1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
J Biomech. Author manuscript; available in PMC 2018 December 08.

-, HHS Public Access
«

Published in final edited form as:
J Biomech. 2017 December 08; 65: 145-153. doi:10.1016/j.jbiomech.2017.10.018.

Examining tissue composition, whole-bone morphology and
mechanical behavior of GorabP*l mice tibiae: a mouse model of
premature aging

Haisheng Yang®P, Laia Albiol, Wing-Lee Chand, Dag Wulsten¢, Anne Seliger®, Michael
Thelend, Tobias Thiele®, Lyudmila Spevak®, Adele Boskey®, Uwe Kornakdf9, Sara Checa®,
and Bettina M. Willieb:¢*

aDepartment of Biomedical Engineering, College of Life Science and Bioengineering, Beijing
University of Technology, Beijing, China

bResearch Centre, Shriners Hospital for Children-Canada, Department of Pediatric Surgery,
McGill University, Canada

€Julius Wolff Institute, Charité-Universitadtsmedizin Berlin, Berlin, Germany

dinstitute for Medical Genetics and Human Genetics, Charité-Universitatsmedizin Berlin,
Germany

eHospital for Special Surgery, New York, USA

Berlin-Brandenburg Center for Regenerative Therapies, Charité-Universitatsmedizin Berlin,
Germany

9Max Planck Institute for Molecular Genetics, Germany

Abstract

Gerodermia osteodysplastica (GO) is a segmental progeroid disorder caused by loss-of-function
mutations in the GORAB gene, associated with early onset osteoporosis and bone fragility. A
conditional mouse model of GO (GoratF™1) was generated in which the Gorab gene was deleted
in long bones. We examined the biomechanical/functional relevance of the Gorat’™! mutants as a
premature aging model by characterizing bone composition, tissue-level strains, and whole-bone
morphology and mechanical properties of the tibia. MicroCT imaging showed that GoratF™1
tibiae had an increased anterior convex curvature and decreased cortical cross-sectional area,
cortical thickness and moments of inertia, compared to littermate control (LC) tibiae. Fourier
transform infrared imaging (FTIRI) indicated a 34% decrease in mineral/matrix ratio and a 27%
increase in acid phosphate content in the posterior metaphyseal cortex of the Gorat"™? tibiae
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(p<0.05), suggesting delayed mineralization. /n vivo strain gauge measurement and finite element
analysis showed ~two times higher tissue-level strains within the Goratf™! tibiae relative to LC
tibiae when subjected to axial compressive loads of the same magnitude. Three-point bending tests
suggested that GoratP™! tibiae were weaker and more brittle, as indicated by decreasing whole-
bone strength (46%), stiffness (55%), work-to-fracture (61%) and post-yield displacement (47%).
Many of these morphological and biomechanical characteristics of the GoratP™! tibia
recapitulated changes in other animal models of skeletal aging. Future studies are necessary to
confirm how our observations might guide the way to a better understanding and treatment of GO.
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1. Introduction

Gerodermia osteodysplastica (GO, MIM#231070) is a hereditary segmental progeroid
disorder (Al-Gazali et al., 2001; Hennies et al., 2008; Nanda et al., 2008; Rajab et al., 2008),
one of the few monogenic disorders other than osteogenesis imperfecta that has pronounced
osteoporosis and fractures already in childhood (Hunter, 1988; Lisker et al., 1979; Nanda et
al., 2008). Individuals with GO also have a prematurely aged appearance with wrinkled skin
and generalized connective tissue weakness (Al-Bughaili et al., 2017). GO is caused by loss-
of-function mutations in GORAB (also hamed SCYL1-binding protein 1 or NTKL-binding
protein 1), which is highly expressed in skin and bone (Hennies et al., 2008). The protein is
probably involved in intra-Golgi trafficking processes (Egerer et al., 2015).

Recently, a mouse model of GO (GoratP™1) has been developed by our group (Steiner et al.,
2015), wherein Gorab is conditionally inactivated in the limb bud mesenchyme by crossing
Goratf°% with Prx1-cre mice (Logan et al., 2002). The GoratP™! mice showed mild growth
retardation, a reduction of trabecular and cortical bone volume, and mineralization defects
(Steiner et al., 2015). Furthermore, it has been demonstrated that loss of Gorabimpairs
proteoglycan synthesis leading to bone fragility through collagen disorganization, TGF-beta
upregulation, and impaired osteoblast lineage differentiation, which may explain the
pathomechanism of GO (Steiner et al., 2015). TGF-beta upregulation has also been
implicated in two other disorders that are associated with osteoporosis or osteopenia,
osteogenesis imperfecta (Glorieux and Moffatt, 2013) and Marfan syndrome (Nistala et al.,
2010), respectively. Despite these insights into the molecular mechanisms of GO, bone
fragility-related factors, including tissue material properties, whole-bone morphology and
mechanical behavior of Gorat"™! bones have not been examined. Studying the early onset
skeletal deterioration observed in GoratP™! mice may provide insights into bone fragility
associated with GO and help elucidate mechanisms underlying chronological skeletal aging
(Jilka, 2013). Therefore, we examined the biomechanical/functional relevance of the
GoralP™1 mouse model. Our objective was to characterize tissue composition, whole-bone
morphology and mechanical behavior of the tibiae from GoratP™! mice compared with
littermate controls (LCs).
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2. Materials and Methods

2.1 Animals

The study included 10-12 week-old female GoratP™! mice and homozygous conditional
Goralf°% mice without the cre allele from the same generation as LCs. The GoratF™! mice
were generated by crossing Goratf1°% with Prx1-cre mice (Logan et al., 2002) to
conditionally inactivate Gorab expression in limb bud mesenchyme (Steiner et al., 2015).
Animals were backcrossed > 6 times with C57BL/6 mice. All procedures were approved by
the local animal welfare legal authority (LaGeSo; Berlin, Germany; G0213/12).

2.2 In vivo tibial strain measurements

In vivo strain measurements were performed on the medial surface of the tibial midshaft in
living 10 week-old LC and Gorat’™! mice to determine the relationship between applied
tibial compressive loads and bone tissue deformation (n=5/genotype). While the mouse was
anesthetized, an incision was made over the medial surface of the tibia and a uniaxial strain
gauge (EA-06-015LA-120, Micromeasurements, NC) mounted on the anterio-medial surface
of the tibial midshaft aligned with the bone’s long axis. A range of dynamic compressive
loads (peak loads ranging from -2 to —12 N) was applied through the knee and ankle joints,
using an /n vivo loading device (Testbench ElectroForce LM1, TA Instruments, DE)
mounted with custom-designed fixtures (Fig. 1), recording load and strain measurements
simultaneously. Measurements were performed for both left and right tibiae. Mice were
euthanized following loading, while still under anesthesia. Axial rigidity, previously referred
to by others as “/n vivo stiffness” (Main et al., 2010), was calculated as the change in load
over the change in strain and averaged for all load levels (-2, -4, -6, -8, =10, =12 N) to
obtain a mean axial rigidity value for each tibia, from which the mean gauge-measured
strain of the tibia can be calculated at a given load magnitude. The axial rigidity or the
relationship between the axial compressive load and the strain generated at the gauge site is
important since tissue level strain regulates bone growth and remodeling (Main et al., 2010).

2.3 Diaphyseal and metaphyseal geometric measurements

In an additional group of 10 week-old mice (n=8 GoratP™!, n=10 LC) geometric measures
were performed at two representative tibial regions (midshaft and proximal metaphysis)
following microcomputed tomography (microCT; isotropic voxel size of 10.5 pm; vivaCT
40, Scanco Medical, Switzerland; 55 kVp, 145 pA, 600 ms integration time, no frame
averaging). There were originally 10 GoratP™! mice, but two mice died while under
anesthesia during /n vivo microCT scanning and therefore were excluded from the study.
The proximal metaphyseal volume of interest (VOI) started 100 um below the distal-most
point of the growth plate and extended distally 10% of the tibial length (Willie et al., 2013;
Yang et al., 2017). The cancellous and cortical bone in the metaphyseal VVOI were segmented
manually in the scans and analyzed separately. The cortical midshaft VOI was centered at
the midpoint of the tibia and extended 5% of the tibial length (Willie et al., 2013; Yang et al.,
2017). A threshold of 671 mg HA/ccm was used to segment both diaphyseal and
metaphyseal cortical bone. A threshold of 450 mg HA/ccm was used to segment
metaphyseal cancellous bone.
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2.4 Characterization of tissue-level strains within the entire tibia

MicroCT-based finite element (FE) simulation was performed mimicking the /n vivotibial
strain gauging experiment to determine tissue-level strains within the entire tibia. The FE
approach used in this study had been developed and validated in C57BL/6 mice across a
broad range of ages (10, 26, and 78 week old; (Razi et al., 2015; Yang et al., 2014)). To
acquire whole bone geometry, ex vivo microCT (10 um resolution) was performed on the
entire tibiae that were strain-gauged /n vivo (n=3 representative tibiae/genotype). Tibial FE
models with tetrahedral elements were created following segmentation and bone surface
extraction using Amira software (Zuse Institute, Berlin, Germany) (Razi et al., 2015).
Homogeneous elastic material properties (Young’s modulus of 13.8 GPa; (Razi et al., 2015))
were used for both LC and GoratP™! FE models. Additionally, to estimate the influence of
tissue heterogeneity on strain distributions, heterogeneous FE models of one representative
bone per genotype were created and their strain predictions were compared with
homogeneous models of the same bones. The heterogeneous modeling approach has been
described in detail elsewhere (Razi et al., 2015; Albiol et al., 2017). Briefly, element-specific
Young’s modulus values were assigned to the FE models based on spatial distribution of the
attenuation coefficient (1) in the microCT scans. The Young’s modulus (E) was calculated
with a power-law equation E = (W/iimax)1->%17 GPa, where pimax is the maximum attenuation
coefficient in the whole-bone microCT scans.

Loading was applied in a direction representing the trajectory in which the actuator moves
(Fig. 1; (Razi et al., 2015; Willie et al., 2013)). The compressive load was applied through a
contact surface on the knee side, replicating the tibio-femoral contact areas. On the ankle
side, the talus-tibialis contact surface nodes were constrained allowing displacement in
antero-posterior direction and rotation around the medio-lateral axis. The same load level of
-5 N was used for both LC and GoratF™! models to compare their tissue-level strains; this
load level was chosen because it induced ~1200 e at the tibial midshaft in GoratP™1 mice
based on our /n vivo strain gauge measures. This strain level has been shown to be
osteogenic and is approximately 2—-3 times the strain level engendered in C57BI/6 mice
during walking (De Souza et al., 2005; Sugiyama et al., 2012). Linear elastic FE analyses
were performed (Abaqus, Dassault Systemés Simulia, MA). The strain at the gauge site in
the model was calculated and compared with experimental measures above. The tibia was
equally divided into 20 regions along its longitudinal direction. Compressive (minimum
principal) and tensile (maximum principal) strains in each region were compared between
LC and GoratP™! mice.

2.5 Characterization of whole-bone morphology of the tibia

Radii of longitudinal curvature of the whole tibia were measured in anterior-posterior and
medial-lateral directions based on reconstructed 3D tibial models above. Tibial axis was
determined by a straight line connecting the centroids of the proximal and distal ends
(regions) of the tibia (Galea et al., 2015; Main et al., 2010). In each of the 20 regions along
the tibial length, the centroid of the bone section was identified, and then the anterior-
posterior and medial-lateral radii of curvature (Cap and Cy) were measured as the
perpendicular distances between the centroid and tibial axis in the anterior-posterior and

J Biomech. Author manuscript; available in PMC 2018 December 08.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Yang et al.

Page 5

medial-lateral directions, respectively. Positive values for Cap and Cyy_ represented anterior
and medial convexities, respectively (Main et al., 2010).

2.6 Characterization of bone tissue composition by Fourier transform infrared (FTIR)

imaging

Tibiae from 12 week-old LC and GoratP’™! mice (n=5/genotype) were dissected, dehydrated
in ascending grades of ethanol, embedded in methyl methacrylate, and cut at the mid-sagittal
plane with a microtome (Leica SM2500S, Germany) into 2 um thick sections. The prepared
undecalcified tibial sections were mounted on barium fluoride infrared windows for FTIR
imaging (Perkin Elmer Spotlight Imaging System, MA). FTIR imaging was performed at the
proximal metaphysis and mid-diaphysis of the tibia to remain consistent with the microCT
regions of interest. Due to restrictions related to field of view, only the posterior side of these
two regions was analyzed. The regions were scanned using a spectral resolution of 4 cm™1
and a spatial resolution of 6.25 um. FTIR bone parameters calculated were (Boskey and
Pleshko Camacho, 2007): mineral/matrix ratio (area of 916-1180 cm~1/1590-1712 cm™1);
carbonate/mineral ratio (area of 852-890 cm~1/916-1180 cm™1); collagen maturity (peak
intensity ratio of 1660 cm~1/1690 cm™1); crystallinity (peak intensity ratio of 1020
cm~1/1030 cm™1); acid phosphate content (peak height 1096 cm~1/1128 cm™1).

2.7 Whole-bone mechanical properties determined by three-point bending tests

Tibiae from 12 week-old LC and GoratP™! mice (n=7-11/genotype) were tested to failure
in three-point bending using a servohydraulic testing system (Testbench ElectroForce LM1,
TA Instruments, MA) with a 25 Ibs load cell (MLP 25, Transducer Techniques, CA) at a
deflection rate of 0.1 mm/second. An 8.5 mm span was used for all tests. The load was
applied to the anterior surface of the tibia midshaft. Load and displacement data were
simultaneously collected at 20 Hz. The following parameters were reported as recommended
by Jepsen et al. (Jepsen et al., 2015): maximum load (N), stiffness (N/mm), work-to-fracture
(Nmm) and post-yield displacement (mm).

2.8 Data analysis

Differences in tibial morphology, bone composition, tissue-level strain and whole-bone
mechanical properties between LC and Gorat"™1 mice were tested by unpaired £tests (SAS
9.4, SAS Institute, Inc, NC) to determine the effect of genotype on these outcome
parameters. All data are presented as mean * SD. Statistical significance was set as p < 0.05.
We also performed additional adjustments on microCT-measured bone size parameters as
well as three-point bending parameters to account for body weight. The adjustments were
performed using the linear regression as recommended by Jepsen et al. (Jepsen et al., 2015).
The bones used for microCT, three-point bending, FTIR and strain gauge measure were all
from different groups of mice. The bones used for strain gauge measures were also used for
FE modeling and whole-bone morphology characterization.
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3.1 Gorab deficiency alters cross-sectional geometry of the tibia

At 10 week of age, GoratP™1 and LC mice weighed 17.9+1.2 g and 23.3+1.7 g, respectively.
GoratP™1 mice had smaller total area, cortical area and cortical thickness, as examined at
the midshaft and metaphyseal regions of the tibia, compared to LC (Fig. 2; Table 1).
Compared to LC tibiae, maximum and minimum moments of inertia were decreased in
Goralf™! tibiae at both the midshaft and metaphyseal regions (Fig. 2; Table 1).
Interestingly, the cortical tissue mineral density (TMD) was not different between the
GoratP™! and LC tibiae in the midshaft but 2% lower in GoratP™1 bone for the metaphyseal
region (Fig. 2; Table 1). For metaphyseal cancellous bone, GoratP™! tibiae had decreased
trabecular bone volume fraction and trabecular number compared with LC tibiae (Table 1).
There was a 10% increase in TMD of the metaphyseal cancellous bone of the GoratP™1
tibia (Table 1). After body weight adjustment, only minimum moment of inertia of the
midshaft cortical bone was affected, suggesting that the body weight difference may not
explain the difference in bone size between LC and Goratf™! mice, but rather is likely
attributed to the genetic perturbation.

3.2 Gorab deficiency alters cortical bone composition

In the posterior metaphyseal cortical region, the mineral/matrix ratio in GoratF™! tibiae was
36% less than LC tibiae (Fig. 3). Deficiency of Gorab did not affect carbonate/mineral ratio
and collagen maturity (Fig. 3). There was a slight, but statistically significant decrease in
crystallinity (2%) in the GoratF™! tibiae compared to the LC tibiae. Tibial acid phosphate
substitution was 27% greater in GoratF™! than in LC. In the mid-diaphyseal cortical region,
only acid phosphate substitution was significantly affected by Gorab deficiency, with the
GoratP™1 tibiae having 12% greater acid phosphate relative to LC (Table 2).

3.3 Gorab deficiency leads to increased anterior convex curvature

GoralP™! tibiae were 21% shorter than LC at the age of 10 weeks (Gorat’™1: 13.5+0.9
mm; LC: 17.1+0.6 mm; p<0.001). GoratF™! tibiae had a greater anterior convex curvature
compared to LC tibiae while the medial-lateral curvatures were generally similar (Fig. 4).
For LC tibiae, the largest anterior-posterior convexity (Cap=1.10+0.03 mm) appeared at the
proximal/middle diaphysis (~35% of the tibial length from the proximal end) while this
location was shifted to the mid-diaphysis of the tibia (~50% of the tibial length) for
GoratP™! tibiae (Fig. 4).

3.4 Tissue-level strains are increased in tibiae from Gorab deficient compared to LC mice

The mean longitudinal strains measured at the gauge site, located on the medial surface of
the tibial midshaft under =5 N loads were 543£196 e and 1147+594 pe for LC and
GoratP™1 mice, respectively. The axial rigidity for LC and GoratP™! tibiae were
0.0092+0.0033 N/ue and 0.0044+0.0023 N/ue, respectively. The FE predicted mean
longitudinal strain values at the gauge site were similar to experimentally measured strains
for both homogeneous (LC: 505+49 ye; Goratf™: 1191+42 pe) and heterogeneous models
(LC: 564 e; GoralP™!: 1068 pe).
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Under the applied load of -5 N, the tissue-level strains throughout the entire tibia were
generally higher for Gorat"™ than LC mice (Figs. 5 and 6A). At 25% tibial length, the
maximum and minimum principal strains for GoratF™! were 88% and 83% higher than LC.
At 50% tibial length, the maximum and minimum principal strains for GoratF™! were 127%
and 73% higher than LC. At 75% tibial length, the differences in maximum or minimum
principal strains between GoratP™1 and LC (301% or 117%) were more pronounced relative
to the proximal or middle cross-sections (Figs. 5 and 6A). Tissue heterogeneity did not
affect the general strain distribution along the tibia for either LC or GoratF™! mice, with the
exception of the proximal tibia (Fig. 6B). In the proximal metaphysis (~5-20% of bone
length) of the homogeneous models, the mean maximum and minimum principal strains in
GoraltP™1 tibiae (377+32 pe and —558+47 e) were 54% and 42% higher than those of LC
tibiae (244+26 pe and —395+50 pe) (Figs. 6B and 7). In the proximal metaphysis of the
heterogeneous models, the mean maximum and minimum principal strains in GoratP™1
tibiae (757 pe and —913 pe) were 110% and 61% higher than those of LC tibiae (361 pe and
-569 pe) (Figs. 6B and 7).

3.5 Gorab deficiency compromises whole-bone mechanical properties

Tibiae from GoratP™1 were weaker and more brittle than tibiae from LC (Table 3). The
maximum load and stiffness of GoratP™! tibiae were 46% and 55% less than LC tibiae,
respectively. Work-to-fracture was reduced by 61% in Gorat©™! compared with LC tibiae.
Tibiae from GoratP™ had post-yield displacement that was 47% less than tibiae from LC.
None of the outcomes were affected by body-weight adjustments (Table 3).

4. Discussion

The current study focused on characterizing morphological, material and mechanical
behavior of tibiae from Gorat©™! mice. This conditional knockout mouse had an increased
anterior convexity and decreased cortical cross-sectional area, cortical thickness and
moments of inertia, compared to LC tibiae. Three-point bending demonstrated whole-bone
strength, stiffness and work-to-fracture of GoratF™! tibiae were less than those of LC.
Tibiae from GoratF™! mice also appeared to be more brittle compared with LC. Tissue
compositional measurements showed a decrease in mineral/matrix ratio and an increase in
acid phosphate substitution in the mineral particles in the posterior metaphyseal cortex of the
Goralf™! tibiae, suggesting a delay in tissue mineralization. FE analysis predicted increased
tissue-level strains within the GoratP™! tibiae relative to LC tibiae when subjected to axial
compressive loads of the same magnitude. Overall, the strain distribution along the entire
tibia was similar when using homogeneous or heterogeneous material properties in the FE
models although a larger difference was found in the proximal metaphysis (Figs. 6B and 7).
Furthermore, we saw that the differences between the homogenous and the heterogeneous
FE models in the proximal metaphyseal region were more pronounced for the GoratF™!
model than for the LC. These results are in line with our previous findings in C57BL/6 mice
showing that assignment of homogeneous or heterogeneous material properties to the FE
model does not affect the general strain distribution along the tibia, with the exception of the
proximal metaphysis (Razi et al., 2015; Yang et al., 2014).
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The skeletal phenotypic features observed in Gorat"™! tibiae are generally consistent with
clinical reports on GO patients (Al-Gazali et al., 2001; Hennies et al., 2008; Hunter, 1988;
Hunter et al., 1978; Lisker et al., 1979; Nanda et al., 2008; Rajab et al., 2008), who have
short stature and bowed long bones (tibia and femur) and often experience bone fractures
(Rajab et al., 2008). Our current results from tibial morphological measures are in agreement
with previous observations of Steiner et al. 2015 (Steiner et al., 2015) showing that Gorab
deficiency leads to a retardation of long bone growth and a dramatic reduction in trabecular
and cortical bone volumes. Our three-point bending tests showed that GoratF™! bones were
much weaker and more brittle, suggesting that GoratF™! bones are more fragile and
therefore may be more susceptible to fractures than LC. This is consistent with a previous
report (Steiner et al., 2015) showing that nearly all GoratP™! mice in their study
experienced spontaneous fractures. We observed that collagen maturity was not affected by
Gorab deficiency, but we did observe a delay in mineralization for Gorab deficient bones.
The delayed mineralization is supported by preliminary data by Steiner et al. showing that
Gorab deficiency may lead to an abnormal modification of extracellular matrix proteins.

Some of the striking alterations in morphology we observed with Gorab deficiency are
consistent with chronologically or accelerated aging mice. Studies in C57BL/6 mice show
tibial cortical area and thickness increase between 6 weeks and 6 months of age and then
decline up to 22 months of age (Galea et al., 2015; Halloran et al., 2002; Patel et al., 2014).
The anterior-posterior curvature of the tibiae of female C57BL/6 mice increases with aging,
similar to what we have observed in the female premature aged Goratf™! mice (Galea et al.,
2015; Patel et al., 2014; Razi et al., 2015). Some morphological characteristics of
senescence-accelerated mouse strain P6 (SAMPG6) long bones overlap with our mouse model
(Matsushita et al., 1986; Silva et al., 2002; Silva et al., 2004; Takeda et al., 1981). Relative to
LC, we measured largely decreased maximum load, stiffness and work-to-fracture and
increased brittleness in GoratP™! tibiae. The reduction of whole-bone mechanical properties
in GoratP™! tibiae is related with decreased cross-sectional area and moment of inertia. The
alterations in these measured whole-tibia strength and work-to-fracture are consistent with
reports of age-related changes in human bones (Courtney et al., 1995; Martin and Atkinson,
1977), C57BL/6 mice (Almeida et al., 2007; Ferguson et al., 2003; Hamrick et al., 2006) and
SAMP6 mice (Silva et al., 2002; Silva et al., 2004).

The curvatures in the long bones augment rather than diminish stress/strain generated in
bone (Biewener, 1983, 1991). Although a curved bone is not the most efficient structure to
obtain a tradeoff between the opposing objectives of stiffness and lightness (Currey, 2014), it
has the benefit of providing loading predictability, i.e. control of the direction of load-
induced bending (Bertram and Biewener, 1988). We found that GoratP™! mice had
increased tibial curvature, as is the case in chronologically aged mice (Galea et al., 2015;
Patel et al., 2014; Razi et al., 2015). Although local strain history is a major determinant of
the tissue response, it is not known to what extent the bone’s curvature of GoratP™1 mice is
genetically driven or a result of alteration of external mechanical environments and bone
tissue material properties.

The microCT-measured TMD was similar between GoratP™! and LC tibiae in the midshaft
but 2% lower in the metaphyseal cortex and 10% higher in the metaphyseal cancellous bone
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for GoratP™! tibiae. The regional differences in changes of TMD associated with Gorab
deficiency could partly be attributed to the different mechanical environments that the bones
experience (Yang et al., 2014) or it is also possible that cancellous tissues are more sensitive
to genetic perturbation of Gorab than cortical bone. Similar to TMD, we measured greater
differences in FTIR parameters (e.g. mineral/matrix) in the proximal relative to mid-
diaphyseal regions. Since a greater difference in cross-sectional area between GoratP™! and
LC tibiae was found in the metaphysis than the mid-diaphysis, it remains unclear if there
exists any relationship between the bone geometry and tissue composition and further
investigation may be warranted. The acid phosphate substitution increased in both
metaphyseal and diaphyseal cortical bone for the GoratP™! tibiae. These tissue
compositional changes are not in line with age-related changes in human bone composition,
where the mineral/matrix ratio increases and acid phosphate content decreases with
chronological aging (Boskey, 2013; Gamsjaeger et al., 2014). Bone composition in
GoralF™! tibiae is also not consistent with what has been reported in osteogenesis
imperfecta (Type VII and VIII), whereby mineral/matrix increases (Lindahl et al., 2011;
Vanleene et al., 2011). Further investigations are necessary to understand the mechanism(s)
responsible for the altered bone composition in GoratP™! mice.

Our study has limitations. Mice cortical bone, unlike humans lacks Haversian remodeling
(Jilka, 2013). However, mice models, particularly the C57BL/6 mouse strain share many
characteristics of human skeletal aging such as cortical thinning, increased cortical porosity,
and cancellous bone loss (Jilka, 2013). The accuracy of the three-point bending tests may
have been affected by our choice of such a large load cell and choice of using the same span
length for both genotypes. Also, tibiae were tested in the anterior-posterior direction with
three-point bending, which may cause local buckling and violate beam theory assumption
when estimating tissue mechanical properties. However, we remain confident in our general
findings given the large differences we observed between LC and Goratf™! bones. Lastly,
outcome measures were performed on two ages, 10 and 12 week-old mice, which
encompasses a time of rapid growth. Future two-week in vivo tibial loading studies are
planned and thus these ages were chosen since they represent the onset and end point of
those experiments.

In summary, we measured striking alterations in morphological, material, and mechanical
properties associated with Gorab deficiency. GoratP™! tibiae have increased anterior
curvature, decreased cortical cross-sectional area and moments of inertia, compromised
whole-bone strength, increased tissue-level strains and delayed mineralization, compared to
LC tibiae. Many of these characteristics recapitulate aging-related changes in the human
skeleton or in other animal models of chronological aging. These data in this conditional
mouse model provide valuable insights into how changes in bone strength and composition
may be affecting human patients with GO, thereby contributing to their osteoporotic
phenotype.
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Strain gauge

Strain gauge

Fig. 1.
(A) Schematic showing the experimental configuration for /n vivo strain gauging and

compressive loading of the mouse tibia. (B) A strain gauged tibia showing the position of
the gauge /n vivo.
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Fig. 2.
Differences in cross-sectional geometry and tissue mineral density (TMD) of the midshaft of

the tibia (5% of total tibial length) between LC and GoratP™! mice, measured by microCT.
* p<0.05 by unpaired #test.
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Fig. 3.
Representative FTIR images of the cortical bone from the proximal posterior metaphyseal

region of the LC and GoratP™ ! tibiae. The color scale for all images for an indicated
variable (mineral/matrix ratio, carbonate/mineral ratio, collagen maturity, crystallinity and
acid phosphate) is shown besides the images for that group. Quantitative data show that
GoralF™! tibiae have decreased mineral/matrix ratio (-36%) and increased acid phosphate
(+27%). * p<0.05 by unpaired £test.
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Fig. 4.
Comparison of whole-bone curvatures between LC and GoratP™! tibiae. The anterior-

posterior and medial-lateral longitudinal bone curvatures (Cap and Cy, ) were measured as

the perpendicular distances from the centroid of a tibial cross-section to the tibial axis in the
anterior-posterior and medial-lateral directions, respectively. Tibial axis was determined by

the centroids of the proximal and distal sections.
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Computationally predicted principal strain distributions throughout the entire tibia and at
multiple representative cross-sections (25%, 37%, 50% and 75% relative to the proximal
end) for the LC and Gorat"™! limbs loaded with 5 N in uniaxial compression /7 vivo. Red
and blue indicate tensile and compressive strains, respectively. Strain gauge was attached on
the medial surface of the tibial midshaft to measure the longitudinal strain there

experimentally.
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Fig. 6.
(A) Variations of the maximum and minimum principal strains along the tibial length for LC

and GoratP™! tibiae loaded with 5 N in compression. The lines and areas represent mean +
standard deviation of the average (maximum or minimum principal) strain value in each
cross-section of the tibia (n=3/genotype); (B) Comparison of strain distributions along the
tibial length (proximal end: 0%; distal end: 100%) between homogeneous and
heterogeneous FE models for LC and Gorat"™! tibiae subjected to compression loading of 5
N (n=1/genotype). The lines and areas represent mean + standard deviation of the maximum
or minimum principal strain values in each cross-section of the tibia.
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Homogeneous

Heterogeneous

Fig. 7.
Strain distributions in the proximal metaphysis (starting 100 um below the distal-most point

of the growth plate and extending distally 10% of the tibial length) of both homogeneous
and heterogeneous FE models of the LC and GoratP™! tibiae. Both tensile (+) and
compressive (-) strains are shown.
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Table 1

MicroCT-measured geometric or structural parameters for the proximal metaphyseal cortical and cancellous

bone of the LC and GoratF™! tibiae, located just below the growth plate extending 10% of the tibial length
distally.

Parameters LC GorabP™1 Difference (%)

Metaphyseal cortical bone

CtAr (mm?) 0.890+0.090 (358 + 0,078 £ -60
TLAr (mm2) 1413£0.120 1000+ 0180 5 -28
Ma.Ar (mm?) 0.523+£0.090  0.659 +0.150 26
Ct.Th (mm) 0.111+0.015 (053 + 0,008 2 -52
'max (mm?) 0.375£0.072 (909 +0.035 ¢ -44

'min (mm#) 0.256 £0.046 (76 +0.028 & -70
Ct.TMD (mgHA/ccm) 1075+ 20 1052 +17 @ -2

Metaphyseal cancellous bone

BVITV (%) 9.6+3.0 474170 -50
Th.Th (um) 46+ 4 45+5 -3
Th.N (1/mm) 42405 364054 -14
Tb.Sp (um) 244 + 29 281+44 15
Th.TMD (mgHA/ccm) 791+ 31 870+ 32 0 10

Data are presented as mean + SD.

Differences are calculated as (GaraHD er-LC)/LC><1OO.
ap<0.05 relative to LC.

bp<0.001 relative to LC.
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Table 2

FTIR-measured compositional parameters for cortical bone at the posterior midshaft of the tibiae from 12
week-old LC and GoratP™1 mice.

Parameters LC GorabP™! Difference (%)
Mineral/matrix 6.58+0.31 5.97+0.59 -9
Carbonate/mineral x108 5.4 £ 0.4 5.4+0.5 0
Collagen maturity 354+0.21 3.85+£0.42 9
Crystallinity 1.16+ 0.02 1.15+0.01 -1
Acid phosphate 0.46+0.02 (5140024 12

Data are presented as mean + SD.

Differences are calculated as (GoratP™1-LC)/LCx100.

ap<0.05 relative to LC.
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