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HIGHLIGHTS  

 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 – 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).  
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Methods. High resolution micro-computed tomography was used to measure sagittal spinal 

alignment (Cobb’s 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-1α 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, TSC1mKO 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  
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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-1α: Peroxisome proliferator-activated receptor γ coactivator 1α  

Tb.Th.: trabecular thickness 

Tb.N.: trabecular number 

Tb.Sp.: trabecular separation  

TSC1: tuberous sclerosis complex 1 

WGA: wheat germ agglutinin   
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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
+/GTTA

 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 – 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 mTORC1 leads to a blockade in autophagy and increase in 

oxidative stress – mechanisms that are implicated for the development of age-related sarcopenia in 

human (19, 20). The TSC1mKO mouse, in which Tsc1 (inhibitor) was deleted only in muscle 

tissue, demonstrated chronic signaling of mTORC1 in muscle tissue resulting in late-onset 

myopathy with gradual muscle dysfunction – 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.  
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Although there are several studies on the TSC1mKO mouse model demonstrating peripheral 

myopathy in the limbs, till date, a detailed assessment of paraspinal muscle myopathy in 

TSC1mKO mice has yet to be performed. Its role in spinal kyphosis development, as well as 

association with other known confounders for age-related changes of the spine – intervertebral 

disc (IVD) degeneration and vertebral bone structural changes, remain undetermined. In this study 

using TSC1mKO mice, we aimed to 1) confirm the effect of TSC1 gene knockout on paraspinal 

muscle musculature, and 2) trend the development of spinal kyphosis, intervertebral disc (IVD) 

degeneration and vertebral bone structural changes in a longitudinal manner to gain further 

insights into the relationships between these processes.   
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MATERIALS AND METHODS  

 

Animal subjects   

TSC1mKO mice were generated by breeding TSC1 flox mice (contains Lox sequence) with 

Ckmm-Cre mice (contains Cre sequence) purchased from Jackson laboratory (22). Cre-Lox 

recombinase technology allows site-specific DNA deletions of specific cell types. Therefore, 

Ckmm-Cre mice, with Ckmm-Cre expression in its muscle, allowed skeletal and cardiac muscle-

specific deletion of the Tsc1 gene, hence producing TSC1mKO mice with isolated myopathy. 

TSC1 flox littermates without Ckmm-Cre transgene were used as age-matched control mice. All 

mice included were females for standardization. Mice tail tips were harvested for genotyping, 

which was performed by PCR according to JAX lab protocol (23, 24).  

 

All mice were housed with free access to food and water. Mice were euthanized by decapitation at 

the age of 9-months (control, n=4 and TSC1mKO, n=7) or 12-months (control, n=9 and 

TSC1mKO, n=8) respectively. All procedures were performed in accordance with the National 

University of Singapore’s Institutional Animal Care and Use Committee (IACUC) guidelines for 

animal experiments (R17-0195). 

 

Micro-computed tomography (micro-CT) analysis  

After the mice were sacrificed, scans of the thoracic and lumbar spine were performed at 18  m 

pixel size cuts by SkyScan 1176 micro-CT (Bruker, Kontich, Belgium), equipped with a 0.5mm 

aluminium filter at 50kV and current of 500  A. 2D axial views were reconstructed using the 

provided NRecon software. Sagittal views were subsequently reconstructed using DataViewer 

(Bruker) from the corresponding 2D axial images. From the reconstructed sagittal images, sagittal 

spinal alignment was measured using the Cobb method with ImageJ software (NIH, 1.53). The 

values derived by two blinded and independent orthopedic surgeons were averaged.   

 

Axial cross-sectional area of the erector spinae muscle at the level of L4 was measured using the 

ROI contour tool on ImageJ.  

 

The vertebral height, vertebral body wedging, histomorphometry of trabecular bone, disc height 

and disc wedge indexes in the region of the lumbar spine (L1 to L6) were analyzed using CTAn 

software (1.15.4) supplied with the SkyScan 1176. Given that the thoracic and lumbar vertebrae 

are structurally (25) and biomechanically different (26), the lumbar region (L1 to L6) was chosen 

for analysis in this study for consistency. Vertebral body wedging was calculated as the ratio 
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between the posterior and anterior vertebral body heights. Trabecular bone was identified 

manually by region of interest, with the aid of interpolation tools in the coronal plane of each 

lumbar vertebra (L1 to L6). Microstructural parameters including bone volume fraction (BV/TV, 

%), trabecular thickness (Tb.Th.,  m), trabecular number (Tb.N., mm
−1

), and trabecular separation 

(Tb.Sp.,  m) were calculated by CTAn. Coronal sections of the L4 vertebral body were captured 

to demonstrate gross differences in bone volume fraction.   

 

Disc Height Index (DHI) is the thickness of the IVD relative to the vertebra height, and was 

determined by the following equation: Disc Height Index (DHI) = [2 × (DH1 + DH2 + DH3)]/(A1 

+ A2 + A3 + B1 + B2 + B3)(27, 28). A and B represent the height of the vertebral bone 

immediately rostral and caudal to the IVD of interest, respectively; and DH represents the disc 

height between the two adjacent vertebrae (A and B) (Figure 1). The disc wedge index (DWI) 

reflects the shape of the IVD, and was calculated by dividing DH3/DH1 (27, 28) (Figure 1).  

 

Histology and immunohistochemical (IHC) staining  

After micro-CT scans, paraspinal muscle at the level of L4 was harvested and fixed with 4% 

paraformaldehyde for 5 days. This was followed by gradient ethanol dehydration, xylene 

clearance and paraffin embedment before slicing into 5μm cross-sections. Muscle sections were 

stained by Mayer haematoxylin and eosin (H&E) stain to analyze degree of myopathy. The choice 

of muscle sampling at L4 was to demonstrate proof of concept of TSC1mKO mice in generating 

myopathy that would be minimally confounded by the effects of progressive spinal kyphosis.   

 

For immunohistochemical (IHC) staining, antigen was retrieved using citric acid buffer (pH 6, at 

95C) for 10 mins. Muscle sections were treated with protein block (Abcam 156024) for 10 

minutes followed by overnight incubation at 4C with primary antibodies (Peroxisome 

proliferator-activated receptor γ coactivator 1α (PGC-1α) Invitrogen 38021 1:200). After washing 

with PBS + 0.1% Triton X-100, muscle sections were incubated with Alexa Fluor 555 conjugated 

wheat germ agglutinin (WGA) and secondary antibodies (Sigma Anti-rabbit IGG CF 488 1:1000) 

at 4C for 1 hour, then washed and mounted with Slowfade diamond with DAPI (4',6-Diamidino-

2-Phenylindole) (Invitrogen™). Muscle fiber size, density of central nucleus, as well as 

percentage of small triangular muscle fibers and PGC-1α stained fibers were evaluated by ImageJ. 

 

Spine specimens were cut at the level of T12 to separate thoracic and lumbar regions after 

decalcification with Morse’s solution (10% trisodium citrate, 20% formic acid) for three days at 

4C. Specimens were washed with tap water, dehydrated with 70% and 100% ethanol, cleared 

with xylene, embedded in paraffin, and sliced into 7 m sagittal sections. After dewaxing and 
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rehydration, sagittal sections were stained with FAST (Fast green, Alcian blue, Safranin-O, and 

Tartrazine) and graded for disc health according to the standard protocol (29). A 14-point disc 

score was used to calculate changes in nucleus pulposus (NP) structure and cellularity (6 points), 

annulus fibrosus (AF) structure (6 points), and AF/NP interface (2 points) (30). 

 

 

Statistical analysis 

Continuous variables were reported using means ± standard deviations. Unpaired t-tests were used 

to compare differences in the degrees of Cobb’s angle, vertebral height, vertebral body wedging, 

BV/TV, Tb.Th., Tb.N., Tb.Sp, DHI, DWI, erector spinae muscle cross-sectional area, muscle fiber 

size, density of central nucleus, small triangular muscle fibers, PGC-1α positive fibers and disc 

score between TSC1mKO and control groups across same time points. One-way ANOVA with 

Tukey’s post-hoc tests were used to determine differences of the above variants between different 

time points (9 months versus 12 months) within each group. All statistical analyses were 

performed using IBM SPSS v25.0 with statistical significance set at P < 0.05 throughout. 
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RESULTS 

The genotype of TSC1mKO and control mice were confirmed by polymerase chain reaction 

(PCR) (Figure 2a). Histological examination of H&E stained paraspinal muscle sections of 9- and 

12-months-old TSC1mKO revealed features of myopathy such as intracellular inclusions, central 

nuclei and large myonuclei (Figure 2c, 2e). In addition, vacuolated fibers were found in 12-

months-old TSC1mKO mice paraspinal muscle that were not present in 9-months-old 

counterparts. These myopathic features were absent in the age-matched control mice (Figure 2b, 

2d), and showed striking similarities to human sarcopenic paraspinal muscle (31). 

 

From micro-CT images, erector spinae muscle cross-sectional area was smaller in 9- and 12-

months-old TSC1mKO mice compared to control mice, with statistical significance at 12 months 

(9-months-old TSC1mKO 66.97 ± 6.80 mm
2 

vs Control 72.84 ± 15.80 mm
2
, P=0.35; 12-months-

old TSC1mKO 48.54 ± 10.20 mm
2 

vs Control 65.02 ± 6.85 mm
2
, P=0.007), suggesting paraspinal 

muscle wasting. On the WGA/DAPI stained muscle sections, larger muscle fiber size, presence of 

small triangular muscle fiber, and greater density of central nuclei indicates muscle degeneration 

and myopathy. The average fiber sizes of 12-months-old TSC1mKO mice were larger than the 

age-matched control mice (12-months-old TSC1mKO 2309.41 ± 856.67 µm
2 

vs Control 1311.41 ± 

79.67 µm
2
, P=0.043; Figure 3a-d). The percentage of small triangular muscle fiber was greater in 

TSC1mKO mice compared to controls, with further increases with age (9-months-old TSC1mKO 

4.29 ± 1.95% vs Control 0.17 ± 0.21%, P<0.001; 12-months-old TSC1mKO 6.30 ± 4.85%
 
vs 

Control 0.96 ± 1.19%, P=0.001). Central nucleus densities in 9- and 12-months-old TSC1mKO 

mice were higher than age matched controls as well (9-months-old TSC1mKO 17.39 ± 4.95% vs 

Control 1.02 ± 0.52%, P=0.001; 12-months-old TSC1mKO 18.90 ± 6.61% vs Control 3.43 ± 

2.19%, P=0.021).  

 

In terms of paraspinal muscle immunofluorescence staining, the presence of PGC-1α stained 

(green fluorescent) fiber suggests muscle degeneration and myopathy. 9-months-old TSC1mKO 

mice were found to have lower percentage of PGC-1α stained fibers compared to 12-months-old 

TSC1mKO mice (9-months-old TSC1mKO 14.12 ± 8.98% vs 12-months-old TSC1mKO 22.94 ± 

3.28%, P=0.047), although this only reached borderline significance when compared to age-

matched controls (Figure 3e-h).  

 

In terms of spinal alignment, TSC1mKO mice developed accelerated thoracolumbar kyphosis 

(Figure 4). In comparison with the age-matched control mice, TSC1mKO mice demonstrated a 

more kyphotic Cobb angle only at 12 months (TSC1mKO 83.67 ± 17.18 vs Control 47.80 ± 

23.48, P=0.002). There is also an increase in kyphotic angle observed in TSC1mKO mice from 9 
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months to 12 months (9-months-old 58.67 ± 11.11 vs 12-months-old 83.67 ± 17.18, P=0.009, 

Figure 4b), but not in control mice (9-months-old 41.83 ± 15.34 vs 12-months-old 47.80 ± 

23.48, P=0.316).  

 

In terms of bone changes, representative coronal sections of the L4 vertebral body showed higher 

bone volume fraction in TSC1mKO mice compared to controls (Figure 5a). At 9 months old, the 

differences in trabecular histomorphometry parameters between TSC1mKO and control mice did 

not reach statistical significance (Table 1). At 12 months old, TSC1mKO mice had higher bone 

volume fraction and quality (higher trabecular number, thickness and lower trabecular separation) 

than control mice, albeit without significant loss of vertebral body height (Table 1). In addition, 

micro-CT sagittal sections of L1 to L6 vertebrae showed higher bone sclerosis particularly the 

anterior aspect of the vertebrae of 12-months-old TSC1mKO mice compared to controls (Figure 

5b). TSC1mKO mice generally had a higher vertebral body posterior to anterior ratio (Table 1) 

reaching borderline statistical significance, which is suggestive of greater vertebral body wedging 

compared to control mice. Vertebral body fractures were not observed in any of the study mice.  

 

In terms of changes in intervertebral disc, more intervertebral disc scores of 12-months-old 

TSC1mKO were higher than controls (L1/2, L2/3, L3/4, L4/5, L5/6) compared to 9-month-old 

TSC1mKO mice (L1/2, L3/4, L5/6). Qualitative assessment of disc histology showed early signs 

of disc degeneration such as reduced extracellular matrix, loss of nucleus pulposus cells and 

widened annulus fibrosus lamellae in L5/6 discs of 9-months-old TSC1mKO mice (Figure 6) and 

continued to progress at all levels until 12-months-old. The degree of IVD degeneration appeared 

to be level-dependent, affecting the lower lumbar levels to a greater extent. At 12 months, the 

intervertebral disc at L5/6 had reduction of DHI as well which was not present at 9 months (12-

months-old TSC1mKO 0.081 ± 0.008 vs Control 0.095 ± 0.013, P=0.01; 9-months-old TSC1mKO 

0.085 ± 0.009
 
vs Control 0.082 ± 0.006, P=0.34), and suggests progressive and increasingly rapid 

IVD degeneration in TSC1mKO mice only after 9-months-old. In addition to loss of height, DWI 

generally increased in TSC1mKO compared to age-matched controls, and was most remarkable at 

L2/3 (9-months-old TSC1mKO 1.90 ± 0.17 vs Control 1.58 ± 0.17, P=0.039; 12-months-old 

TSC1mKO 2.62 ± 0.60
 
vs Control 1.80 ± 0.39, P=0.002) and L3/4 levels (9-months-old 

TSC1mKO 1.85 ± 0.11 vs Control 1.58 ± 0.07, P=0.014; 12-months-old TSC1mKO 2.39 ± 0.69 

vs Control 1.74 ± 0.21, P=0.016) at 9 and 12 months. TSC1mKO mice also showed increase in 

DWI at L2/3, L3/4 and L5/6 from 9 to 12 months compared to controls, which showed no changes 

in DWI.  
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Table 2 provides a summary of all the significant findings comparing 9- and 12-months old 

TSC1mKO and Control mice.  

 

DISCUSSION  

The pathophysiology behind the kyphosing human spine is complex and involves 

biomorphological changes in paraspinal muscle, vertebral bone and intervertebral disc. Hey et al 

(32) theorized that the natural inclination of humans to slouch and hunch their spine, served to 

conserve energy by employing posterior spinal ligamentous tension band in the upright posture, 

inadvertently contributed to a vicious cycle of underutilization of paraspinal musculature and 

promotes spinal kyphosis. In conjunction with the aforementioned postural changes, intervertebral 

disc degeneration leading to loss of disc height, as well as bone remodeling leading to vertebral 

body wedging further contributed to the development of hyperkyphosis (33, 34). Current studies 

are inadequate at explaining the exact pathoetiology of this complex physiological process 

observed in aging. Therefore, this animal study which uses gene knock-out technology to generate 

tissue-specific myopathy in a rodent model will serve as the first step to produce a model for 

elucidating the pathological consequence of paraspinal myopathy under controlled conditions. 

Further studies on bipedal animals will follow to enable bench-to-bedside translation of attained 

knowledge. 

 

This study had successfully proven the effect of TSC1 gene knockout on the development of 

paraspinal muscle myopathy in a mouse. Erector spinae muscle cross-sectional area was 

significantly reduced in 9- and 12-months-old TSC1mkO mice compared to controls, suggesting 

volumetric loss of paraspinal muscle which may be suggestive of muscle weakness. In an earlier 

study which employs 12-months-old TSC1mKO mice (21), sarcopenic histological changes such 

as vacuolated fibers and intracellular inclusions were observed in tibialis anterior muscle. These 

were also found in the paraspinal muscles of our 9- and 12-months-old TSC1mKO mice on H&E 

staining. In addition, our study found greater density of small triangular muscle fiber, larger 

muscle fiber size, and greater density of central nuclei on WGA/DAPI and muscle fibers stained 

with PGC-1α, which confirmed that TSC1mKO mice develop tissue-specific myopathy that 

affects both the peripheral and the paraspinal muscles, and can be appropriately used to study the 

longitudinal effects of myopathy on spinal kyphosis, intervertebral disc degeneration and vertebral 

bone remodeling. In addition, the slow and progressive onset of myopathy in this model closely 

mimics the process of sarcopenia – an age-related process marked by gradual muscle dysfunction 

– making it favorable to be used for understanding the kyphosing process in humans.  
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Following an increasing recognition of the disability that comes with sagittal spinal imbalance in 

patients with adult spinal deformity, many recent cross-sectional studies were performed to 

investigate truncal muscle integrity and its effects on spinal alignment changes in the elderly (35, 

36). Lorbergs et al. reported that a smaller muscle cross-sectional area and lower quality of 

thoracic spine muscles were associated with a larger kyphotic Cobb angle in a population aged 50 

years and above (35). Several clinical studies have also correlated changes in paraspinal muscle 

strength with severity of thoracic kyphosis (11, 37). Similar to these observations in humans, Mdx 

mice (13) and tetranectin-deficient mice (38) with proven muscle weakness have also been shown 

to develop kyphosis. Our current study uses TSC1mKO mice which displayed consistent 

reduction of paraspinal muscle quality and kyphosis development in a gradual and age-dependent 

manner. The changes in Cobb angles at 12-month-old, but not in 9-month-old TSC1mKO mice 

compared to control counterparts, as well as the significant increase in Cobb angle from 9 to 12-

months-old in TSC1mKO mice but not in controls attest to these concepts.  

 

The role of paraspinal myopathy in causing accelerated disc degeneration has been shown in 

humans, large animals and mice models previously. Increased static compressive stress in 

intervertebral discs which often occurs when humans assume prolonged energy-conserving slouch 

postures can result in raised disc pressures (39, 40), thereby inducing disorganized annulus fibers, 

decreased nuclear cellularity and extracellular aggrecan content (41). This had been demonstrated 

in an in vivo mouse model (42). In large animal studies, injection of botulinum toxin into the 

paraspinal muscle of monkeys that generated muscle weakness also induced disc degeneration 

(43). In a literature review, Stokes et al. theorized that overloading conditions such as those of 

impaired neuromuscular control of paraspinal or abdominal muscles can generate tissue trauma 

and/or adaptive changes resulting in disc degeneration in animal models (44). In our current study, 

histological analysis following FAST staining confirmed disc degeneration occurring in 

TSC1mKO mice as early as 9-months-old through reduction of extracellular matrix and cellularity 

of the nucleus pulposus. Our study also showed greater disc degeneration with widened annulus 

fibrosus lamellae in aged 12-months-old TSC1mKO mice, with increased severity at the lower 

lumbar levels. Since the compressive force on the intervertebral discs is more likely experienced 

in the lower spinal segments due to gravitational force on body weight especially during load-

bearing activities, it is expected that these segments manifest the greatest degeneration changes 

over time.  

 

In addition, notwithstanding that paraspinal myopathy can also cause spinal kyphosis which may 

be closely related to accelerated disc degeneration, disc wedging, which could contribute to spinal 
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kyphosis, was already noticed in 9-month-old TSC1mKO mice at L2/3 and L3/4. At 12-months-

old, further disc wedging was found in L1/2-L3/4. This was associated with loss of DHI at L5/6 

which was significantly lower compared with age-matched controls. The progressive findings of 

disc wedging and subsequently loss of disc height in aging TSC1mKO mice are possible 

contributors to increasing spinal kyphosis in a vicious cycle. Based on the chronological sequence 

of events (Table 4), it is likely that spinal kyphosis occurs early in paraspinal myopathy in 

association with disc wedging. It is important to highlight that disc wedging may still be reversible 

in a mobile spine, while loss of disc height is probably not. Therefore, histological disc 

degenerative changes observed at 9 months may result from dysfunctional loading or mobility 

mechanics in spinal compression and distraction shown in earlier rabbit studies (45, 46). With 

persistent kyphosis, continued loading of the spine leads to accelerated disc degeneration which 

eventually results in irreversible loss of disc height and further spinal kyphosis.     

 

Unlike the mdx mouse model (47), TSC1mKO mice did not show myopathy-induced bone loss. 

On the contrary, L1-L6 bone volume fraction, trabecular thickness and trabecular number were 

significantly higher in TSC1mKO mice compared to controls as they reached 12 months of age. 

According to Wolff’s law (40), mechanical loading stimulates bone formation in stressed areas 

(38, 39), and likely explains why the anterior cortex of vertebral bodies were more sclerotic on 

micro-CT sagittal cuts. In addition, greater wedging of the lumbar vertebral bodies could be 

explained by growth modulation following Hueter-Volkmann's law since greater loading exist 

anteriorly. Therefore, myopathy-induced vertebral body wedging and osteoporosis are likely two 

independent processes that occurs with aging. The absence of vertebral fractures also ruled out the 

possibility of fragility fracture as a confounder for spinal kyphosis in the TSC1mKO mice model 

(48, 49). Nevertheless, bony changes which appeared only at 12 months is likely a delayed process 

contributing to late-stage spinal kyphosis. 

 

This study is the first to provide key insights on the early and late pathological consequence of 

paraspinal myopathy on intervertebral disc degeneration, spinal kyphosis, and vertebra changes. 

While extrapolation of our study findings to humans is discouraged at this stage without further 

studies on erectus models, this new understanding may potentially form the basis for future studies 

to look into prevention or reversal of myopathy using various forms of therapies. Prevention 

and/or reversal of degenerative changes may herald a new paradigm of management strategies in 

spine surgery.  
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This study has several limitations. Firstly, paraspinal muscle function in terms of power and 

endurance was not directly measured but implicated from the loss of muscle bulk and histological 

changes mimicking sarcopenic muscles. Future studies can be performed to directly assess 

paraspinal muscle function via motion analysis and single muscle fiber contractility tests. 

Secondly, our study included 2 time points (9 and 12 months) to analyze the various spinal 

components. Having more time points for analysis would allow improved precision in detecting 

chronological developments of each process. This can be taken into account in future studies. 

Thirdly, the biomechanics of quadrupedal mice, while reported to be similar to bipedal humans, is 

not fully identical. Further studies on erectus models such as in monkeys would be required prior 

to extrapolation of findings to humans.   
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CONCLUSIONS 

In summary, this study had successfully proven the effect of TSC1 gene knockout on the 

development of paraspinal muscle myopathy in a mouse characteristic of human sarcopenia. As 

such, longitudinal observation of the changes in spinal alignment, intervertebral disc and vertebral 

body structure may be used to understand spinal changes in human aging. It is by far, the best 

model available to study the pathological consequence of sarcopenia using a mice spine. With 

paraspinal muscle myopathy established as early as 9 months, TSC1mKO mice developed disc 

degeneration and disc wedging. This is followed by kyphosis of the spine with concomitant disc 

height loss, vertebral body wedging and bone remodeling. Myopathy-induced bone loss was not 

found in our study, suggesting osteoporosis and myopathy-induced vertebral body wedging are 

likely two independent processes.    
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FIGURE LEGENDS  

 

Figure 1. Diagram demonstrating the calculation for Disc Height Index (DHI) and Disc Wedge 

Index (DWI). 

 

Figure 2. (a) PCR result of TSC1 and Cre gene. (B-E) H&E staining of paraspinal muscle in (b) 9-

months-old control mice, (c) 9-months-old TSC1mKO mice, (d) 12-months-old control mice and 

(e) 12-months-old TSC1mKO mice. Figures b to e demonstrate increased presence of intracellular 

inclusions (black triangle), central nuclei (red triangle), large myonuclei (thin arrow) and 

vacuolated fibers (circle) in TSC1mKO mice, especially at 12 months old. Magnification 400X. 
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Figure 3. (a-d) WGA stained muscle fiber (Red) and DAPI stained nucleus (Blue) in (A) 9-

months-old control mice, (b) 9-months-old TSC1mKO mice, (c) 12-months-old control mice and 

(d) 12-months-old TSC1mKO mice. Figures a to d demonstrate increased muscle fibre size, 

presence of small triangular fiber (White Triangle) and central nucleus (White Arrow) in 

TSC1mKO mice, especially at 12 months old. Magnification 200X, Scale Bar 50 µm. (e-h) 

Immunofluorescence stained muscle fibers in (e) 9 months old control mice, (f) 9 months old 

TSC1mKO mice, (g) 12 months old control mice and (h) 12 months old TSC1mKO mice. Figures 

e to h demonstrate higher percentage of PGC-1α-stained (Green) muscle fiber in 12 months old 

TSC1mKO mice. Magnification 200X, Scale Bar 50 µm. 

 

Figure 4. Micro-CT sagittal view of the spine in 9- and 12-months-old control and TSC1mKO 

mice demonstrating accelerated thoracolumbar kyphosis in TSC1mKO mice which increases with 

age. 
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Figure 5. (a) Micro-CT coronal view of L5 vertebra in 9- and 12-months-old control and 

TSC1mKO mice showing higher bone volume fraction in TSC1mKO mice compared to controls. 

(b) Micro-CT Sagittal views of L1 to L6 vertebra in 9- and 12-months-old control and TSC1mKO 

mice higher vertebral body posterior to anterior ratio suggesting wedging in TSC1mKO mice 

which increases with age. 
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Figure 6. Sagittal FAST stained sections of L1/2 to L5/6 intervertebral disc in 9- and 12-months-

old control and TSC1mKO mice showing progressive disc degeneration with age, more so at the 

lower lumbar levels in TSC1mKO mice. Disc degeneration is evidenced by reduction of 

extracellular matrix (blue), nucleus pulposus cells (orange halo) and widened annulus fibrosus 

lamellae (orange). Magnification 100X, scale bar 500 µm. 
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Table 1. Comparison of Cobb angle, vertebral height and trabecular bone histomorphometry 

findings in 9- and 12-months-old TSC1mKO and Control mice     

 9 Months 12 Months Comparison analysis (P value)  

 Contro

l 

(n=4) 

TSC1mK

O 

(n=7) 

Contro

l 

(n=9) 

TSC1mK

O 

(n=8) 

9 Months 

Control vs 

TSC1mK

O 

12 Months 

Control vs 

TSC1mK

O 

TSC1mK

O  

9 Months 

vs 12 

Months  

Control  

9 

Months 

vs 12 

Months  

Vertebra Height (µm, mean ± SD)  

L

1 

2774 ± 

209 

2710 ± 

371 

3041 ± 

278 

3127 ± 

149 

0.386 0.192 

0.029* 

0.104 

L

2 

2988 ± 

224 

2915 ± 

164 

3169 ± 

266 

3301 ± 

111 

0.118 0.093 

0.001* 

0.254 

L

3 

3155 ± 

91 

3044 ± 91 3271 ± 

129 

3371 ± 

150 

0.114 0.051 

0.0002* 

0.103 

L

4 

3148 ± 

142 

2928 ± 

199 

3391 ± 

145 

3411 ± 

103 

0.096 0.295 

0.001* 

0.026* 

L

5 

3028 ± 

111 

2842 ± 80 3351 ± 

127 

3397 ± 

163 

0.004* 0.213 

<0.001*  

0.001* 

L

6 

2812 ± 

143 

2744 ± 

178 

3323 ± 

145 

3374 ± 

173 

0.197 0.267 

0.0001* 

0.006* 

Vertebra Wedging (Posterior/Anterior Ratio, 

mean ± SD) 

 

L

1 

1.06 ± 

0.04 

1.11 ± 

0.04 

1.08 ± 

0.02 

1.11 ± 

0.04 

0.087 0.355 0.441 0.101 

L 1.07 ± 1.14 ± 1.09 ± 1.11 ± 0.035* 0.054 0.171 0.209 
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2 0.01 0.04 0.02 0.04 

L

3 

1.03 ± 

0.07 

1.14 ± 

0.04 

1.06 ± 

0.01 

1.08 ± 

0.03 

0.040* 0.062 0.056 0.226 

L

4 

1.06 ± 

0.03 

1.08 ± 

0.04 

1.05 ± 

0.03 

1.04 ± 

0.04 

0.337 0.400 0.167 0.267 

L

5 

1.04 ± 

0.02 

1.07 ± 

0.03 

1.02 ± 

0.01 

1.03 ± 

0.04 

0.123 0.097 0.076 0.057 

L

6 

1.03 ± 

0.01 

1.01 ± 

0.02 

1.02 ± 

0.01 

1.02 ± 

0.02 

0.119 0.446 0.351 0.046* 

BV/TV (%, mean ± SD)  

L

1 

20.97 

± 5.51 

29.50 ± 

14.77 

18.00 

± 7.88 

33.08 ± 

9.11 

0.214 0.001* 0.362 0.252 

L

2 

19.56 

± 7.53 

22.94 ± 

10.88 

11.81 

± 3.91 

33.25 ± 

10.46 

0.342 <0.001* 0.120 0.105 

L

3 

17.18 

± 6.51 

18.62 ± 

7.32 

12.38 

± 4.26  

29.41 ± 

11.67 

0.406 0.002* 0.058 0.165 

L

4 

16.48 

± 3.91 

20.72 ± 

9.58 

10.27 

± 4.33 

27.97 ± 

9.13 

0.268 <0.001* 0.165 0.042* 

L

5 

18.20 

± 4.21 

27.26 ± 

9.54 

12.48 

± 5.13 

29.73 ± 

10.55 

0.119 0.001* 0.364 0.062 

L

6 

15.04 

± 3.95 

28.72 ± 

15.10 

13.53 

± 5.46 

28.23 ± 

4.51 

0.127 <0.001* 0.480 0.347 

Tb.Th (µm, mean ± SD)  

L

1 

75 ± 5 83 ± 10 82 ± 

13 

106 ± 10 0.124 <0.001* 0.018* 0.092 

L 77 ± 7 88 ± 24 80 ± 117 ± 11 0.210 <0.001* 0.083 0.219 
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2 12 

L

3 

74 ± 8 83 ± 17 80 ± 7 109 ± 17 0.221 0.001* 0.043* 0.171 

L

4 

79 ± 8 90 ± 20 78 ± 5 112 ± 21 0.228 0.001* 0.090 0.403 

L

5 

86 ± 5 105 ± 20 83 ± 

10 

123 ± 24 0.108 0.001* 0.136 0.443 

L

6 

80 ± 2 96 ± 23 85 ± 

10 

117 ± 13 0.124 <0.001* 0.018* 0.092 

Tb.Sp (µm, mean ± SD)  

L

1 

255 ± 

44 

208 ± 14 286 ± 

56 

218 ± 38 0.098 0.005* 0.282 0.188 

L

2 

280 ± 

48 

264 ± 70 372 ± 

68 

291 ± 212 0.376 0.164 0.380 0.002* 

L

3 

279 ± 

21 

299 ± 29 406 ± 

26  

255 ± 63 0.192 <0.001* 0.076 <0.001

* 

L

4 

397 ± 

21 

358 ± 67 440 ± 

95 

291 ± 47 0.339 0.001* 0.106 0.042* 

L

5 

407 ± 

79 

346 ± 80 471 ± 

42 

316 ± 59 0.200 <0.001* 0.300 0.072 

L

6 

363 ± 

79 

319 ± 63 385 ± 

65 

296 ± 46 0.290 0.002* 0.302 0.461 

Tb.N (mm
−1

, mean ± SD)  

L

1 

2.41 ± 

0.46 

2.83 ± 

0.25 

2.41 ± 

0.46 

3.10 ± 

0.73 

0.128 0.008* 0.191 0.241 

L 2.17 ± 2.13 ± 2.17 ± 2.87 ± 0.388 0.001* 0.030* <0.001
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2 0.07 0.21 0.07 0.90 * 

L

3 

1.93 ± 

0.44 

1.84 ± 

0.32 

1.93 ± 

0.44 

2.63 ± 

0.72 

0.393 0.002* 0.018* 0.134 

L

4 

1.82 ± 

0.61 

1.93 ± 

0.74 

1.82 ± 

0.61 

2.45 ± 

0.50 

0.425 <0.001* 0.174 0.149 

L

5 

1.84 ± 

0.39 

2.19 ± 

0.53 

1.84 ± 

0.39 

2.38 ± 

0.59 

0.206 0.003* 0.316 0.131 

L

6 

1.84 ± 

0.47 

2.39 ± 

0.61 

1.84 ± 

0.47 

2.43 ± 

0.44 

0.128 0.008* 0.191 0.241 

* p<0.05 
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Table 2. Summary of significant findings comparing 9- and 12-months-old TSC1mKO and 

Control mice 

Components Features  In 9 Months 

TSC1mKO 

compared to 

Controls:  

In 12 Months 

TSC1mKO 

compared to 

Controls: 

Muscle  Features of myopathy  + ++ 

Greater density of small triangular fibre  + + 

Greater density of central nucleus  + + 

Larger muscle fibre size - + 

Greater erector spinae muscle cross-

sectional area 

- + 

Greater density of PGC-1α stained fibre  - - 

Spinal 

alignment  

Greater cobb angle  - + 

Bone  Higher bone volume fraction in Coronal 

sections of L5 vertebra  

+ ++ 

Higher bone sclerosis at anterior aspect 

of vertebral body 

- + 

Higher bone volume fraction (BV/TV) - + 

Higher trabecular number (Tb.N) - + 

Higher trabecular thickness (Tb.Th) - + 

Lower trabecular separation (Tb.Sp) - + 

Loss of vertebral height  - - 

Higher vertebral body posterior/anterior 

ratio 

- - 
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Disc Features of disc degeneration  + ++ 

Higher disc scores + + 

Higher disc wedge index + ++ 

Lower disc height index - ++ 

+ present; - absent 

 

 

                  


