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HIGHLIGHTS

1

TSC1 gene knockout in a mouse resulted in paraspinal muscle myopathy.

TSC1mKO mice is by far, the best model to study the pathological consequence of
sarcopenia.

Paraspinal muscle myopathy was established as early as 9 months.
TSC1mKO mice developed disc degeneration and disc wedging at 9 months.

Kyphosis of the spine with disc height loss and vertebral body wedging followed.
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ABSTRACT:

Background. Increasing kyphosis of the spine in a human is a well-recognized clinical
phenomenon that has been associated with back pain, poor physical performance and disability.
The pathophysiology of age-related kyphosis is complex and has been associated with
physiological changes in vertebrae, intervertebral disc (IVD) and paraspinal musculature, which
current cross-sectional studies are unable to demonstrate. Creating an in vivo, paraspinal
myopathic animal model for longitudinal study of these changes under controlled conditions is

thus warranted.

Purpose. To confirm the TSC1 gene knockout effect on paraspinal muscle musculature; to
analyze the development of spinal kyphosis, IVD degeneration and vertebra structural changes in

a longitudinal manner to gain insights into the relationship between these processes.

Study design. A prospective cohort study of 28 female mice, divided into 4 groups T 9-months-
old TSC1mKO (n=7), 9-months-old control (n=4),12-months-old TSC1mKO (n=8) and 12-

months-old controls (n=9).



Methods. High resolution micro-computed tomography was used to measure sagittal spinal
alignment (Cobbds angle), vertebral height, vertebral body wedging, disc height index (DHI), disc
wedge index (DWI), histomorphometry of trabecular bone and erector spinae muscle cross-
sectional area. Paraspinal muscle specimens were harvested to assess for myopathic features with
H&E stain, muscle fiber size, density of triangular fiber and central nucleus with WGA/DAPI
stain, and percentage of fibers with PGC-1U stain. Intervertebral discs were evaluated for disc

score using FAST stain.

Results. Compared to controls, paraspinal muscle sections revealed features of myopathy in
TSC1mKO mice similar to human sarcopenic paraspinal muscle. While there was significantly
greater presence of small triangular fiber and density of central nucleus in 9-and 12-months-old
TSC1mKO mice, significantly larger muscle fibers and decreased erector spinae muscle cross-
sectional area were only found in 12-months-old TSC1mKO mice compared to controls.
TSC1mKO mice developed accelerated thoracolumbar kyphosis, with significantly larger Cobb
angles found only at 12 months old. Structural changes to the trabecular bone in terms of higher
bone volume fraction and quality, as well as vertebral body wedging were observed only in 12-
months-old TSC1mKO mice when compared to controls. Disc degeneration was observed as early
as 9 months in TSC1mKO mice and corresponded with disc wedging. However, significant disc

height loss was only observed when comparing 12-months-old TSC1mKO mice with controls.

Conclusions. This study successfully shows the TSC1 gene knockout effect on the development
of paraspinal muscle myopathy in a mouse which is characteristic of sarcopenia. The TSC1mKO
mice is by far the best model available to study the pathological consequence of sarcopenia on
mice spine. With paraspinal muscle myopathy established as early as 9 months, TSC1ImKO mice
developed disc degeneration and disc wedging. This is followed by kyphosis of the spine at 12
months with concomitant disc height loss and vertebral body wedging due to bone remodeling.
Age-related bone loss was not found in our study, suggesting osteoporosis and myopathy-induced

vertebral body wedging are likely two independent processes.

Clinical significance. This is the first study to provide key insights on the early and late
consequences of paraspinal myopathy on intervertebral disc degeneration, spinal kyphosis, and
vertebral body changes. With this new understanding, future studies evaluating therapies for spinal

degeneration may be performed to develop time-sensitive interventions.

Keywords: Intervertebral Disc Degeneration; Kyphosis; Micro-CT; Paraspinal Muscle;

Sarcopenia; Spinal Loading; TSC1mKO



Level of Evidence: NA

Abbreviations

AF: annulus fibrosus

BV/TV: bone volume fraction

DAPI: 4',6-Diamidino-2-Phenylindole

DHI: disc height index

DWI: disc wedge index

FAST: Fast green, Alcian blue, Safranin-O, and Tartrazine
H&E: haematoxylin and eosin

IHC: immunohistochemical

IVD: intervertebral disc

Micro-CT: Micro-computed tomography

mTORC1: mammalian target of rapamycin complex 1

NP: nucleus pulposus

PGC-1U: Peroxisome proliferator-activated receptor 2 coactivator 10
Th.Th.: trabecular thickness

Th.N.: trabecular number

Th.Sp.: trabecular separation

TSC1: tuberous sclerosis complex 1

WGA: wheat germ agglutinin



INTRODUCTION

The kyphosing process of the spine in a human is a well-recognized clinical phenomenon (1) that
has been associated with back pain, poor physical performance and disability. The incidence of
patients with spinal hyperkyphosis above 70 years of age has been reported to be up to 40% (2),
and in its most severe form, can compromise pulmonary and neurovascular function leading to
mortality (3). The pathophysiology of spinal kyphosis is complex, and has been associated with
changes in vertebrae (4), intervertebral disc (5), and paraspinal musculature (6). Current studies
evaluating this process are largely cross-sectional and are not useful in determining cause-effect
relationships among these factors (7-12). To elucidate the pathological consequence of paraspinal
myopathy, deemed in recent studies as an integral component of age-related spinal kyphosis,

obtaining an in vivo animal model for longitudinal study under controlled conditions is warranted.

The occurrence of spinal kyphosis had been demonstrated in murine models with muscle
dysfunction such as in the Duchenne muscular dystrophy (mdx) mouse model (13) and
Bub1b®™™ progeroid mouse model (14), suggesting the possibility of muscle wasting as its cause
(15, 16). However, due to the multiple confounding systemic effects resulting from genetic
modifications in these mouse models, an exact cause-effect relationship between muscle weakness
and spinal kyphosis cannot be confirmed. Other existing chronic paraspinal muscle injury mice
models demonstrating spinal kyphosis development (17) suffers from limitations due to the use of
surgical detachment and ligation of paraspinal muscle to induce muscle dysfunction T methods
that do not mimic paraspinal myopathy secondary to aging. In order to isolate and push forth
investigations examining the effects of age-related myopathy on spinal alignment, a tissue-
specific, genetically-modified mouse model that gives a slow and progressive onset of myopathy

would be favorable.

The mammalian target of rapamycin complex 1 (mTORC1) with negative feedback by tuberous
sclerosis complex 1 (TSC1), is a protein complex that regulates various anabolic cellular processes
in muscle (18). Sustained activation of mMTORC1 leads to a blockade in autophagy and increase in
oxidative stress T mechanisms that are implicated for the development of age-related sarcopenia in
human (19, 20). The TSC1mKO mouse, in which Tscl (inhibitor) was deleted only in muscle
tissue, demonstrated chronic signaling of mTORCL1 in muscle tissue resulting in late-onset
myopathy with gradual muscle dysfunction T a feature of sarcopenia (21), hence this model is
most suitable to investigate the effects of age-related myopathy for future clinical translation and

extrapolation.






















































