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Abstract
Down syndrome (DS) is a genetic disorder resulting from trisomy 21 that causes cognitive
impairment, low muscle tone and craniofacial alterations. Morphometric studies of the craniofacial
and appendicular skeleton in individuals with DS suggest that bone development and homeostasis
are affected by trisomy. The Ts65Dn mouse model has three copies of approximately half the
genes found on human chromosome 21 and exhibits craniofacial skeletal and size differences
similar to those observed in humans with DS. We hypothesized that Ts65Dn and euploid mice
have distinct differences in bone development and homeostasis influencing both the craniofacial
and appendicular skeletal phenotypes. Quantitative assessment of structural and mechanical
properties of the femur in Ts65Dn and control mice at 6 and 16 weeks of age revealed significant
deficiencies in trabecular and cortical bone architecture, bone mineral density, bone formation,
and bone strength in trisomic bone. Furthermore, bone mineral density and dynamic dentin
formation rate of the skull and incisor, respectively, were also reduced in Ts65Dn mice,
demonstrating that trisomy significantly affects both the craniofacial and appendicular skeleton.
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Introduction
Down syndrome (DS) is caused by the triplication of human chromosome 21 resulting in
genetic dosage imbalance thought to affect several different developmental pathways. DS
occurs in 1 in 700-800 live births [1], and there are approximately 80 clinically defined
phenotypes associated with DS, including defects in the central nervous, cardiac, and
skeletal systems [2-5]. Craniofacial abnormalities are common to all individuals with DS
and include microcephaly, small maxilla and mandible, reduced midface, and brachycephaly
[6]. Individuals with DS also exhibit alterations in the size of the cranial base, including
shorter and flatter anterior and posterior bases [7]. In addition to craniofacial skeletal
abnormalities, it has been suggested that individuals with DS exhibit alterations in the
development and maintenance of their appendicular skeletons [8].
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The establishment of the appendicular skeleton begins early in prenatal development and
continues through adolescence, and previous studies in humans have shown that individuals
with trisomy have altered bone development both pre- and postnatally [8,9]. Prenatal
evidence suggesting changes in DS bone development has been derived from ultrasound
measurements of the long bones [10]. During the second trimester, humerus and femur
lengths are shorter, on average, in fetuses with DS and these measurements are used as a
predictor for trisomy 21 [11,12]. Postnatally, individuals with DS may exhibit severe
reductions in stature resulting from alterations in the normal pattern of skeletal growth [8].
Furthermore, studies have suggested the mineral properties of bone are altered in individuals
with DS. Individuals with DS exhibit a reduction in areal bone mineral density (BMD) in the
spine, hip, and total body [13], as well as strength in the femoral neck [14]. Despite a gross
structural understanding of the cranial and appendicular skeletal phenotypes, little is known
about the origin and consequences of altered bone development in individuals with DS.

The use of mouse models to study human conditions provides a controlled environment and
the tissue necessary to extensively study bone phenotypes associated with trisomy. The
Ts(1716)65Dn mouse (Ts65Dn), the most widely used model in the study of DS, has a small
translocation chromosome that results in the triplication of approximately half the gene
orthologs found on human chromosome 21 [15-17]. Ts65Dn mice exhibit numerous
phenotypes parallel to those observed in humans including cognitive impairment,
neurological structural deformities, craniofacial defects, and cardiovascular anomalies
[18-20]. Specifically, Ts65Dn mice have several characteristic DS craniofacial defects
including a shortened rostrum, smaller neurocranium along the rostro-caudal axis, reduced
ossification in the frontal and parietal bones at birth, and reduced mandible size [6,21]. In
addition to having similar phenotypes to humans with DS, the predictive nature of Ts65Dn
mouse phenotypes, as demonstrated in the cerebellum, suggests it is a powerful model to
study the impact of trisomy on bone development and homeostasis [22].

We hypothesized that Ts65Dn as compared to euploid mice exhibit altered bone
development and homeostasis in the skeleton of growing and adult mice. We examined
femurs, skulls, and mandibles from 35 euploid and 39 trisomic 6 and 16 week old mice.
Femurs were subjected to microCT (μCT) imaging, DXA bone densitometry scanning, and
mechanical testing to elucidate the physical and mechanical properties of the bone. Femurs
and mandibles were sectioned and analyzed to determine bone formation rates. We report
that the physical and mechanical properties of bone are significantly altered in Ts65Dn
mice.

Materials and Methods
Animals

Female B6EiC3Sn a/A-Ts(1716)65Dn (Ts65Dn) and female and B6.129S4-
Gt(ROSA)26Sortm1Sor/J (B6.R26R) and C3H/HeJ (C3H) mice were purchased from the
Jackson Laboratory (Bar Harbor, ME). B6(R26R)C3F1 mice were bred by crossing
B6.R26R females with C3H males. Ts65Dn males were generated at Indiana University-
Purdue University Indianapolis (IUPUI) by crossing Ts65Dn females with B6(R26R)C3F1
males and identified by FISH genotyping {Moore, 1999 #43}. Ts65Dn (approximate 50%
B6 and 50% C3H background with small marker (trisomic) chromosome) mothers generated
the 39 trisomic and 35 euploid male mice used for this study. Only male mice were used due
to the subfertile nature of Ts65Dn male mice and importance of Ts65Dn female mice in
colony maintenance. Trisomic and euploid mice were split into two groups and allowed to
age to either 6 (Eu, n= 17; Ts, n= 17) or 16 (Eu, n= 18; Ts, n= 22) weeks. At these
respective time points, mice were sedated using a 1:1 solution of isofluorane and mineral oil
and injected intraperitoneally with 0.2ml of 0.6% Calcein green dye diluted in saline
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solution, as well as four days later with 0.2 ml of 1.0% Alizarin red dye. Three days after the
Alizarin red injection mice were sacrificed and weighed. The femur, mandible, and skull
were subsequently extracted. The right femur and skull were wrapped in gauze soaked in
saline solution and the mandible was placed in 70% ethanol. Femurs and skulls were frozen
and stored at -20°C until further use and the mandibles were kept at room temperature. All
animal use and protocols were approved by the School of Science IACUC committee at
IUPUI.

Dual Energy X-ray Absorptiometry (DXA)
The bone mineral content of the femurs and skulls was analyzed using the Lunar Piximus
DXA machine (PIXImus Lunar Corp., Madison, WI). The machine was calibrated prior to
each use. The femurs and entire skulls were placed caudal side down on the densitometer
and scanned using ultrahigh resolution (0.18 mm × 0.18 mm) [23]. Lunar Piximus 2 2.0
software was used to assess BMD, bone mineral content (BMC), and total bone area.

MicroCT imaging and Analysis
Femurs were imaged using the SkyScan 1172 microCT (SkyScan, Kontich, Belgium).
Femurs were thawed in 0.9% saline, wrapped in parafilm, and placed in a styrofoam mold
fitted to the rotating stage in the machine. The scanning parameters were set as follows:
voltage 60kV, resolution 6μm, binning mode 2k, and filter Al 0.5mm. A reconstruction and
analysis was conducted on each set of images using CTrecon and CTan software from
Skyscan with the following parameters: post alignment variable, smoothing 2, ring artifact
reduction 5, beam hardening 20, and threshold 0-0.11. A region of interest was created
composing of the boundaries of trabecular bone in the distal femur and 1mm of tissue,
proximal to the growth plate was analyzed. 3D analysis was conducted on the trabecular
bone to obtain the percent bone volume and trabecular number, thickness, and separation
measurements. For cortical bone analysis the bone at the midshaft of the femur was traced
and 2D analysis was conducted on a single section to obtain the total and bone areas,
periosteal perimeter, and mean polar moment of inertia (MPMI) (calculated from CTan).
The anterior-posterior diameter and average cortical thickness of a femur midshaft cross-
section was measured using CTan to calculate the cross-sectional moment of inertia (CSMI;
CSMI = π* [(AP diameter – cortical thickness)3 * cortical thickness]/8) [24]. Variation for
the microtomographic measurements used in this study has been shown to be very
reproducible and reveal the precision of the instruments used [27,28].

Tissue Processing and Histomorphometry
The left femur and mandible were dehydrated in graded levels of ethanol, cleared in xylene,
and embedded in methyl methacrylate. A diamond-embedded wire-saw (Histo-saw;
Delaware Diamond Knives, Wilmington, DE) was used to cut transverse thick sections of
the mandible and femur (400 μm and 200 μm, respectively). The femurs were further ground
down to 30 μm, and then mounted unstained to microscope slides using Eukitt [23], to
enhance the viewing of the fluorescent label. Mandibles were not ground because it was
deemed unnecessary as clear images were obtained of the original sections. One section per
mandible and femur was read using a D-FL Epi-Fluorescence attachment on a Nikon Eclipse
80i DIC microscope, and images were taken using a Nikon DS-Fi1 digital sight camera.
Mineralizing surface/bone surface (MS/BS) was assessed by measuring the double label
surface (dL.S), single label surface (sL.S), and total surface (BS) using BioQuant software
(R & M Biometrics, Nashville, TN; MS/BS = (dL.S.+ 0.5*sL.S)/BS). Mineral apposition
rate (MAR) was determined by measuring the average distance between the two
fluorochrome labels, using Image J (National Institute of Health, Bethesda, MD), and
dividing the distance by the 4 days between label administration. MS/BS and MAR were
used to calculate bone formation rate (BFR; BFR=MS/BS*MAR*365 days; µm3/µm2/year).
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Dynamic measures of bone formation were made at the periosteal surface of the femur
midshaft and the inner surface of the developing incisor.

Mechanical Testing
The strength of the femur was determined by 3-point bending [25] using a miniature
materials machine. The femurs were thawed slowly at room temperature, and then placed
posterior side down on the 3-point bending apparatus with lower supports fixed at a distance
of 7 mm apart and held constant for all of the femurs tested. The femur was positioned in a
manner so that the force would be applied to the midpoint of the bone. The femur was
preloaded using 0.1N to establish contact with the bone. The displacement rate was set at 0.1
mm/sec. Once preloaded, force was applied until the bone was broken. Data was gathered by
the system and Microsoft Excel was used to determine the ultimate load, energy to failure,
and stiffness of the bone. Furthermore, the material properties of the femur were calculated
by normalizing the structural parameters as previously described [26]. Briefly, the material
level properties were calculated as follows:

Ultimate stress = (ultimate load * L * APdia)/(8 * CSMI)

Modulus = (stiffness * L3) / (48 * CSMI)

Toughness = (0.75 * energy absorption * APdia2) / (L * CSMI)

where L represents the span between the bottom supports, and APdia and CSMI were from
microCT images.

Statistical Analysis
Data were analyzed using a standard 2-tailed t-test and significance was denoted by p-values
less than or equal to 0.05.

Results
Segmental trisomy effects bone mineral composition in the Ts65Dn femur and skull

To compare the density of the individual bones between Ts65Dn and euploid mice, femurs
and skulls were analyzed using DXA. Ts65Dn mice had significantly less bone area in both
the femur and skull at 6 and 16 weeks when compared to euploid littermates (Table 1). In
addition to bone area, Ts65Dn mice exhibit significantly lower BMD and BMC at both time
points in the femur and skull compared with euploid littermates (Table 1). This suggests that
both size and density of bone in the appendicular and axial skeleton are affected by
segmental trisomy in the Ts65Dn mouse.

The microstructure of the femur is altered in Ts65Dn mice
To understand differences in the microstructure of the generalized skeleton ofTs65Dn and
euploid mice, microCT imaging was performed on the distal end (trabecular bone) and
midshaft (cortical bone) of 6 and 16 week old (Figure 1A; Figure 2A, respectively) Ts65Dn
and euploid femurs. Ts65Dn mice exhibited a significantly lower BV/TV (Figure 1B) at 6
(12.88% ± 1.92 SEM) and 16 weeks (16.16% ± 1.13) of age when compared to euploid
littermates (22.51% ± 1.90; 21.51% ± 1.88, respectively). To determine changes in structural
properties, trabecular number, separation, and thickness were assessed. At both time points
Ts65Dn mice exhibited significantly lower trabecular number (6 wks, Eu, 4.01 mm-1 ± 0.26;
Ts, 2.46 mm-1 ± 0.31; 16 wks, Eu, 3.69 mm-1 ± 0.28; Ts, 2.89 mm-1 ± 0.22; Figure 1C), and
significantly higher trabecular separation (6 wks, Eu, 0.15 mm ± 0.01; Ts, 0.21 mm ± 0.02;
16 wks, Eu, 0.18 mm ± 0.01; Ts, 0.21 mm ± 0.01; Figure 1D). Trabecular thickness (Figure
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1E) was lower in Ts65Dn mice, but the difference was not significant at either time point (6
wks, p= 0.07; 16 wks, p= 0.19).

Cortical bone analysis of the Ts65Dn and euploid femoral midshaft in 6 and 16 week old
mice (Figure 2A) showed significantly lower mean total cross-sectional area (6 wks, Eu,
0.89 mm ± 0.04,; Ts, 0.71 mm ± 0.04; 16 wks, Eu, 1.13 mm ± 0.03; Ts, 0.99 mm ± 0.04;
Figure 2B) and mean total periosteal perimeter (6 wks, Eu, 9.78 mm ± 0.12; Ts, 8.68 mm ±
0.21; 16 wks, Eu, 10.62 mm ± 0.28; Ts, 9.98 mm ± 0.23) in Ts65Dn mice when compared to
euploid littermates. Furthermore, mean polar moment of inertia (MPMI), an estimate of the
ability of an object to resist bending, was also significantly lower in Ts65Dn mice as
compared to euploid littermates (6wks, Eu, 0.46 mm ± 0.02; Ts, 0.28 mm ± 0.03; 16 wks,
Eu, 0.63 mm ± 0.04; Ts, 0.51 mm ± 0.03). Overall, the combination of trabecular and
cortical structural phenotypes in the Ts65Dn mouse femur suggest a severe reduction in the
size and strength of the trisomic long bone.

The rate of mineralization is reduced in the Ts65Dn mouse model
Alterations in BMD and the bone microstructure at 6 weeks of age suggested possible
deficiencies in bone accrual. We assessed dynamic bone formation properties via fluorescent
analysis using two labels (Calcein green and Alizarin red), injected 4 days apart, in cross-
sections of the incisor and femur (Figure 3A). Ts65Dn and euploid mice had a similar
mineralizing surface (MS/BS), an estimate of active osteoblast number, in the incisors (Eu,
0.86 ± 0.02; Ts, 0.81 ± 0.03) and femurs (Eu, 0.76 ± 0.04; Ts, 0.71 ± 0.05) at 6 weeks of age
(Figure 3B). Despite an estimated similar number of active osteoblasts, Ts65Dn mice
exhibited a significantly lower mineral apposition rate (MAR; Figure 3C) on the periosteal
surface of the femur (Eu, 2.39 μm/day ± 0.21; Ts, 1.61 μm/day ± 0.15) and incisor (Eu, 3.79
μm/day ± 0.17; Ts, 2.77 μm/day ± 0.23) in 6 week old Ts65Dn mice. Bone and dentin
formation rates (BFR, DFR; Figure 3D) were also found to be significantly lower in the
femur (Eu, 629.55 ± 49.49; Ts, 411.56 ± 34.10) and incisor (Eu, 1195.53 ± 76.50; Ts 827.19
± 100.13), respectively, in Ts65Dn mice. These data indicate the formation rate of new
cortical bone (femur) and dentin (incisor) is severely affected by segmental trisomy.

Reduced strength in the femur of Ts65Dn mice
To determine if the documented physical and chemical changes affected the structural and
material properties of the Ts65Dn femur, we conducted 3-point bending on the femur at 6
and 16 weeks of age in Ts65Dn and euploid mice. Structurally, the Ts65Dn femur had a
significantly lower ultimate load (6 wks, Eu, 22.51 N ± 3.70; Ts 16.36 N ± 1.21; 16 wks, Eu,
24.98 N ± 1.29; Ts, 21.47 N ± 0.88; Table 2) compared with euploid mice. Similarly, the
Ts65Dn femur exhibited lower stiffness (6 wks, Eu, 11.15 N/mm ±2.67; Ts, 6.91 N/mm ±
0.63; 16 wks, Eu, 29.67 N/mm ± 2.34; Ts, 24.40 N/mm ± 0.89; Table 2) and energy to
failure (6 wks, Eu, 5.73 N*mm ± 1.23; Ts, 4.08 N*mm ± 0.31; 16 wks, Eu, 11.86 N*mm ±
0.53; Ts, 10.24 N*mm ± 0.60; Table 2) at both time points, although the difference in
energy to failure at 16 weeks of age was nearing statistical significance (p= 0.06). At the
material level, we found no significant differences in ultimate stress or modulus.
Interestingly, Ts65Dn femurs exhibited significantly lower toughness at 6 weeks of age, but
by 16 weeks of age the difference no longer existed (Table 2). These data suggest that when
geometry of the bone is considered, deficiencies in the structural and mineral composition of
the Ts65Dn femur may not affect the overall strength of the bone.

Discussion
The present study revealed that Ts65Dn mice have lower trabecular bone volume and
trabecular number and higher trabecular separation in the distal femur when compared to
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euploid littermates. These results indicate that in addition to the trabeculae of craniofacial
bones [29], the trabecular structure of the distal femur is affected in the Ts65Dn mouse.
Along with the deficiencies observed in trabecular bone, cortical bone analysis showed a
reduction in size of the midshaft and a smaller MPMI in the Ts65Dn femur. In addition to
the structural findings in the Ts65Dn femur, BMD and BMC were significantly lower in the
Ts65Dn femur indicating alterations in the mineral properties of the bone.
Histomorphometric analysis revealed that the mineralizing surface on the periosteal bone
surface was similar between Ts65Dn and euploid femurs. In contrast, MAR and BFR (DFR
in incisor) were significantly lower in the femur and incisor of 6 week old Ts65Dn femurs.
These results suggest that the bone deficiencies observed in the Ts65Dn femur and incisor
are partly due to a reduction in osteoblast and odontoblast activity and not likely a reduction
in cell number. Further analysis needs to be conducted to gain a better understanding of the
affects of trisomy on osteoblasts and possibly osteoclasts in the Ts65Dn femur.

The changes observed in the physical structure and chemical properties of the Ts65Dn femur
strongly suggested that the structural integrity of the bone was compromised as a result of
trisomy. Three-point mechanical testing revealed a significantly lower ultimate load and
stiffness, and thus compromised bone strength in the Ts65Dn femur. Furthermore, the
material properties, obtained by normalizing the structural parameters with bone geometry,
showed that the ultimate stress and modulus were not different between the two groups.
However, toughness of the bone was significantly lower at 6 weeks of age in the Ts65Dn
femur. The toughness of bone is directly related to the amount of collagen and how it is
cross-linked in the extracellular matrix [30]. Our results suggest it is possible that Ts65Dn
mice exhibit some form of collagen deficiency contributing to the Ts65Dn appendicular
skeletal phenotype [31].

Densitometry analysis of the skull and femur of Ts65Dn mice show deficits in bone area,
BMC, and BMD when compared to euploid littermates. A comparison of the percentage
differences between 6 week Ts65Dn and euploid animals in femur and skull suggested that
BMC and BMD of the trisomic femur were more affected than in the trisomic skull (32% vs.
15%; 22% vs. 5%, respectively) at this age, while the decreases in bone area were similar
(9% vs. 10%). Interestingly, the femur is formed entirely via endochondral ossification
where as only portions of the skull are formed from this process. It is plausible that Ts65Dn
mice may exhibit a deficiency in endochondral ossification during skeletal development
leading to the differences observed between the femur and the skull.

Comparison of the differences in several parameters between 6 and 16 week old trisomic
bone further implicated the early stages of bone development as the possible origin to the
Ts65Dn bone phenotype. Differences in BMC and BMD appeared greater between trisomic
and euploid femur at 6 weeks of age compared to 16 weeks of age (32% vs. 21%; 22% vs.
8%, respectively), whereas these differences were similar in the skull across the two time
points (5% vs. 7%; 15% vs. 14%). Further analysis of the structural properties of the femur
also revealed that the percent differences observed in the femur were greater at 6 compared
to 16 weeks of age for both trabecular (BV/TV, 43% vs. 25%; trabecular number, 39% vs.
22%; trabecular separation, 140% vs. 117%,) and cortical bone (area, 20% vs. 12%;
perimeter, 11% vs. 6%; MPMI, 39% vs. 19%). Overall, these results suggest that the
Ts65Dn appendicular skeletal phenotype may originate during critical stages of bone
development and growth and persist through skeletal maturation leading to disruptions in
bone homeostasis.

The Ts65Dn bone phenotype may also be influenced by factors other than age and trisomy.
Differences in level of activity betweenTs65Dn and euploid mice could lead to the smaller,
weaker bones observed. Yet, Ts65Dn mice have been shown to be more active than euploid
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littermates [32,33], suggesting that activity levels are not contributing to the bone
phenotypes observed in Ts65Dn mice. The consequences of this hyperactivity, however,
may contribute to the smaller differences in the homeostatic measurements in 16 week old
mice.

In addition to the data obtained on the femur, densitometry analysis showed reduction in
BMD and BMC in the skull of Ts65Dn mice. Furthermore, analysis of the mineralization
rate in the incisor showed that mineral apposition was significantly reduced in Ts65Dn mice.
The skull and incisor are structures partially derived from neural crest cells [34,35], whereas
the femur is derived from lateral plate mesoderm. It has been postulated that many of the
craniofacial skeletal phenotypes associated with DS are neural crest derived [6,36]
Comparison of mineralization data from the non-neural crest derived osteoblasts of the
femur and the neural crest derived odontoblasts of the incisor show that mineralization is
similarly affected in both tissues. These results suggest that in addition to cranial neural crest
deficiencies, other mechanisms may be contributing to the Ts65Dn craniofacial phenotypes.

Ts65Dn mice have a smaller mandible at birth [21], and the origin of this defect begins as
early in development as embryonic (E) day 9.25 [36]. Less is known regarding the origin of
the appendicular skeletal defects presented in this study, but it is possible that reductions in
mandible and femur size and composition are occurring via similar mechanisms as a result
of trisomy. Dyrk1a and Dscr1 are found in three copies in humans with DS as well as in the
Ts65Dn mouse model [15,37]. It has been shown that these genes play a critical role in the
regulation of Nuclear factor of activated t-cells (Nfat) activation via their distinct effects on
the Calcineurin-Nfat pathway [38]. Recently it has been suggested that Dyrk1a regulates
bone development and homeostasis (both bone formation and bone resorption) via negative
feedback inhibition of Nfatc1 [39]. Based on this evidence, the theoretical overexpression of
Dyrk1a and Dscr1 in humans with DS and the Ts65Dn mouse model beginning in early
development may disrupt normal bone homeostasis through the abnormal regulation of
Nfatc1.

The disruption of normal bone development and homeostasis observed in the Ts65Dn mouse
model may help uncover how trisomy affects skeletal development and growth as well as
improving the quality of life for individuals with DS. Over the past century, average life
span for individuals with DS has risen from 9 years in 1900 to over 50 years in 2000 [40],
increasing the risk for ageing-related diseases such as osteoporosis. In addition to an
increased life expectancy, individuals with DS exhibit reductions in BMD associated with
hypotonia, as well as nutritional and hormone deficiencies [41], suggesting that these
individuals may be more susceptible to osteoporosis. A study conducted on a small
population of women with DS found that women with DS have an increased rate of
osteoporosis compared to normal individuals [42]. The possibility for increased incidence of
osteoporosis in individuals with DS adds to our need to better understand DS bone
phenotypes.

Based on our findings in the Ts65Dn mouse model, the trismic appendicular skeleton is
severely affected at a young age and this affect continues through development to adulthood.
Specifically, trabecular bone is less abundant and poorly connected similar to what is
observed in osteoporosis. Also, bone formation is slower and the mechanical properties of
the bone are weakened. The greater differences observed in trabecular and cortical bone
structure, BMC, BMD, and bone area in trisomic compared to euploid femurs at 6 weeks of
age when compared to 16 weeks of age, suggest it is likely that deficiencies in the Ts65Dn
appendicular skeleton originate during the early stages of bone development and growth and
continue through maturation. Overall, these results suggest that individuals with DS may
have an increased risk for developmental bone abnormalities, compromised bone strength,
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and/or early onset osteoporosis due to a likely combination of altered developmental and
homeostatic bone mechanisms.

Further studies are needed to elucidate the underlying molecular and cellular mechanisms
contributing to the altered bone phenotypes and identify the developmental and/or
homeostatic origin of these phenotypes observed in the Ts65Dn mouse model. Uncovering
the specific contributions of osteoblasts and osteoclasts to the trisomic bone phenotypes as
well as analysis of embryonic and early postnatal cartilage templates may prove to be crucial
steps in developing prevention and treatment therapies with the hopes of improving the
quality of life for individuals with DS.
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DS Down syndrome

MPMI mean polar moment of inertia
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BMC bone mineral content

DXA Dual energy x-ray absorptiometry

Ts trisomic

Eu euploid

BFR bone formation rate

DFR dentin formation rate

MAR mineral apposition rate
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Figure 1. MicroCT analysis of trabecular bone in the Ts65Dn femur
MicroCT images of the distal femur in euploid and trisomic mice at the ages of 6 and 16
weeks (A). Analysis revealed a significant reduction in percent bone volume (B) and
number of trabeculae (C), as well as a significant increase in trabecular separation (D) at
both time points in trisomic mice. Although smaller, no significant difference was found in
trabecular thickness (E) between the two groups. (Eu 6 wks, n= 12; Ts 6 wks, n= 10; Eu 16
wks, n= 10; Ts 16 wks, n= 16) (*p ≤ 0.05, **p ≤ 0.01, *** p ≤ 0.001)
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Figure 2. MicroCT analysis of cortical bone in the Ts65Dn femur
MicroCT images of the femur midshaft in euploid and trisomic mice at the ages of 6 and 16
weeks (A). Analysis revealed significant reductions in MPMI (B), cross-sectional bone area
(C), and periosteal bone perimeter (D). (Eu 6 wks, n= 12; Ts 6 wks, n= 10; Eu 16 wks, n=
10; Ts 16 wks, n= 15) (*p ≤ 0.05, **p ≤ 0.01, *** p ≤ 0.001)
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Figure 3. Dynamic bone formation properties in the Ts65Dn incisor and femur
Fluorescent labeling using Calcein green and Alizarin red staining in the incisor and femur
of euploid and trisomic mice, respectively, at the age of 6 weeks (A). Mineralizing surface
(B) was not significantly different in the femur or incisor between Ts65Dn and euploid
mice. Mineral apposition rate (C) and bone formation rate (D) was significantly reduced in
Ts65Dn mice in both the incisor and the femur. (Incisor; Eu, n= 13; Ts, n= 10; Femur; Eu,
n= 11; Ts, n= 8)(**p ≤ 0.01, *** p ≤ 0.001)
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Table 1
Densitometry analysis reveals altered bone composition in Ts65Dn mice

6 Weeks of Age 16 Weeks of Age

Euploid Trisomic Euploid Trisomic

Femur n=18 n=16 n=17 n=22

Area (cm2) 0.411 (0.015) 0.374 (0.013)* 0.536 (0.012) 0.458 (0.010)***

BMD (g/cm2) 0.059 (0.002) 0.046 (0.001)*** 0.071 (0.001) 0.065 (0.002)*

BMC (g) 0.025 (0.001) 0.017 (0.001)*** 0.038 (0.001) 0.030 (0.001)***

Skull n=7 n=16 n=10 n=9

Area (cm2) 2.241 (0.038) 2.008 (0.025)*** 2.475 (0.034) 2.281 (0.032)***

BMD (g/cm2) 0.099 (0.002) 0.094 (0.002)* 0.118 (0.002) 0.110 (0.003)**

BMC (g) 0.222 (0.007) 0.188 (0.004)*** 0.292 (0.004) 0.252 (0.008)***

Data are presented mean ± (SEM).

*
p ≤ 0.05

**
p ≤ 0.01

***
p ≤ 0.001
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Table 2
Mechanical properties of the Femur at 6 and 16 weeks of age

Eu 6 Weeks
n=3

Ts 6 Weeks
n=13

Eu 16 Weeks
n=5

Ts16 Weeks
n=12

Ultimate Load (N) 22.51 (3.70) 16.36 (1.21)* 24.98 (1.29) 21.47 (0.88)*

Energy to Failure (mJ) 5.72 (1.23) 4.08 (0.31)* 11.86 (0.53) 10.24 (0.60)

Stiffness (N/mm) 11.15 (2.66) 6.91 (0.63)* 29.67 (2.34) 24.40 (0.89)**

CSMI (mm4) 0.105 (0.009) 0.066 (0.004)** 0.152 (0.019) 0.092 (0.006)**

Ultimate Stress (N/mm2) 265.33 (59.01) 231.71 (6.33) 240.45 (21.73) 294.26 (15.92)

Young's Modulus (N/mm2) 1037.54 (369.18) 1055.92 (69.54) 2293.31 (445.84) 2934.35 (191.44)

Toughness (mJ/m3) 10.27 (2.77) 6.52 (0.50)* 14.71 (0.87) 16.02 (0.91)

Data are presented mean ± (SEM).

*
p ≤ 0.05

**
p ≤ 0.01
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