ 63 1415 + 40 1371+ 20 1423 + 20 1386 + 37 0.17 0.18
Stiffness (N) N/A N/A 110+ 7 119+ 25 151.6 + 34 165+ 41 0.09 0.72

*
Difference relative to 2-5 year data (within sex) Bonferroni's test P < 0.05

TDifference relative to 6-10 year data (within sex) Bonferroni's test P < 0.05
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Regression analysis of metaphyseal trabecular bone BV/TV, trabecular thickness (Th.Th), trabecular spacing
(Th.Sp) and trabecular number (Th.N) in subordinate male (n = 14) and female (n = 20) naked mole-rats.
Strong correlations between BV/TV and BW, BV/TV and age, and Th.Th and age are evident in females.
ANCOVA analysis revealed no differences between the sexes.

Trabecular bone Regression analysis ANCOVA analysis
Equation R2 P F P F
BV/TV vs BW (M) | y=0.006x-0.02 | 0.42 | 0.08 4.4 0.74 0.1
BV/TVvsBW (F) | y=0.005x+0.06 | 0.40 | <0.00 | 10.9 0.74 0.1
BV/TVvs Age (M) | y=0.014x+0.14 | 024 | 0.08 | 36 0.24 1.4
BV/TV vs Age (F) | y=0.002x+0.16 | 0.42 | <0.00 | 1.5 0.24 1.4
Tb.Th vs age (M) y=319x+101.0 | 0.24 | 0.17 2.2 0.35 0.9
Th.Thvs age (F) y=6.319x+758 | 0.37 | 0.02 2.2 0.35 0.9
Tb.Sp vs age (M) y=4.972x+1356 | 0.27 | 0.06 4.2 1.00 -1.0
Th.Sp vs age (F) y=1.739x +1362 | 0.04 | 0.39 0.7 1.00 -1.0
Th.N vs BW (M) y=-0.017 +6.1 001 | 0.77 0.1 0.1 34
Tb.N vs BW (F) y=0.092 +2.21 0.50 | <0.00 | 12.6 0.1 3.4

M = male, F = female
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Mid diaphyseal morphology of subordinates differed in several traits from those of breeding naked mole-rats.
Total area (Tt.Ar), marrow area (Ma.Ar), relative cortical area (RCA), tissue mineral density (TMD), polar
moment of inertia (Jo), cortical thickness (Ct.Th), cortical area (Ct.Ar), and metaphyseal trabecular bone
architecture: Trabecular thickness (Th.Th), trabecular number (Th.N), trabecular spacing (Th.Sp), and tissue
mineral density (TMD) measured in subordinate and breeding male and female naked mole-rats.

2-8 years 2-8 years 2-7 years 2-7 years Two way ANOVA (P)
Female (n = 13) Breeding Female Male (n=8) | Breeding Male (n Sex Breeders
(n=6) =4)
Weight (g) 29.1+84 385+8.0 358+5.1 37.0+5.2 0.43 0.07
F. Length (mm) 135+1.1 145+1.2 13.7+05 149+04 0.60 0.01
Tt.Ar (mm?) 1.02+0.14 1.19+0.17 1.09+0.10 1.13+0.10 0.98 0.07
Ct.Ar (mm?) 0.77+0.11 0.84 £ 0.07 0.82 +0.09 0.86 +0.07 0.80 0.80
Ma.Ar (mm?) 0.25+0.09 0.34+0.21 0.25+0.06 0.27+£0.17 0.60 0.40
Ct.Th (mm) 0.24 +0.03 0.25+0.05 0.25+0.03 0.27 £ 0.06 0.30 0.30
Jo (mm?) 0.17 + 0.06 0.23+0.04 0.21+0.04 0.21+£0.02 0.60 0.10
RCA (Ct.Ar/Tt.Ar) 0.75+0.07 0.72+12.70 0.76 +5.18 0.77+0.13 0.75 0.54
Trabecular bone BV/TV 0.16 +£0.05 0.22 +0.03 0.20 £ 0.07 0.27 £0.10 0.10 0.01
Tb.Th (mm) 0.03+0.01 0.04 £ 0.00 0.04 +£0.01 0.04 +0.02 0.20 0.42
Th.Sp (mm) 0.22+0.14 0.12 +0.02 0.16 + 0.06 0.13+0.05 0.53 0.14
Th.N 4.40+1.33 6.43 £1.08 5.61+237 6.30 £2.42 0.40 0.04
Cortical bone TMD (mg/cc) 1370 £ 50 1377 £ 40 1381 + 60 1405 + 60 0.50 0.30
Trabecular bone TMD (mg/cc) 797 + 106 890 + 55 871+ 110 902 + 137 0.36 0.10
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Regression analysis of cortical stiffness versus age and body weight in subordinate male (n = 14) and female

(n = 20) naked mole-rats. Strong correlations were observed in females with both age and body weight;
however, ANCOVA analysis revealed no differences between the sexes.

Cortical bone Regression analysis ANCOVA analysis
Equation R2 P F P F
Stiffness vs age (M) | y=3.19x+101.0 | 0.24 | 0.17 2.2 0.35 0.9
Stiffnessvsage (F) | y=6.319x+75.8 | 0.37 | 0.02 22 0.35 0.9
Stiffnessvs BW (M) | y=1.666x +1.10 | 0.31 | 0.19 2.3 0.09 3.2
Stiffness vs BW (F) y=3.732x-5.8 0.77 | <0.00 | 35.2 0.09 3.2

M = male, F = female
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Regression analysis of cortical and trabecular bone tissue mineral density (TMD) versus age and body weight

(BW) in subordinate male (n = 14) and female (n = 20) subordinate naked mole-rats. ANCOVA analysis

showed no differences between the sexes.

Regression analysis

ANCOVA analysis

Equation R2 P F P F
TMD vs age Ct. (M) y=4.972x + 1356 | 0.27 | 0.06 | 4.2 0.30 1.0
TMD vs age Ct. (F) y=1.739x + 1362 | 0.04 | 0.39 | 0.8 0.30 1.0
TMDvsBWCt. (M) | y=1.973x+1313 | 0.15 | 0.23 | 1.6 0.30 2.9
TMDvsBW Ct. (F) | y=0.758x+0.135 | 0.04 | 0.45 | 0.6 0.50 0.5
TMD vs Age Th. (M) | y=11.69x +852.2 | 0.38 | 0.04 | 55 0.45 0.6
TMD vs Age Tb. (F) | y=1856x+712.4 | 0.38 | 0.01 | 8.1 0.45 0.6
TMD vs BW Th. (M) | y=4.640x +757.6 | 0.22 | 0.13 | 2.6 0.47 0.5
TMDvs BW Th. (F) | y=7.975x +584.6 | 0.35 | 0.01 | 7.1 0.47 0.5

Cortical bone (Ct.), Trabecular bone (Tb)

M = male, F = female
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