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Abstract

Osteogenesis imperfecta (Ol) is a heterogeneous heritable connective tissue disorder associated
with reduced bone mineral density and skeletal fragility. Bone is inherently mechanosensitive,
with bone strength being proportional to muscle mass and strength. Physically active healthy
children accrue more bone than inactive children. Children with type I Ol exhibit decreased
exercise capacity and muscle strength compared with healthy peers. It is unknown whether this
muscle weakness reflects decreased physical activity or a muscle pathology. In this study, we used
heterozygous G610C Ol model mice (+/G610C), which model both the genotype and phenotype
of a large Amish Ol kindred, to evaluate hindlimb muscle function and physical activity levels
before evaluating the ability of +/ G610C mice to undergo a treadmill exercise regimen. We found
+/G610C mice hindlimb muscles do not exhibit compromised muscle function, and their activity
levels were not reduced relative to wild-type mice. The +/G620C mice were also able to complete
an 8-week treadmill regimen. Biomechanical integrity of control and exercised wild-type and +/
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G610C femora were analyzed by torsional loading to failure. The greatest skeletal gains in
response to exercise were observed in stiffness and the shear modulus of elasticity with alterations
in collagen content. Analysis of tibial cortical bone by Raman spectroscopy demonstrated similar
crystallinity and mineral/matrix ratios regardless of sex, exercise, and genotype. Together, these
findings demonstrate +/ G610C Ol mice have equivalent muscle function, activity levels, and
ability to complete a weight-bearing exercise regimen as wild-type mice. The +/G610C mice
exhibited increased femoral stiffness and decreased hydroxyproline with exercise, whereas other
biomechanical parameters remain unaffected, suggesting a more rigorous exercise regimen or
another exercise modality may be required to improve bone quality of Ol mice.
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OSTEOGENESIS IMPERFECTA; EXERCISE; BONE; MUSCLE; COLLAGEN CROSS-LINKS

Introduction

A primary predictor of bone fragility is peak bone mass, and its accrual is the result of a
combination of genetic and environmental factors, with up to 70% attributed to heritable
factors(!) and the remaining to a combination of environmental factors such as physical
activity, diet, and hormones.(12) Skeletal muscles impose some of the greatest forces on
bone, suggesting muscle size and strength are primary determinants of bone strength.(34)
Increasing skeletal muscle mass and strength via exercise increases the mechanical load on
bone and induces direct osteogenic effects.(2-5)

Osteogenesis imperfecta (Ol) is a heritable connective tissue disorder characterized by small
stature, reduced bone mineral density, and frequent fractures.(®-9) Although it is well
established that the autosomal dominant forms of Ol are predominantly owing to type |
collagen gene defects (COL1A1and COL1AZ genes), the rarer autosomal recessive forms
(2% to 5% of individuals with Ol reported in North America and Europe) have been shown
to be attributable to defects in collagen processing proteins leading to incorrect folding and
posttranslational modification and to defects in osteoblast commitment, differentiation, and
function.(7-9) The autosomal dominant forms of Ol include five subtypes of Ol (I-V),
ranging from mild skeletal fragility to perinatal lethality.(:9) The recent classification
proposed by Van Dijk and Sillence®) includes the four classical autosomal dominant
subtypes of Ol (I-1V)(19 and the newly classified autosomal dominant Ol type V owing to
mutations in the /F/TM5 gene coding for Interferon-induced transmembrane protein 5.(11.12)

Although the primary clinical presentation of Ol is frequent fracture, muscle weakness and
fatigue have also been reported in both children(!3-16) and in the 0im Ol mouse model.(17)
Children with type | Ol have significantly reduced exercise capacity and muscle force
compared with healthy, active children.(14.15) However, it is unknown whether the muscle
weakness in individuals with Ol is mutation specific,(1®) the result of a muscle pathology, or
caused by avoidance of physical activity potentially because of associated pain,(18) casting
and surgical procedures,(1418) or a behavioral choice.(18:19) Bailey and colleagues
demonstrated that healthy children who were physically active accrued 10% to 40% more

J Bone Miner Res. Author manuscript; available in PMC 2021 May 27.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Jeong et al.

Page 3

bone (region specific) than inactive children.(29) Detter and colleagues recently
demonstrated that a 6-year moderately intense daily exercise program in prepubertal healthy
children improved bone mass, as well as skeletal architecture.(?1) The reduced exercise
capacity and/or lack of physical activity of children with Ol especially during the critical
pubertal growth spurt may result in even poorer bone health as adults.

The heterozygous G610C (+/ G610C) Ol model mouse carries the equivalent gene defect and
has reduced bone mineral density and similar skeletal weakness as individuals of a large
Amish kindred with type I/1V O1.(22) In light of the reported muscle weakness and reduced
exercise capacity in human individuals with type | 01415 and the inherent muscle
pathology in oim mice,(17) we sought to investigate if +/G620C mice have a muscle
pathology or altered activity levels before evaluating their ability to undergo a weight-
bearing exercise regimen. We demonstrate that, in contrast to the o/7 mouse model, the +/
G610C mice did not exhibit a muscle pathology or altered locomotor activity levels and that
they were able to complete an 8-week weight-bearing treadmill exercise regimen. Femora
from exercised +/ G610C mice demonstrated gains in whole bone stiffness and material shear
elastic modulus, whereas other skeletal parameters were unchanged.

Materials and Methods

Experimental model

The G610C mouse has a knock-in mutation in its Co/ZaZ2 gene, specifically a G-to-T
transversion at nucleotide 2098, resulting in a glycine to cysteine substitution at position 610
of the triple helical domain of the a.2(I) chain of type I collagen.(22) Heterozygote G610C
(+/G610C, Col1a2!mL-IMcbry mice on the C57BL/6J congenic background were a gift from
Dr Daniel McBride.(22) Col1a2m1-IMcbr mice (stock number 007248) are publicly available
from Jackson Laboratory (Bar Harbor, ME, USA). Before the beginning of this study, the +/
G610C mice were repeatedly backcrossed into wild-type C57BL/6J mice (stock number
000664, Jackson Laboratory) for greater than 10 generations. Subsequently, the colony was
maintained by repeated backcrossing into C57BL/6J mice approximately every second
generation. The mice were genotyped as previously described(@?) and had ad /ibitum access
to water and food (Purina 5008 Formulab Diet; Purina Mills Inc., St Louis, MO, USA). The
animals were housed and the protocols used for this study performed in an AAALAC-
accredited facility at the University of Missouri and comply with the guidelines of the
American Physiological Society. All experimental manipulations were performed under an
approved University of Missouri Animal Care and Use Protocol. For the following analyses,
hindlimb skeletal muscles, tibias, and femora were harvested and evaluated from 4-month-
old male and female wild-type (Wt) and +/ G6210C mice that were randomly distributed into
two groups of 9 to 10 mice each: control (normal cage activity) and treadmill (weight-
bearing) exercise.

Locomotor activity

Locomotor activity was monitored using Med Associates Open Field Test Environment
monitors (Georgia, VT, USA). Each monitor surrounded an acrylic cage (43.2 x 43.2 x 30.5
cm) and was individually housed in sound-resistant cubicles. Data were collected using Med
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Associates’ Open Field Activity Software that recorded the number of monitor sensor
breaks. The software converted the sensor break data to distance traveled (cm). A single
mouse was placed into the chamber for 60 minutes per day for 5 consecutive days. Days 1
and 2 of the experiment were considered acclimation and were not used in the statistical
analyses.

Weight-bearing treadmill exercise

Seven-week-old male and female Wt and +/ G6210C mice were randomly divided into either
treadmill exercise or control (nonexercise in-cage activity) groups. Exercise was carried out
during the pubertal growth phase into adulthood (2 to 4 months of age) to maximize the
osteogenic potential of exercise.(23) Mice in the exercise group were acclimated to the
treadmill during week 1: on day 1, 5-minute run; day 2, 10-minute run; day 3, 15-minute run
followed by full-intensity exercise (7° incline, 10 m/min, 30 min/d, 5 d/wk) until age 4
months, at which time hindlimb muscles, tibias, and femora were evaluated. Treadmill
exercise was carried out on a motorized Exer-6M Shocker for Mice treadmill (Columbus
Instruments, Columbus, OH, USA). Mice in the control group were allowed normal cage
activity.

Contractile properties

Contractile properties of the soleus, plantaris, gastrocnemius, and tibialis anterior muscles in
male and female control Wt and +/ G610C mice were determined as previously described.(17)
These muscles were chosen based on their differing fiber-type compositions, architecture,
and contribution to movement. Briefly, mice were anesthetized and the left soleus, plantaris,
gastrocnemius, and tibialis anterior muscles surgically exposed at their distal insertions. The
distal tendon of each muscle was attached to the Grass force transducer and sequentially
tested, soleus — plantaris — gastrocnemius — tibialis anterior. The distal tendon was
adjusted in length so that passive tension was zero grams. The sciatic nerve was isolated and
placed on a stimulating electrode, and a twitch was obtained as previously described.(1?) At
optimal length, a peak tetanic contraction (P,) was elicited by pulses delivered at 150 Hz,
300-ms duration, and an intensity of 6V for each type muscle.(?4) All data were collected
using Power Lab (ADInstruments, Colorado Springs, CO, USA).

Tissue harvest

After contractile properties were obtained, left (stimulated) soleus, plantaris, gastrocnemius,
tibialis anterior, and quadriceps muscles were removed, cleaned of extraneous tissue,
blotted, and weighed. They were then placed in 4% paraformaldehyde for 24 hours and then
transferred to 70% ethanol for future staining with hematoxylin and eosin for morphologic
evaluation. Femora and tibias were cleaned of remaining soft tissue, wrapped in sterile 1X
PBS-soaked gauze, and stored at —20°C.

Histochemistry and cross-sectional myofiber measurements

Left-sided paraformaldehyde- and ethanol-prepared muscles were transversely sectioned at
the middle of the muscle belly and then sectioned at 5 um and stained with hematoxylin and
eosin.(17) An average of 300 myofibers were evaluated for morphology and evidence of
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damage or inflammation and myofiber cross-sectional areas determined using Image J
software (N1H).(7)

Tibial geometry

Geometrical parameters were defined from the left tibias by vivaCT 40 pCT scan analysis
(Scanco Medical AG, Bassersdorf, Switzerland) as previously described(?® before Raman
spectroscopy analysis. The detector of vivaCT 40 rotates around the sample with the setting
of 55 kVp X-ray tube potential, 145 pA current, 10-um voxel resolution, and 200-ms
integration time to assess cortical bone and trabecular bone properties. Each voxel of uCT
values was converted to a mineral-equivalent value, milligrams per cubic centimeter (mg/
cm3), by a hydroxyapatite calibration. The tibias were aligned with the vertical axis of the
scanner, and three-dimensional images were reconstructed with a series of 10-um-thick
slices oriented along the long axis of the tibia. Cortical bone was analyzed at mid-shaft
starting 1 mm above fibula-tibia junction. Proximal metaphysic trabecular bone was
analyzed 1 mm below the growth plate. A global threshold 253 (UCT gray value) was used
for all samples.

Femoral geometry and torsional loading to failure

Right femora were evaluated by PCT scan analysis (Siemens Inveon PCT equipped with
Siemens Inveon Acquisition Workplace Software Version 1.5 [Siemens Preclinical
Solutions, Knoxville, TN, USA] with an X-ray peakof 80 kVp and an exposure time of 140
ms) before ex vivo torsional loading to failure analyses as previously described.(?8) uCT
image slices were analyzed using the Amira 5.3.3 software package (Mercury Computer
Systems/TGS, Chelmsford, MA, USA) to give a cubic voxel dimension of 0.083 mm3. The
femora were potted into individualized cylindrical holders and the torsional loading to
failure evaluated using the TA-HDi testing machine (Stable Micro Systems, Surrey, UK).(26)
Applied torque T (Nmm) was calculated and plotted as a function of relative angular
displacement 6 (degrees). The whole-bone parameters of strength (torsional ultimate
strength [Tmax, Nmm] and strain energy to failure [U, Nmm]) and stiffness (torsional
stiffness [Nmm/rad]), which take into account bone geometry and material properties, were
determined as previously described.(?8) The bone material properties, tensile strength (Su,
N/mm?), and stiffness (shear modulus of elasticity [N/mm?]) were also determined
according to Roarck.(27)

Raman spectroscopy

Raman spectroscopy uses molecular vibrational techniques to evaluate the chemical
properties (structure and composition) of the mineral and organic matrix components of
bone.(28) Raman spectra were acquired from the left tibial cortical bone crosssection for
each group using a LabRam HR 800 Raman spectrometer (Horiba Jobin Yvon, Edison, NJ,
USA) as previously described.(?® Briefly, Raman spectra were excited by a heliumneon
laser (633 nm) with a 20x water immersion objective, and recorded from 700 to 1800 cm™1
range with 60-second exposure time and two accumulations, allowing acquisition of the
peaks attributed to the mineral and the organic matrix. Spectra analyses were performed to
measure the area of the hydroxyapatite v; PO, peak (960 cm™1), type B v; CO372 peak
(1070 cm™1), and CH, peak (1452 cm™1) for each tibia, at four sites (anterior, posterior,
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medial, and lateral) per cross-section, and the data were averaged per tibia.(?%) The mineral
crystallinity (mineral crystallite c-axis length) is inversely proportional to the full width at
half maximal of the v; PO4~3 peaks (960cm™1).(28.29)

Hydroxyproline and collagen cross-links content

Hydroxyproline content was quantified as a relative measure of collagen content from the
left femora as described by Stegemann and Stalder.(39) The collagen cross-links,
hydroxylysylpyridinoline (HP) and lysylpyridinoline (LP), were quantified from
demarrowed 1-cm segments of the diaphyses of the right tibias as previously described.(31)

Statistical analysis

Results

Statistical analyses were performed using SAS (SAS Institute Inc., Cary, NC, USA). Data
were analyzed as a 2 x 2 x 2 factorial (2 genotypes, 2 sexes, and 2 treatments [control and
exercise]) using Fisher’s protected least significant difference.(32:33) Even though the
analysis of variance model by the Ftest was 0.07, Fisher’s protected least significant
difference permitted most comparisons to be orthogonal (independent) using a contrast
statement. We specifically used eight preplanned pairwise comparisons out of the possible
28 pairwise comparisons, thereby keeping the number of preplanned comparisons close to
the degrees of freedom to greatly reduce false positives resulting from multiple hypothesis
testing error. Saville demonstrated that Fisher’s protected least significant difference is the
most powerful test for detecting a difference if one truly exists.(32:33) When heterogeneous
variations made it necessary, a log transformation was used to stabilize the variation. If the
log transformation failed to stabilize the variation, a nonparametric ranked analysis was
performed according to Conover and colleagues.(®¥) Results are presented as mean +
standard deviation (SD). Differences were considered to be statistically significant at p <
0.05.

Locomotor activity

To investigate whether the G610C Colla2 gene mutation is associated with decreased
physical activity, the locomotor activity of male and female Wt and +/ G610C mice was
evaluated at 1 month and 4 months of age. Male mice exhibited greater locomotor activity at
1 month of age than at 4 months of age; Wt and +/ G620C mice were 19% and 25% more
active at 1 month of age than at 4 months of age, respectively (Fig. 1). Female mice also
exhibited a decrease in locomotor activity between 1 and 4 months of age, although this
difference did not reach significance. Genotype differences in locomotor activity were not
observed between sex-matched Wt and +/ G610C mice (Fig. 1).

Body weight and relative muscle weight

Body weight differences owing to genotype were evident; control male +/G620C mice were
9% smaller than male Wt mice (Table 1). The muscle wet weights of the plantaris and
gastrocnemius muscles were reduced in male control +/G610C mice compared with male
Wt controls, whereas female control +/ G610C mice had reduced wet weight of only the
gastrocnemius muscle compared with female Wt control mice (Tables 1 and 2). When
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evaluating the impact of genotype on the relative muscle weights (muscle wet weight/body
weight), only the relative muscle weights of female control +/ G610C gastrocnemius muscles
were decreased compared with their Wt counterparts (Table 2). Treadmill exercise in +/
G610C mice increased the relative weights of the plantaris and tibialis anterior muscles in
both sexes and in female gastrocnemius muscle (Tables 1 and 2).

Contractile force generating capacity

Histological

Before initiation of exercise studies, male and female Wt and +/G610C mice were evaluated
for muscle function by determining the absolute whole muscle contractile generating
capacity (peak tetanic force [Py; g]), the relative contractile generating capacity (relative Pg;
peak tetanic force/muscle weight [mg]), and the specific contractile generating capacity
(specific P,; peak tetanic force/muscle fiber cross-sectional area [um?]) of their soleus,
plantaris, gastrocnemius, and tibialis anterior muscles at 4 months of age (Table 3). The
absolute whole muscle P, was not different between sex-matched Wt and +/ G620C mouse
muscles except for the tibialis anterior muscle of male +/G620C mice (Table 3). When the
Po was normalized to the muscle wet weight (the relative contractile generating capacity)
and to the myofiber cross-sectional area (the specific contractile generating capacity), no
genotype differences were noted (Table 3).

morphology and myofiber cross-sectional area

The soleus, plantaris, gastrocnemius, tibialis anterior, and quadriceps muscles of Wt and +/
G610C mice were evaluated histologically by hematoxylin and eosin staining and showed no
evidence of necrosis, regeneration, degeneration, fibrosis, or infiltration by inflammatory
cells (Fig. 2). In addition, the majority of the hindlimb muscles did not exhibit genotype-
specific differences in myofiber cross-sectional area (Fig. 2). The only genotype difference
noted was that female +/ G610C gastrocnemius myofiber cross-sectional area was reduced
by 22% compared with female Wt gastrocnemius myofiber cross-sectional area.

Exercise tolerance

Through daily monitoring of the health status (grooming, weight, and gait) of the Wt and +/
G610C mice during the exercise regimen, we did not observe any behavioral clues for injury
(lameness, abnormal gait, favoring of a leg or reluctance to run on the treadmill). Upon
euthanization, we did not find any fractures or healed calluses in the tibias or femora of the
control or treadmill-exercised Wt and +/ G610C mice, suggesting that the treadmill-exercise
regimen was well tolerated and did not result in hindlimb long-bone fractures.

Tibial pCT analysis

To evaluate the impact of the G610C Col1a2 gene defect and weight-bearing exercise on
bone quality at the microstructural scale, we examined the bone geometry of 4-month-old
male and female Wt and +/G610C tibias from control and exercised mice (Fig. 3). Control
male and female +/G610C tibias exhibited decreases in trabecular bone volume/total volume
(BVITV), connectivity density, and trabecular number, and increases in trabecular separation
relative to Wt control tibias. The response of the tibial trabecular bone to the 8-week
treadmill exercise regimen was greatest in female Wt mice, specifically demonstrating
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increased trabecular number and connectivity density with a corresponding decrease in
trabecular separation compared with control Wt female tibias. Exercised +/G610C tibias
showed limited response, with only a decrease in trabecular density in females and an
increase in trabecular bone number in males reaching significance.

Femoral geometric and biomechanical properties

Before torsional loading to failure analyses, femoral geometry was evaluated in control and
treadmill-exercised Wt and +/ G6210C mice (Table 4). +/G610C femora exhibited reduced
marrow cavity diameter and polar moment of inertia compared with their Wt counterparts.
Male +/G610C mice had increased cortical bone width compared with Wt mice. The
greatest response to exercise was found in males; male Wt treadmill-exercised mice
exhibited decreased femur length and polar moment of inertia, and male +/ G610C exercised
mice had decreased femur length compared with their controls (Table 4).

After uCT analyses, femoral torsional loading to failure analyses (Fig. 4) demonstrated that
+/G610C femora had decreased whole-bone biomechanical strength (torsional ultimate
strength [Tmax] and energy to failure [U]) relative to Wt femora for both sexes, though they
did not always reach significance in females. Male +/G610C control femora exhibited only
64% and 46% of Tax and U of male Wt control femora, respectively (Fig. 4), and female +/
G610C control femora exhibited 79% and 71% of T,ax and U of female Wt control femora,
respectively. When adjusted for femoral geometry, the tensile strength (Su) of the male
control +/G610C bone material was also weaker, only 76% of male control Wt femoral Su,
which was in contrast with female control +/G610C femoral Su, which appeared to have
equivalent Su as female Wt control femora. Although whole-bone torsional stiffness of
control Wt and +/G610C were equivalent, when adjusted for geometry, the shear modulus of
elasticity of the bone material of the male and female +/G610C femora were 62% and 41%
greater than the shear modulus of elasticity of the bone material of the male and female Wt
femora, respectively.

The treadmill-exercise regimen had the greatest effect on stiffness with +/G610C male and
female exercised femora exhibiting 50% and 65% greater stiffness than their controls,
respectively. Wt male and female exercised femora also exhibited increased stiffness relative
to control femora, although it only reached significance in females. At the tissue level, the
shear modulus of elasticity of male and female treadmill exercised +/ G610C was increased
43% and 64% relative to control femora, and for male and female Wt treadmill-exercised
femora the shear modulus of elasticity increased by 55% and 54% compared with control
femora. Although the treadmill-exercise regimen resulted in some geometric and tissue level
changes, the overall energy to failure was not altered by the 8-week exercise regimen in
either Wt or +/G610C femora.

Bone chemical properties

To examine the bone material properties at the tissue level, we used Raman spectroscopy to
assess tibial cortical bone crystallinity, carbonate/phosphate (CO3/PQ,), phosphate/matrix
(PO4/CHy), and carbonate/matrix (CO3/CH,) ratios (Fig. 5)2%29 and a hydroxyproline
assay to quantify femoral collagen content (Fig. 6) in control and treadmill-exercised Wt and
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+/G610C bone. Crystallinity is the inverse of the band width at half maximal of the
phosphate peak, is indicative of mineral size and perfection, and is associated positively with
bone age.(35:36) PO,/CH, and CO3/CHj, ratios are representative of the mineral to matrix
composition, and the CO3/POy ratio increases as the bone tissue ages.(29:35-37) No sex,
genotype, or exercise status differences were observed in the crystallinity and CO3/POy4
ratios. Male +/G610C control tibias had 16% and 12% (p = 0.13) greater PO4/CH, and
CO3/CHjy, ratios than male Wt control tibias, respectively. Female +/G610C treadmill-
exercised tibias had 17% and 16% (o = 0.06) increase in PO4/CH, and CO3/CHj ratio
compared with female Wt treadmill-exercised tibias, respectively.

Hydroxyproline analyses demonstrated that femora from male and female +/G610C mice
have equivalent levels of hydroxyproline/g of bone relative to their Wt counterparts (Fig. 6).
Female Wt and +/G610C treadmill exercise mice had 24% and 18% less hydroxyproline/g
of bone relative to control female Wt and +/G610C mice. Similar trends were found for male
Wt and +/G610C treadmill-exercised mice.

Collagen cross-linking

To further evaluate the contribution of collagen ultrastructure to bone biomechanics, we
examined the trivalent collagen cross-links, hydroxylysylpyridinoline (HP) and
lysylpyridinoline (LP), by HPLC for the HP + LP content and HP/LP ratio in the cortical
bone of the tibial diaphysis of non-exercise control and treadmill-exercised Wt and +/ G610C
mice(3138) (Fig. 7). We demonstrate that +/G610C control and treadmill-exercised tibial
collagen had higher HP and HP + LP contents and HP/LP ratios (the latter by 42%, 32%,
and 98%, respectively, for non-treadmill controls) relative to their Wt counterparts.

Discussion

In this study, we demonstrate that the autosomal dominant G6210C Ol mouse model exhibits
similar skeletal muscle function and locomotor activity as its wild-type littermates, even
though its bone quality and strength are compromised. We also demonstrate that the +/
G610C mice were able to complete the weight-bearing treadmill-exercise regimen without
developing fractures in their hindlimb long bones. Similar to o/im/oim mice, histological
evaluation of Wt and +/G610C hindlimb muscles demonstrated no gross morphological
differences.(!”) Wt and +/G610C hindlimb muscles demonstrated no differences in relative
muscle weights, in contrast, o/m/oim mice had significantly reduced relative muscle weights
compared with their Wt littermates.(”) In situ analyses of Wt and +/G610C hindlimb muscle
function showed no functional differences in relative or specific P, for the majority of the +/
G610C hindlimb skeletal muscles, which was also in contrast to o/m/oim mice.
Homozygous o/im mice exhibit an inherent muscle pathology, whereas heterozygous +/oim
mice were minimally affected.(!7) \eilleux and colleagues recently demonstrated in children
and adolescents with Ol type I/IV that the majority of the individuals tested had decreased
muscle force, but a portion also exhibited completely normal muscle function,(5 further
suggesting that the impact of Ol on muscle function may be mutation specific.

It is difficult to discern if the differences in muscle function and bone strength between the
oim/oim and the +/ G610C mice are a reflection of the differences in their specific molecular

J Bone Miner Res. Author manuscript; available in PMC 2021 May 27.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Jeong et al.

Page 10

defects (loss of function mutation versus a gain of mutant molecules) or attributable to
dosage of the mutant molecules. The complete absence of a2(l) collagen chains and/or
presence of only homotrimeric type | collagen [a1(l)3] as found in oim/oim result in greater
fragility and impaired muscle function than heterozygosity for homotrimeric and
heterotrimeric type | collagen, as +/o/im mice exhibit milder muscle and bone involvement.
In the +/G610C mice, the heterozygous mix of normal and mutant a2(1) chains in the
collagen molecules also results in a mild to moderate bone phenotype in the absence of a
muscle pathology. Genotype analyses of newborn pups from +/G610C X +/ G610C matings
result in 1:2 ratios of Wt:+/G610C offspring (data not shown), which suggest homozygosity
for the G610C Colia2allele is embryonic lethal and more deleterious than functional null of
the CollaZallele and/or the presence of homotrimeric collagen.

Evaluation of locomotor activity suggests that the glycine to cysteine substitution in the
proa.2(l) collagen chain of type I collagen responsible for Ol in the G620C mouse model
does not impact physical activity levels. Even though Van Brussel and colleagues
demonstrated that children with Ol type | and 1V can successfully undergo a 3-month
supervised exercise protocol without increasing fracture risk,(19 the lack of defined
parameters of musculoskeletal impairment in Ol appear to contribute to the hesitancy in
incorporation of exercise protocols into treatment strategies.(16:18:39)

UCT analyses of control +/G610C tibias and femora confirm previous studies demonstrating
decreased bone volume relative to Wt tibia.(22:40) +/G610C bone also exhibited reduced
connectivity density, which likely contributes to bone brittleness. Decreases in BV/TV are a
common finding in Ol mouse models(22:40-44) whether owing to autosomal dominant or
recessive mechanisms. The femora of +/G610C mice were smaller overall and had reduced
polar moment of inertia, suggesting that +/G610C bone will fracture with less force, which
was observed by their decreased T, and U. The decreased bone volume and increased
shear modulus of elasticity of +/G610C femora suggests that the whole-bone biomechanical
integrity of +/G610C bone reflects both compromised material and altered geometry,
consistent with previous 3- and 4-point bending studies.(22:40)

Increased shear modulus of elasticity is indicative of increased material stiffness, implicating
an increase in mineralization. The hydroxyproline content of control +/G610C and Wt bone
did not differ, suggesting that the increase in mineral to matrix ratio observed by Raman
spectroscopy is largely the result of a change in the mineral content in +/G610C tibias.
However, because the hydroxyproline content was quantified in mineralized bone, we cannot
differentiate the contribution of the mineral versus the organic components to the total bone
weight, which is a limitation of this study. Examination of bone tissue from children with Ol
by nanoindentation and Raman spectroscopy demonstrated increases in the elastic moduli of
the bone, which correlated with increased mineral content.(45) Despite the fact that the
HP/LP ratio often positively correlates with stiffness and strength of normal bone,#6) in OI
an altered content or arrangement of cross-links is commonly associated with abnormally
small, more densely packed mineral crystals(4>47) The increased HP, HP + LP, and HP/LP
ratios found in +/G610C mice did not correlate to improved energy to failure, which has also
been observed in other mouse models of O1(38:44)
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The treadmill exercise was well tolerated by the +/G610C mice; however, the mild treadmill
regimen elicited minimal improvement in relative muscle mass of +/G610C mice and limited
increases in bone volume and biomechanical parameters. In response to the 8-week exercise
regimen, both female Wt and +/G620C mice had less hydroxyproline (collagen)/g of bone,
which corresponded to increased stiffness of the bone material (shear elastic modulus). This
suggests that rather than an increase in mineralization, the increase in shear elastic moduli
reflects a decrease in collagen matrix. The pCT analyses also suggested this exercise
regimen was not sufficiently rigorous to induce significant bone formation, with only Wt
female and +/G610C male mice exhibiting alterations in trabecular bone in response to the
treadmill-exercise regimen. However, it is important to note that the treadmill exercise
regimen did not result in fractures in the +/ G610C mice, and though there was a reduction in
hydroxyproline content/g of the bone, the energy to failure was not reduced. These findings
suggest that the structural architecture of the organic matrix may be altered to preserve bone
integrity and are consistent with the study by Detter and colleagues, which found that
regular moderate physical activity in children and adolescents can improve not only bone
mass but also bone structure. (1)

In summary, we found that +/ G610C mice do not exhibit a muscle pathology or altered
activity levels and that they were able to tolerate and complete an 8-week treadmill exercise
regimen without fracturing their hindlimb long bones. The Wt and +/G610C mice that
underwent the treadmill exercise regimen demonstrated gains in whole bone and material
stiffness. The 8-week treadmill exercise regimen was associated with reduced collagen
content, but the altered collagen crosslink content in +/G610C femora was maintained. Our
findings suggest that individuals with G610C mutation may respond the same as healthy
individuals to weight-bearing exercise with an increase in relative muscle weights and gain
in bone material stiffness. Further studies are still required to evaluate the safety and long-
term efficacy of tailored exercise interventions for individuals with Ol as a therapeutic
strategy to enhance muscle function and bone strength, as the response may be mutation
specific.
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% 2
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Male and female +/G620C mice do not exhibit altered levels of locomoter activity relative to
age-matched Wt mice. Mean £ SD of distance traveled (cm)/60 min for 3 consecutive days
by Wt (solid black) and +/ G610C (white diagonal) mice at 1 and 4 months of age (7= 8-13
per group). 2p < 0.05 versus 4-month-old mice.
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Fig. 2.

(A?) Hematoxylin and eosin-stained cross sections of 4-month-old male Wt (left) and +/
G610C (right) tibialis anterior muscles do not show evidence of necrosis, regeneration, or
inflammatory cell infiltration. Male (B) and female (C) Wt (solid black) and +/G610C mice
(white diagonal) exhibit similar myofiber cross-sectional areas of their soleus (S),plantaris
(P), gastrocnemius (G), or tibialis anterior (TA) muscles (n7=8-10 per group). Mean + SD,
ap < 0.05 versus Wt mice.
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Four-month-old +/ G610C mice tibias have reduced trabecular bone geometry relative to Wt
mice tibias. (A) Trabecular bone volume per total bone volume (BV/TV); (B) trabecular
bone thickness; (C) trabecular bone number; (D) trabecular bone separation; (£)
connectivity density; (F) trabecular bone density of male and female Wt control (solid
black), Wt treadmill-exercised (solid gray), +/G610C control (white diagonal), and +/G610C
treadmill-exercised (gray diagonal) mice (1= 7-9 per group). Mean + SD, 2p < 0.05 versus

Wt mice; p < 0.05 versus control mice.
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compared with Wt femora. Treadmill exercise increased stiffness in both whole-bone and
material properties. (A) Torsional ultimate strength (Tmax), (B) tensile strength (Su), (O)
torsional stiffness, (D) shear modulus of elasticity, (£) energy to failure (U) in femora of
male and female Wt control (solid black), Wt treadmill-exercised (solid gray), +/G610C
control (white diagonal), and +/G610C treadmill-exercised (gray diagonal) mice (7= 8-10

per group). Mean + SD, 2p < 0.05 versus Wt mice; Pp < 0.05 versus control mice.
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By Raman spectroscopy the crystallinity (A), mineral/matrix ratios, PO4/CH, (B) and
CO3/CH5 (0), and CO3/PO4 (D) were evaluated in tibias of 4-month-old male and female
Wt control (solid black), Wt treadmill-exercised (solid gray), +/G610C control (white
diagonal), and +/G610C treadmill-exercised (gray diagonal) mice (n7=5-6 per group). Mean

+ SD, p < 0.05 versus Wt mice.
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Treadmill exercise reduces hydroxyproline content in female mouse femora. Hydroxyproline

(mg/g of bone) in male and female 4-month-old Wt control (solid black), Wt treadmill-
exercised (solid gray), +/G610C control (white diagonal), and +/ G610C treadmill-exercised
(gray diagonal) mice (/7= 710 per group). Mean + SD, Pp< 0.05 versus control mice.
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+/G610C mouse tibias have increased hydroxylysylpyridinoline (HP), HP +
lysylpyridinoline (LP), and HP/LP ratio relative to control Wt mouse tibias. (A) HP, (B) LP,
(O) HP + LP, and (D) HP/LP content in tibias of 4-month-old male (circle) and female
(triangle) Wt control (Wt CTRL,; black), Wt treadmill-exercised (WtTRD,; light gray), +/
G610Ccontrol (+/G610C CTRL,; dark gray), and +/G610C treadmill-exercised (+/G610C
TRD; white) mice (7= 4 per group). Mean + SD, p < 0.05 versus Wt mice; °p < 0.05 versus
control mice.
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