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ABSTRACT
Down syndrome (DS) is caused by trisomy of human chromosome 21
(Hsa21) and results in a suite of dysmorphic phenotypes, including effects
on the postcranial skeleton and the skull. We have previously demonstrated parallels in the patterns of craniofacial dysmorphology in DS and
in the Ts65Dn mouse model for DS. The speciﬁc mechanisms underlying
the production of these changes in craniofacial shape remain unknown.
High-resolution computed tomography scan data were collected for the
presphenoid bone of euploid and aneuploid mice. Three-dimensional morphometric parameters of trabecular bone were quantiﬁed and compared
between euploid and aneuploid mice using nonparametric statistical tests.
Aneuploid presphenoid bones were smaller than those of their euploid littermates and had lower bone volume fraction and fewer, more rod-like
trabeculae. The differences in cancellous bone structure suggest that
bone development, perhaps including bone modeling and remodeling, is
affected by aneuploidy. These differences may contribute to the observed
dysmorphology of skull and postcranial skeletal phenotypes in DS. Anat
Rec, 290:414–421, 2007. Ó 2007 Wiley-Liss, Inc.
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Down syndrome is caused by triplication of the genes
on human chromosome 21 and results in a variety of
characteristic phenotypes that affect nearly all systems
of the body (Epstein et al., 1981, 1991; Van Cleve and
Cohen 2006; Van Cleve et al., 2006). Several of these DS
phenotypes (e.g., atlanto-axial instability, reduced size of
limbs, reduced or absent nasal bones, characteristic facial appearance, brachycephaly, microcephaly, ﬂat nasal
bridge, brachydactyly, vaulted palate) involve osseous
malformations that represent anomalies of the skeletal
system. Whether these skeletal phenotypes are individual local anomalies (dysosteochondroses) or are representative of a systemic osseous effect (osteochondrodysÓ 2007 WILEY-LISS, INC.

plasias) is not known (Mundlos and Olsen, 1997a,
1997b).
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Several genetic models for DS have been developed in
mice that enable direct examination of speciﬁc phenotypes under controlled conditions. These models include
the Ts65Dn mouse, which is at dosage imbalance for a
marker chromosome that spans 15.6 Mb and contains
136 of the 165 genes shared between Hsa21 and mouse
chromosome 16 (Mmu16) (Reeves, 2006), and the Ts1Cje
mouse model (Sago et al., 2000), which is trisomic for a
segment of Mmu16 that spans 9.8 Mb and includes 104
of the orthologous genes found in Ts65Dn. We used
chromosome engineering to produce additional mouse
models for aneuploidy that are at dosage imbalance for
the mouse orthologs of speciﬁc segments of Mmu16
(Olson et al., 2004). Recently, Tc1 mice that contain a
nearly intact copy of Hsa21 were described (O’Doherty
et al., 2005).
The characteristic mid-face hypoplasia, reduced facial
height and reduced bizygomatic breadth measured in
DS individuals, results from reduced dimensions of the
maxilla, zygomatic, frontal, and nasal bones (Kisling,
1966). These characteristics are recapitulated in the
Ts65Dn mouse as demonstrated by a three-dimensional
(3D) comparative morphometric analysis of aneuploid
and euploid Ts65Dn mice (Richtsmeier et al., 2000).
Conservation of the genetic programs regulating skull
development is demonstrated by the direct parallel
effects produced by the same genetic insult in mouse
and human (Reeves et al., 2001). Rather than gross
malformations, the craniofacial signature of trisomy of
Hsa21 genes and their orthologs results from multiple
subtle changes in cranial elements in humans and in
mouse models for DS (Richtsmeier et al., 2000, 2002).
Individual bones of the skull are affected differentially
and there is heightened phenotypic variation in skull
morphology among DS individuals and in Ts65Dn
aneuploid mice (Richtsmeier et al., 2000). Here we ask
whether the difference in skull shape between euploid
and aneuploid mice is limited to differential changes in
the size and shape of various osseous elements, or if
aneuploidy is also associated with changes in bone
structure. We do this by conducting the ﬁrst investigation of trabecular structure in aneuploidy using data
from high resolution micro-computed tomography
(HRCT) scanning.
Cancellous or trabecular bone differs from compact
bone in its gross morphology, anatomical distribution,
and mechanical behavior (Swartz et al., 1998). Trabecular bone occurs in the epiphyses and metaphyses of
long bones, the centra of vertebra, and in the interior
of ﬂat bones, including those of the skull. Bony trabeculae are 3D networks of discrete plates and/or struts
interspersed between large marrow spaces. The speciﬁc
architectural qualities of trabecular bone are affected
by a number of factors, including genes, environment,
applied loads, nutrition, and infection (Parﬁtt, 1983;
Currey, 1984; Lanyon and Rubin, 1985; Carter et al.,
1987; Shimada et al., 1990; Hall, 2005). Several reviews
of the molecular processes required for cartilage and
bone formation in the skull are available (Wilkie and
Morriss-Kay, 2001; Depew et al., 2002; Rossant and
Tam, 2002; Francis-West et al., 2003). We also know
many of the molecular details of the initiation and organization of skeletogenic cellular condensations, differentiation of those cells, proliferation of the cells of the
initial centers, secretion of collagen, and eventual
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modeling and remodeling of bone (for an exhaustive
recent review, see Hall, 2005). To understand the
impact of genetic changes on processes that affect bone
development, however, equally precise morphological
studies are required to quantify morphological variation
and determine absolute genotype-phenotype correspondences.
We use the Ts65Dn mouse model to study the impact
of trisomy for genes orthologous to those on HSA21 on
the architecture of trabecular bone. We utilized HRCT
scanning to analyze the trabecular structure of the presphenoid bone of the basicranium in adult euploid and
aneuploid mice. Other studies have successfully used
this same nondestructive technique to evaluate bone trabeculae in mouse models of bone loss (e.g., Amblard
et al., 1998; Abe et al., 2000; Ishijima et al., 2002) and
to study differences in trabecular structure among
inbred mouse strains (e.g., Beamer et al., 1996; Turner
et al., 2000; Martin-Badosa et al., 2003; Ishimori et al.,
2006). Though Beamer et al. (1996) determined that
more than 70% of the variation in human bone density
is attributed to genetic factors, trabecular architecture
also adapts to mechanical load via morphogenesis
(Lanyon, 1974; Hayes and Snyder, 1981; Radin et al.,
1982; Carter et al., 1989; Mullender and Huiskes, 1995;
Biewener et al., 1996). Thus, trabecular architecture signiﬁcantly inﬂuences measures of bone strength and density (Ciarelli et al., 1991; Gordon et al., 1996; Siffert
et al., 1996; Ulrich et al., 1999). We considered the inﬂuence of mechanical load when designing this comparative study.
We have previously demonstrated that trisomy results
in speciﬁc changes in skull shape and size (Richtsmeier
et al., 2000, 2002). Here we examine bone architecture
to determine whether segmental trisomy affects the organization and production of bone.

MATERIALS AND METHODS
Mice
Details of animal husbandry for mice used in this
study can be found in Richtsmeier et al. (2000). All mice
were maintained in a virus- and antibody-free facility
with food and water ad libitum and all procedures were
approved by the Institutional Animal Care and Use
Committee. Ts65Dn mice (B6EiC3H-a/A-Ts65Dn; Jackson Laboratory) were maintained on the B6/C3H background. Mice used in this study were generated by
crossing female Ts65Dn aneuploid mice with B6/C3H or
CBA/CaJ mice (Jackson Laboratory). Genotypes were
determined by karyotyping blood obtained from the
retro-orbital sinus (Davisson et al., 1993).
We chose samples of 10 euploid and 10 trisomic mice
for this study from mice used in previous studies
attempting to age- and sex-match the samples. All mice
analyzed were male excepting one female euploid and
two trisomic female mice. All specimens were adults.
Age of specimens was matched nearly completely
between study samples as mice chosen came from a
larger sample of littermates. A relatively young female
(age ¼ 2.5 months) is included among the euploid mice,
while two older females (age ¼ 8.5 months) are included
in the trisomic sample. Excluding these outliers, all
adult mice ranged in age from 3.8 to 7.5 months.
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Bone Imaging and Volume of Interest
Determination
All specimens underwent HRCT scanning in the same
orientation at the Center for Quantitative Imaging at
the Pennsylvania State University using the X-TEK
microfocus subsystem of the HD-600 OMNI-X high-resolution X-ray computed tomography system (Bio-Imaging
Research, Lincolnshire, IL). Serial cross-sectional scans
were collected in the coronal plane with slice thicknesses
ranging from 0.0109 to 0.0131 mm (z-dimension). In our
samples, slice thickness did not vary systematically
between euploid and aneuploid animals as determined
by t-test (P ¼ 0.31). The difference between the minimum and maximum slice thickness (0.0022 mm) is an
order of magnitude smaller than the average trabecular
thickness in either group. These observations suggest
that differences in organism size and, by extension, slice
thickness have minimal effects on our results. The ﬁeld
of view was reconstructed to 10.0 mm with a 1,024 3
1,024 pixel grid resulting in a pixel size of 0.010 mm (xand y-dimension). After scanning, the data were reduced
from their original 16-bit format to 8-bit using the software package ImageJ 1.36 (National Institutes of
Health).
Although we cannot fully circumvent biomechanical
inﬂuences on bony architecture, we use the presphenoid
bone, an element of the cranial base that is not known
to be markedly affected by biomechanical loading, as our
volume of interest (VOI) to minimize effects other than
genetic contributions (Fig. 1). The various ossiﬁcation
centers that combine to form the cartilaginous model of
the cranial base are clearly visible by histological techniques at 15 days postconception (pc) in the mouse, and
ossiﬁcation of the presphenoid bone is evident by 16.5
days pc (Kaufman, 1995). The trabecular architecture of
the presphenoid bone is particularly well suited to our
goals for several reasons: it is not subject to differential
amounts or directions of stress as a result of trisomy; it
is not a site of major muscle attachment; and it is relatively easy to isolate on HRCT slice images and in 3D
reconstructions of these images. Moreover, given the
position of the presphenoid bone within the cranial base,
it is reasonable to assume that locomotory or biomechanical stresses either do not play a role or play only a minimal role in determining the morphology (gross and microscopic) of this bone.
The complete trabecular structure of the presphenoid
bone of each specimen was deﬁned and used as the VOI
in this study (Fig. 2). Delimitation of the VOI for each
specimen was accomplished separately by determining a
threshold value that separates bone from air; deﬁning
those slice images that contain presphenoid bone; and
selecting only trabecular bone and excluding all cortical
bone from each slice image containing presphenoid
architecture. Just as the size of individual presphenoid bones varied among the specimens, the exact
threshold value that differentiated bone from nonbone
differed among specimens. The scan data were segmented using the iterative algorithm of Ridler and Calvard (1978; Trussell, 1979). Three-dimensional reconstructions of two VOIs are provided in Figure 2. Parameters that fully characterize the trabecular structure
were quantiﬁed for each specimen using the 3D reconstruction of the presphenoid bony network deﬁned as

Fig. 1. Position of the presphenoid bone in the mouse basicranium. The upper left is a ventral view of the entire mouse skull, rostrum is at the top, white arrow points to the presphenoid bone, and
black box indicates the area shown in the closeup below. At right is a
lateral X-ray of the mouse skull, rostrum is at top, white arrow points
to the presphenoid bone, while the black arrow points to the suture
between the presphenoid (rostral) and the basisphenoid (caudal).
Below is a closeup of the 3D reconstruction of HRCT of the ectocranial base, rostrum is at top, white arrow points to the presphenoid
bone, while black arrow points to the suture between the presphenoid
and basisphenoid.

the VOI. During both scanning and data collection,
investigators were blinded from knowing the karyotype
of each mouse.

Morphometric Analysis
Three-dimensional morphometric parameters of trabecular bone were quantiﬁed for the entire segmented
VOI from each individual using several software packages, including Quant3D (Ryan and Ketcham, 2002; Ketcham and Ryan, 2004), Amira 3.1 (Mercury Computer
Systems, San Diego, CA), and custom code written in
PV-WAVE (Visual Numerics, Houston, TX). These pa-
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Fig. 2. Three-dimensional trabecular structure of
the presphenoid. Top row shows a single coronal
cross-sectional HRCT slice image taken through a
euploid (left) and a trisomic (right) mouse cranial
base. In each slice, the presphenoid bone is centrally located (ectocranial surface is at bottom), surrounded by the bilateral wings of the basi-sphenoid.
Three-dimensional reconstructions of the VOI (presphenoid trabecular structure) for a euploid left and
a trisomic right mouse are shown in the second
(oblique view) and third (anteroposterior view) rows.
Cortical bone that would surround the trabeculae of
the presphenoid has been excluded from threedimensional reconstructions.

rameters included bone volume fraction (BV/TV), bone
surface-to-volume ratio (BS/BV), trabecular thickness
(Tb.Th), trabecular number (Tb.N), fabric anisotropy
using the star volume distribution (SVD) method, the
structure model index (SMI), and the connectivity density (Conn.D).
The BV/TV was calculated as the ratio of bone volume
(BV) to total volume of the VOI after segmentation (TV).
The BS/BV parameter was deﬁned as the ratio of bone
surface area (BS) to bone volume. Tb.Th was deﬁned as
the shortest linear intercept lying entirely within the
bone measured at each of 8,000 randomly positioned
points lying within the bone phase. Tb.N was calculated
by counting the total number of intersections between a
linear grid and the bone structure in 3D normalized by
total grid line length and is expressed as the number
per mm. Conn.D measures the number of interconnections among trabecular and was calculated using the
Euler-Poincaré topological approach (Odgaard and Gundersen, 1993). The SMI was determined using the
method outlined by Hildebrand and Reugsegger (1997),
in which a differential analysis of the triangulated surface of the bone provides a characterization of the proportion of rods and plates in the structure. The SMI
ﬂuctuates in value between 0 and 3, depending on the
nature of trabecular shape. A value of 0 corresponds
with plate-like structures while rods are associated with
a value of 3.
The concept of fabric anisotropy describes the distribution of material in 3D (Odgaard, 1997), allowing the
characterization of structures as anisotropic, displaying
a nonrandom distribution of material, or isotropic, having no detectable material orientation. In the SVD anal-

ysis, 8,000 points were randomly placed within each
VOI and the longest linear intercept lying within the
bone phase (i.e., not intersecting an air space) and passing through the point was measured for 2,049 orientations uniformly distributed in 3D space (Ketcham and
Ryan, 2004). The endpoints of each linear intercept are
deﬁned by the position at which trabecular bone meets
air. Linear intercept and orientation data were compiled
into a weighted 3 3 3 orientation matrix that describes
the 3D distribution of trabecular bone within each VOI
and the fabric tensor was derived from this matrix (Odgaard et al., 1997; Ketcham and Ryan, 2004).
Eigenanalysis of the fabric tensor provides descriptors
of the orientation and magnitude of the major material
axes of the VOI, which enables the estimation of anisotropy. The degree of anisotropy (DA) is calculated as the
ratio of the ﬁrst and third eigenvalues, where a value of 1.0
indicates a fully isotropic structure with material equally
distributed in all directions, while larger numbers are
indicative of more anisotropic structure within the VOI.
The elongation index (E) is deﬁned using the equation:
E¼1

s2
s1

where s1 is the ﬁrst eigenvalue and s2 is the second
eigenvalue. Used in combination with DA, E provides
another, more speciﬁc characterization of the material
distribution in 3D.

Statistical Analysis
Once all parameters were measured, the genotype of
each individual was revealed and mice were grouped
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TABLE 1. Summary of Descriptive and Test
Statistics
Mean St Dev
BV/TV
Euploid
0.38
Trisomic
0.24
BS/BV
Euploid
48.27
Trisomic
54.90
TbTh (mm)
Euploid
0.05
Trisomic
0.05
Tb.N (/mm)
Euploid
4.37
Trisomic
3.57
Conn.D (/mm)
Euploid
146.74
Trisomic
87.08
SMI
Euploid
1.55
Trisomic
2.06
SVD DA
Euploid
2.90
Trisomic
4.79
SVD E
Euploid
0.29
Trisomic
0.44

CV

Min

Max

0.09
0.08

23.80
32.80

0.25
0.12

0.51
0.36

5.31
9.37

11.01 39.30
17.07 48.27

55.27
79.78

p
0.008
0.096
0.199

0.01
0.003

12.58
7.17

0.04
0.04

0.06
0.05

0.72
0.54

16.53
15.20

3.22
2.83

5.60
4.31

0.01
0.019
53.96
94.95

36.77 46.23 218.85
109.04 18.96 336.65
0.019

0.49
0.34

31.42
16.41

0.80
1.47

2.19
2.59

1.90
3.58

65.73
74.84

1.50
1.82

7.43
13.62

0.12
0.19

42.51
42.12

0.10
0.19

0.46
0.79

0.131
0.082

Mean, standard deviation, coefﬁcient of variation, minimum
and maximum values for all parameters in the two study
samples. p-values are reported for non parametric MannWhitney U tests for sample differences (SPSS) conducted
with euploid listed as the ﬁrst mean and trisomic as the
second. p-values for inter sample differences that were
determined to be signiﬁcant (p  0.05) are denoted in bold.

into two samples, standard descriptive statistics were
calculated for euploid and aneuploid animals, and statistical testing was initiated. Among descriptive statistics,
we provide the coefﬁcient of variation (CV), expressed as
the ratio of standard deviation to the mean 3 100. CV is
a dimensionless number that enables direct comparison
of variation of two populations even when means are different. Statistical tests for sample differences were performed using the nonparametric Mann-Whitney Umethod (version 14.0; SPSS, Chicago, IL) with 0.05 as
the chosen level of signiﬁcance.

RESULTS
Gross Qualitative Observations
The overall shape of the presphenoid bone differs
between euploid and aneuploid mice. Two representative
3D reconstructions from each sample are shown in Figure 2. When examined in cross-section, the euploid presphenoid is rectangular in shape, whereas the trisomic
presphenoid bone has rounded inferolateral edges and is
compressed along the superoinferior axis at the center.

Quantitative Differences
Descriptive statistics for the study parameters estimated for each group are given in Table 1, along with
the results of the Mann-Whitney U-tests. Total volumes
(TV) of aneuploid presphenoid bones were also characteristically smaller than those of their euploid litter-

mates as determined by t-test (P ¼ 0.035). We also
applied Levene’s test (parametric) and found no difference in variance between euploid and aneuploid mice.
Aneuploid presphenoid bones showed signiﬁcant differences in trabecular structure for four of the parameters listed in Table 1. Euploid mice have a signiﬁcantly
higher bone volume fraction (P ¼ 0.008) and trabecular
number (P ¼ 0.01) than do trisomic mice (Fig. 3), but
BS/BV, Tb.Th, SVD E, and degree of anisotropy (SVD
DA) do not differ signiﬁcantly between the two groups.
These results indicate that aneuploid mice have relatively fewer bony struts within the deﬁned VOI, but
that those struts do not differ in thickness or anisotropy
from those of the euploid mice. The euploid mice have a
comparatively greater number of interconnections
among trabecular struts (Conn.D). Based on the SMI
results, both types of mice have a mixture of rod- and
plate-like trabeculae, but the euploid mice appear to
have a slightly higher proportion of plates (Fig. 4). In
sum, aneuploid mice have fewer trabecular and less
bone in the trabecular space. In comparison to euploid
mice, aneuploid trabecular bone is more rod-like in
shape and does not have as many interconnections with
other trabeculae.

DISCUSSION
Assessment of the morphological consequences of
genetic anomalies through the quantitative analysis of
phenotypes can enable detection of the developmental
pathways that are perturbed (e.g., Hallgrı́msson and
Hall, 2002; Wilkins, 2002; Hallgrı́msson et al., 2004).
The trabecular structure of the presphenoid bone of
Ts65Dn segmentally trisomic mice differs from that of
euploid littermates in several ways, which suggest that
processes fundamental to bone deposition, and potentially bone resorption, are affected by aneuploidy.
Euploid mice appear to produce more trabecular bone
relative to aneuploid mice as evidenced by the greater
mean bone volume fraction. Connectivity density is substantially larger in euploid mice. Intergroup differences
in bone surface to volume ratio and SVD E approach but
do not reach signiﬁcance. Trabecular thickness remains
stable regardless of segmental trisomy of 136 genes in
aneuploid Ts65Dn mice.
Increased phenotypic variation has been observed in
DS relative to the euploid population (Epstein et al.,
1991; Hernandez and Fisher, 1999). Increased phenotypic variation in DS individuals has been attributed to
‘‘ampliﬁed developmental instability,’’ a term that has
come to mean that the correct balance of gene expression in pathways regulating development is disrupted by
dosage imbalance of the hundreds of genes on Chr21
(Shapiro, 1983, 1997). Such a hypothesis implies that
evolutionarily constant developmental trajectories are
destabilized by trisomy, resulting in recognizable,
though highly variant, phenotypes (Reeves et al., 2001).
Although developmental instability as a component of
the variable outcome for DS phenotypes makes intuitive
sense, the mechanisms that underlie developmental
(in)stability and its variation remain poorly understood
(Hallgrı́msson et al., 2003).
The coefﬁcient of variation (CV) shows increased variation for four of the eight quantitative parameters (Table 1), with ConnD showing a remarkable difference in
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Fig. 3. Bone volume vs. total volume. The relationship between the two parameters used to calculate bone volume fraction (BV/TV) for each specimen are represented. Some overlap is evident
between the two groups, however, there is a general
separation between the euploid and trisomic mice.
This results in a signiﬁcant difference between
groups for the ratio of the two measures. Closed
circles denote euploid; open squares, trisomic.

Fig. 4. Ternary shape diagram of fabric anisotropy deﬁned using
the star volume distribution method. The elongation index (SVD E) and
isotropy index (SVD I) are plotted to show the fabric structure of presphenoid trabecular bone in euploid and trisomic mice. The plot area
demonstrates the distributions of trabecular bone structure as a continuum of possible shapes among three extremes. The shapes at the
vertices of the triangular plot represent ideal representations of isotropic spheres (eigenvalues approximately equal; top vertex), anisotropic rods (primary eigenvalue >> secondary and tertiary eigenvalues; right vertex), and anisotropic disks or plates (primary eigenvalue
¼ secondary eigenvalue >> tertiary eigenvalue; left vertex). Although
there is overlap, euploid trabecular structure tends to be more isotropic while trabeculae of trisomic mice tend to be more anisotropic
or unidirectional. Closed circles denote euploid; open squares,
trisomic.

variation between euploid and aneuploid mice. Added to
previous ﬁndings of increased phenotypic variation in
aneuploidy, our results suggest that both gross osseous
phenotypes and aspects of the microstructures that
underlie them are more variable in aneuploid organisms.
However, two variables that describe the shape of trabeculae (SMI and Tb.Th) show reduced CV for aneuploid
as compared to euploid mice.
Euploid and trisomic mice diverge statistically in body
size, with male trisomic mice weighing signiﬁcantly less
than their euploid littermates from the day of birth to
adulthood (Roper et al., 2006). Swartz et al. (1998) demonstrated that trabecular size shows little or no dependence on body size in a 2D analysis of mammals ranging
in mass from 4 to 40 3 106 g, noting that quite distinct
phenomena are dictated by available surface area versus
bone volume. A more recent 3D analysis (Fajardo, 2004)
also found little size dependence, with only Tb.Th showing a strongly negatively allometric relationship with
body mass (slope ¼ 0.05). Importantly, trabecular size
can be measured in a number of ways. We found that
trabecular thickness does not vary between the two
groups but analysis of SMI indicates a difference in the
distribution of rods and plates within trabecular bone.
Since rods and plates have different 3D morphologies,
each has properties pertaining to the amount of surface
relative to the overall volume of bone. Though BS/BV
and SVD E do not reach our chosen level of signiﬁcance,
the parameter values also suggest intergroup variation
in the distribution of rods and plates and the shape of
microstructural elements, supporting a tendency toward
more rod-like trabeculae in trisomic mice with a greater
surface/volume ratio.
We hypothesize that altered construction of bone in
trisomic mice is constrained by the requirements of
maintaining adequate surface area for calcium homeostasis. It will be informative to investigate both the
genetic pathways and developmental events that determine the number of struts formed, as well as constraints
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on the degree and nature of variation allowed. Future
analyses aimed at the measurement of rates of bone
modeling and remodeling may determine whether a difference in calcium metabolism is the basis for these
structural differences in the trabeculae of euploid and
aneuploid mice.
Our ﬁndings could also imply that there is a lower
bone mineral density in trisomic mice since less trabeculae may indicate fewer calcium deposits in a given bony
region. Reduced mineralization was demonstrated in the
humerus, femur, and tibia of ts16 mouse fetuses (Sterz
et al., 1989), but our methods were limited to revealing
reduced bone mass in Ts65Dn mice. According to the
current view on clinical practice in Down syndrome (Van
Cleve and Cohen, 2006; Van Cleve et al., 2006), osteopenia and osteoporosis are not common ﬁndings in DS.
However, Baptista et al. (2005) demonstrated DS to be a
risk factor for reduced volumetric bone mineral density
of the lower lumbar spine and reduced femoral neck
strength in young adults. Since a number of risk factors
known to be associated with osteoporosis are common in
the DS population, it is unknown whether these factors
or trisomy of Chr21 genes underlie the observations of
Baptista et al. (2005). Bone mineral density tests are
needed to determine if segmentally trisomic Ts65Dn
mice show mineralization patterns that are different
from normal.
The presphenoid bone should not experience differing
biomechanical inﬂuences between euploid and trisomic
samples. Consequently, our ﬁndings suggest a fundamental difference in the formation of trabecular bone in
trisomic and euploid mice. We hypothesize that minimal
requirements of calcium homeostasis constrain the
potential changes in trabecular architecture that are
possible, and that changes in bone architecture (and in
the processes that produce these changes) contribute to
the observed and characteristic differences in skull
shape between euploid and aneuploid animals. We previously demonstrated that the skulls of Ts65Dn aneuploid
mice differ from euploid skulls in ways that parallel the
differences noted between euploid individuals and those
with DS and concluded that the altered developmental
processes responsible for these differences are accurately
reﬂected in Ts65Dn and Ts1Cje trisomic mice (Richtsmeier et al., 2000, 2002). Thus, the microstructural differences demonstrated here in Ts65Dn mice might be
seen in the human condition as well, providing a model
to elucidate developmental mechanisms that can be
applied to understanding the distinctive skull phenotypes produced by trisomy 21.
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