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Reports of muscle dysfunction in chronic low back pain disorder patients are common. 

Notably, the intrinsic cellular mechanisms responsible for active muscle contraction and 

force production in the spine muscles have never been investigated in any manner, thus 

impeding proper prevention and resolution. In this research I aim to satisfy two key 

objectives: 1) increase our understanding of the intrinsic (dys)functioning of the spine 

muscles in human degenerative spine patients, and 2) unravel the direct mechanistic 

interplay between paraspinal muscle and spine pathology. In study #1 intraoperative 

biopsies were obtained from degenerative spine patients undergoing surgery, and 

muscle function was tested using single muscle fibre contractility experiments. The 

findings suggest that degenerative spine and spinal deformity patients have intrinsic 

muscle contractile impairments compared to healthy age-matched literature norms, with 

sagittally imbalanced patients being most significantly affected. In studies # 2 and #3, I 

assessed single muscle fibre contraction from genetically engineered (study #2) and 

experimental myopathic (study #3) mice. These animal studies demonstrate that 1) the 

functional properties of the paraspinal muscles remodel, resulting in contractile 

impairment, in direct response to pathological changes to the spine, and 2) the initiation 

of paraspinal muscle pathology directly leads to kyphotic spinal deformity. 
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1 Introduction  

1.1 Motivation 

Reports of muscle dysfunction and insufficiency in chronic low back pain disorder 

(LBPD) patients are common and have included evidence of lower muscle strength 

(Reid et al., 1991) endurance (Hultman et al., 1993) and greater fat content (Kjaer et al., 

2007; Parkkola et al., 1993) compared to asymptomatic populations. However, the 

fundamental cellular mechanisms responsible for active muscle contraction and force 

production in the spine muscles have never been investigated in any manner, let alone 

compared between healthy and pathological spine conditions, thus impeding proper 

prevention and resolution.  

Two important areas remain elusive: 1) our fundamental understanding of the 

(dys)functioning of the spine muscles is poorly understood (Hodges & Danneels, 2009; 

Noonan et al., 2021). Intrinsic cellular-level muscle contractile properties (for e.g., 

specific force (measure of muscle force generating capability per unit area)) can have a 

profound effect on muscle force output but have been unstudied in the spine muscles to 

date.  2) The direct mechanistic interplay between paraspinal muscle pathology and low 

back pain disorders remains obscure. 
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1.2 Objectives and Outline of the Dissertation  

In this dissertation I investigated the intrinsic (dys)functioning of the paraspinal muscles 

in human degenerative spine and spinal deformity patients. I then attempted to untangle 

the mechanistic interplay between paraspinal muscle pathology and low back disorders 

using genetically engineered and experimental mouse models. 

In chapter 2 I reviewed the most important topics related to this thesis. 

In chapter 3 I investigated the intrinsic contractile and structural properties related to 

fundamental muscle function in a group of degenerative spine and adult spinal deformity 

patients. These are the first data to show a heightened intrinsic contractile muscle 

disorder in degenerative spine patients who are sagittally imbalanced (compared to 

degenerative non-deformity patients). Additionally, I found clear indications that 

degenerative spine patients have intrinsic force sarcomere-length properties that are 

dysregulated, likely in part due to shorter and highly variable thin filament lengths. The 

findings from study 1 (chapter 3) provided important insight into the pathophysiology of 

muscle weakness in human degenerative spine and spinal deformity patients. 

In chapters 4 and 5 I attempted to unravel cause-and-effect associations between 

paraspinal muscle dysfunction and chronic spine pathology. In chapter 4 I investigated 

single muscle fibre contractile function in a model of progressive spine mineralization 

(ENT1-/- mice). The results from this study provided the first direct evidence of cellular 

level impairments in the contractile force generating properties of spine muscles in 

response to chronic spine pathology. In chapter 5 I developed and characterized a 

novel model of paraspinal muscle myopathy using repeated experimental intramuscular 

glycerol injections in C57BL/6 wild type mice. I demonstrated that paraspinal muscle 
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myopathy, including significant paraspinal muscle fibrosis and passive stiffening, leads 

directly to kyphotic spinal deformity. Together, the data from studies 2 and 3 provided 

the first direct evidence that 1) chronic spine pathology including calcification of the 

intervertebral discs can directly lead to cellular level impairments in contractile function 

and 2) paraspinal myopathy can initiate the development of spine deformity. 

In chapter 6 I summarized the primary findings from all three studies, then present the 

conclusions of this dissertation and future areas of study. 
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5 

 
 

2 Literature Review 
 
2.1 Muscle and low back pain disorders 
 
For a full review on this topic, please refer to Noonan et al. (2021).  

 

The muscles surrounding and attaching to the spine (paraspinal muscles) are 

responsible for both moving and stabilizing the spine and are the source of most of the 

loads that spine tissues experience during many daily activities (i.e., lifting, bending); 

thus, they play an extremely crucial role in the proper functioning of the spine and whole 

body (See Figure 2.1 for overview of the main paraspinal muscles). Numerous spine 

pathologies, including intervertebral disc (IVD) herniation (Zhao et al., 2000; Agha et al., 

2020), sagittal balance disorder (Sinaki et al., 1996; Sinaki et al., 2005; Mika et al., 

2005; Roghani et al., 2016), and nonspecific low back pain (Kjaer et al., 2007; Danneels 

et al., 2000; Laasonen et al., 1984; Mannion eet al., 1999) are associated with 

paraspinal muscle adaptations; therefore, these muscle adaptations have been linked 

with a lowered quality of life for millions of patients annually (Demoulin et al., 2007; Ng 

et al., 1998; Hori et al., 2019). Frequently reported muscle-specific adaptations to spine 

pathology and low back pain include: lower muscle endurance (Hultman et al., 1993; 

O’sullivan et al., 2006; Ito et al., 1996), and lower muscle strength (Reid et al., 1991; 

Hultman et al., 1993; Lee et al., 2017), muscle atrophy (Zhao et al., 2000; Danneels et 

al., 2000; Laasonen et al., 1984), fibre type changes (Demoulin et al., 2007; Mannion et 

al., 1997; Mannion et al., 2000), increased intramuscular fat (Laasonen et al., 1984; 

Alaranta et al., 1993) and connective tissue (Agha et al., 2020; Delisle et al., 1993; 

Shahidi et al., 2017), distorted cell populations (Agha et al., 2020; Shahidi et al., 2020), 
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and altered gene expression (Agha et al., 2020; Kudo et al., 2018; James et al., 2020; 

Shahidi et al., 2020; Chen et al., 2021). The following paragraphs will focus on the 

muscle adaptations most relevant to this thesis. 

2.1.1 Fatty-fibrotic adaptations 

The paraspinal muscles of patients with low back pain disorders are prone to 

developing fatty infiltration (intrusion of fatty tissue into the body of the muscle), fibrosis 

(tissue remodeling whereby normal tissue is replaced by collagen-based connective 

tissue), and possibly atrophy (the loss of contractile protein volume, ie, reduced cross-

sectional area of muscle cells and whole muscle); all of which can be considered 

features of muscle degeneration. For example, fatty and/or fibrotic changes have been 

regularly observed using noninvasive imaging in IVD herniation (Kjaer et al., 2007; Kudo 

et al., 2018) facet joint osteoarthritis (Kalichman et al., 2016), nonspecific low back pain 

(Hicks et al., 2005; Mengiardi et al., 2006; Takashima et al., 2016; Ogon et al., 2019), 

and spinal stenosis (Jiang et al., 2017) patients, including greater fatty/fibrotic infiltration 

in patients who have a lower compared to higher functional status (Jiang et al., 2017; 

Chen et al., 2014).  Further, reported magnitudes of fatty infiltration appear to be similar 

in both the multifidus and erector spinae (Fortin et al., 2017; Fortin et al., 2015); 

however, this may be influenced by ethnicity, with erector spinae having greater fatty 

infiltration in Korean (Ito et al., 1996), Finnish (Fortin et al., 2014), and Hungarian 

cohorts (Fortin et al., 2016), but multifidus having greater fatty infiltration in a Swiss 

population (Crawford et al., 2016). 

In addition, fatty infiltration increases with age (Fortin et al., 2014; Crawford et al., 

2016), is greater in women (Ogon et al., 2019; Crawford et al., 2019), and greater fatty 
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infiltration is predictive of continued and frequent LBP at 1 year follow up in both 

muscles (Fortin et al., 2017). 

Fatty-fibrotic changes have also been observed histologically using muscle biopsies 

taken from patients during surgery to treat IVD herniation (Delisle et al., 1993; Shahidi 

et al., 2017). Further, it appears that spinal pathology leading to kyphotic deformation of 

the lumbar spine involves greater degeneration of the paraspinal muscles compared to 

patients without deformity (Delisle et al., 1993). Finally, Agha et al. (2020) discovered 

that the multifidus from patients being surgically treated for IVD herniations had higher 

amounts of fatty and fibrotic tissue than hamstring muscle harvested from patients 

during ACL reconstruction surgery (~14% each vs <1 %). 

2.1.2 Muscle atrophy 

Associations between muscle atrophy and LBPDs have shown mixed results. Imaging 

studies have revealed both atrophic (Barker et al., 2004; Kamaz eet al., 2007; Kang et 

al., 2007; Hides et al., 2008; Wallwork et al., 2009; Kim et al., 2011; Chan et al., 2012) 

and non-atrophic or inconclusive findings (Goubert et al., 2016; Goubert et al., 2017; 

Ranger et al., 2017; Cooley et al., 2018) in the paraspinal muscles of people with 

LBPDs. Two recent systematic reviews (Goubert et al., 2016; Ranger et al., 

2017) agreed that in chronic LBP patients, there is moderate evidence of muscle 

atrophy in the multifidus, whereas in the erector spinae and other paraspinal muscles 

(psoas and quadratus lumborum), the results are inconclusive. It has been shown that 

multifidus cross-sectional area (CSA) is reduced on the affected side in patients with an 

identified IVD herniation presenting for longer than three months but not in those 

presenting for less than one month (Kim et al., 2011). Similar conclusions were reported 
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in a recent systematic review (Cooley et al., 2018) indicating that patients with chronic 

IVD herniation and radiculopathy had a reduction in multifidus CSA on the affected side.  

Histological investigations of paraspinal muscle atrophy in patients with LBPDs are also 

inconsistent, with atrophic (Cooley et al., 2018; Yoshihara et al., 2001; Yoshihara et al., 

2003), non-atrophic (Ford et al., 1983; Agten et al., 2020), or even hyper-trophic 

(Shahidi et al., 2017) findings reported across various LBPD populations. With lumbar 

IVD herniation, some reports have demonstrated that atrophy is present in paraspinal 

muscle fibres (Zhao et al., 2000; Yoshihara et al., 2001; Yoshihara et al., 2003). 

However, others (Shahidi et al., 2017; Bajek et al., 2000) have shown that the muscle 

fibres from IVD herniation patients had larger multifidus fibre CSAs (ie, hypertrophy) 

compared to controls (Bajek et al., 2000) and literature norms for healthy multifidus 

fibres (Shahidi et al., 2017), suggesting muscle fibre atrophy may not be the primary 

factor accounting for muscle loss and degeneration in LBPD patients. Further, a recent 

article by Agten et al. (2020) suggests there are no differences in multifidus and erector 

spinae muscle fibre CSAs in patients with nonspecific CLBP compared to healthy aged-

matched controls. Likewise, Ford et al. (1983) demonstrated that patients undergoing 

surgery for an acute IVD postero-lateral protrusion demonstrated no differences in 

paraspinal muscle fibre CSAs compared to the less-affected side (note that, the 

definition of acute was not reported in this article). 

Ultimately, the reduced lumbar extensor muscle strength that has been reported in low 

back pain patient groups (e.g., Reid et al., 1991; Hultman et al.,1993) is thus better 

explained (at least in part) by muscle fatty and fibrotic infiltration than by muscle 

atrophy. Interestingly, recent mouse work has demonstrated that the loss of force 
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generating capability in fatty muscle is not simply due to a replacement of contractile 

tissue by fat, but also due to an intrinsic decrease in the contractile output of muscle 

(Blitz et al., 2020).  

 
Figure 2.1: Schematic overview of the anatomy of the primary paraspinal muscles: (A) multifidus 
(pink) is the most medial and deep of the paraspinal extensor muscles; (B) longissimus (blue) and 
(C) iliocostalis (green) make up the erector spinae muscle group. (D) Schematic overview of 
skeletal muscle structural hierarchy. Whole muscle can be broken down into fascicles, fibers, and 
myofibrils. Each of whole muscle, fascicles, and fibers are surrounded by connective tissues that 
bind these structural levels with each other and ultimately provide an interconnected network to 
other muscles and the skeleton. (E) Schematic representation of the sarcomere, the fundamental 
force-generating unit of skeletal muscle. (F) Actin-myosin cross-bridge cycle, which is 
responsible for the production of contractile force. From Noonan et al. (2021) with permission 
under a Creative Commons Attribution-Non-Commercial-NoDerivs License. 
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2.2 Spinal degeneration and deformity 
 

Low back pain disorders are the leading cause of global disability (Hoy et al., 2010), the 

most common of all non-communicable diseases (Vos et al., 2019), and are responsible 

for enormous costs (Frymoyer et al., 1991), estimated at up to 200 billion dollars per 

year in the United States alone (Katz et al., 2006). With the prevalence of low back pain 

disorders peaking in older age groups (Frymoyer et al., 1991), combined with an aging 

population (World Population Ageing., 2013), spine related disorders and their 

associated costs are likely to rise (O’Lynnger et al., 2015; Imagama et al., 2011). 

 

Aging of the spine is characterized by facet joint arthritis, degenerated intervertebral 

discs and atrophy of extensor muscles. These degenerative features within the spine 

alter the loading patterns on vertebral bodies and associated spinal structures creating 

further stress on the facet joints, spinal ligaments and tendons, thus contributing to 

further degeneration of the spine and often resulting in a progressive kyphosis and 

sagittal balance disorder (Gelb et al., 1995; Kobayashi et al., 2004; Vital et al., 2004). 

 

Adult spinal deformity is prevalent in ~30% (Kado et al., 2007; Perennou et al., 1994; 

Kebaish et al., 2011) and in some cases as high as 68% (Schwab et al., 2005) of the 

aging population. With this high prevalence, more effort is required to better understand 

the etiology of adult spinal deformity and improve both rehabilitative strategies and 

surgical treatment outcomes. Adult spinal deformity can occur within the sagittal, 

coronal, or axial planes; however, for the purpose of this thesis I will only be focusing on 
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sagittal deformity. To quantify sagittal deformity, several measurements are made on 

lateral (sagittal plane) standing radiographs (Figure 2.2: A, B).  

Sagittal plane alignment is defined by the C7 plumb line dropped from the centre of the 

C7 vertebrae (Diebo et al., 2014; Youssef et al., 2013) (Figure 2.2:C). If the C7 plumb 

line, also known as the sagittal vertical axis (SVA), falls further than 5 cm anterior to the 

posterior corner of the S1 endplate, the patient has global sagittal deformity, termed 

sagittal imbalance (Ailon et al., 2015). The normal kyphosis of the human thoracic spine 

is considered between 20 to 60 degrees (Ailon et al., 2015). Therefore, a kyphosis 

greater than 60 degrees is referred to as hyper-kyphosis (Ailon et al., 2015).  

 

Figure 2.2: A-B) Degenerative lumbar scoliosis with global sagittal malalignment. A,B) Standing 
radiograph shows lumbar scoliosis and global sagittal malalignment (sagittal imbalance) due to 
lumbar kyphosis. C) SVA quantifies global malalignment. Adapted from Taneichi (2016) with 
permission under a creative commons license. Taneichi, H. (2016). Update on pathology and 
surgical treatment for adult spinal deformity. Journal of Orthopaedic Science, 21(2), 116-123. 
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2.3 Diffuse Idiopathic Skeletal Hyperostosis (DISH) and the ENT1 

mouse model 

2.3.1 DISH 

Diffuse idiopathic skeletal hyperostosis (DISH) is a disease that results in the 

calcification of the spinal entheses: the connective tissue attaching tendons or ligaments 

to bone (Nascimento et al., 2014). This excessive calcification/ossification/bone growth 

is what is known as ‘hyperostosis’. The main identifying characteristics of DISH are 1) 

bony outgrowths with a wide base that bulge over the anterior of the vertebral body, 2) 

growths that span the height of the entire vertebral body and 3) presentation is limited to 

older patients.  

 

The following criteria have been proposed to diagnose the involvement of DISH in the 

spine (Resnick, 1978): 

1. Calcification and ossification along the anterolateral portion of at least four 

consecutive vertebral bodies  

2. Preservation of disc height in the involved areas and the absence of extensive 

radiographic changes of degenerative disc disease  

3. The absence of facet and sacral involvement (apophyseal joint body ankylosis and 

sacroiliac joint erosion, sclerosis, or intra-articular body fusion). 

4. The temporal presentation of DISH involves two different patterns that occur 

simultaneously in the spine: 1) ossification of the anterior longitudinal ligament (ALL), 

and 2) the IVD annulus fibrosis (AF).  
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Recently, several review papers have been published summarizing the findings of DISH 

(Mader, Verlaan, & Buskila, 2013; Mazières, 2013; Nascimento et al., 2014; Pillai & 

Littlejohn, 2014) – so the reader is referred to these for a comprehensive review. 

 

2.3.2 ENT1 model of DISH  

Mice lacking Slc29a1, the gene encoding equilibrative nucleoside transporter 1 (ENT1-/-

), have been shown to develop pathological mineralization of the fibrous connective 

tissues of the spine including the ligaments and annulus fibrosus, similar in many ways 

to DISH (Warraich et al., 2013). The progressive ectopic mineralization begins in the 

cervical spine and reaches the lumbar spine of mice by 6 months of age (Figure 2.3). 

This mineralization results in a mechanically stiffer spine (Gsell et al., 2017) and less 

stiff multifidus muscle fibres surrounding the spine (Gsell et al., 2017).  

 

Equilibrative Nucleoside Transporter 1 (ENT1) is a transmembrane glycoprotein that is 

responsible for the uptake of hydrophilic nucleosides through the plasma membrane of 

the cell and mitochondria. It is expressed in all mammals with 79% homology to the 

mouse proteins (Baldwin et al., 2004). Adenosine, a purine nucleoside, is primarily 

transported by ENT1 (Baldwin et al., 2004), and purine metabolism has recently been 

identified to play a key role in the regulation of biomineralization in diseases associated 

with both insufficient or ectopic mineralization (Ii et al., 2016).  

 

To generate a mouse deficient of ENT1, a portion of the protein coding region of 

Slc29a1 is deleted through Cre-Lox recombination. This is done by flanking the targeted 
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gene, or region, with LoxP sites. These are specific DNA sequences that come from the 

bacteriophage P1. The enzyme Cre recombinase recognizes the bacteriophage DNA 

(LoxP sites) and splices them to yield a deletion of the intervening region. In the case of 

the ENT1 KO mouse, this recombination is performed in an embryonic stem cell line 

from a 129X1/SvJ mouse. The KO stem cell line is then inserted into the blastocyst of 

another mouse strain, C57BL/6J, to generate chimeric offspring. Chimeric animals are 

made up of cells from both of the two parent species. In this case, the C57BL/6J or the 

129X1/SvJ which is the ENT1 KO. These offspring are bred with C57BL/6J mice 

(backcrossed) to generate F1 hybrids. Hybrid animals contain cells that are a 

combination of both parent species. The F1 offspring that is heterozygous for ENT1 

(ENT1+/-) are bred together (intercrossed) to generate F2 hybrid offspring that have 

genetic material from approximately 50% C57BL/6J mice and 50% 129X1/SvJ mice. 

These littermates are either homozygous null (ENT1 KO or ENT1-/-), homozygous for 

ENT1 (WT or ENT1+/+) or heterozygous (ENT1+/-). The heterozygous mice are 

continuously bred to maintain a colony, while the KO and WT littermates are used for 

experiments.  

Warraich et al. (2013) first used the ENT1 KO mouse to examine the effects of 

biomineralization. They found that in the absence of ENT1, mice developed progressive 

ectopic mineralization of paraspinal connective tissues. Micro CT analysis of mice at 1-

17 months of age revealed ectopic mineralization beginning at 2 months of age in the 

paraspinal tissues of the cervical spine. This calcification progressed caudally with age, 

affecting the lumbar spines within 6 months. Calcification severity also progressed with 

age, involving the IVDs in both the thoracic and lumbar spine at 6 months of age. By 12 
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months of age, over 30% of the caudal IVDs showed hypermineralization. Analysis of 

the calcified lesions showed that they were hypermineralized, with a density similar to 

normal cortical bone. Histology of the IVD lesions showed that the mineralization was 

localized within the annulus fibrosis, leading to lateral compression of the nucleus 

pulposus, and bulging of the annulus fibrosis out of the IVD space. No signs of ectopic 

mineralization were found in the littermate ENT1 WT mice at any age, or in the 

heterozygous littermates that were examined at 6 months of age.  

 

Hinton et al. (2014) reported decreased body mass in the ENT1 KO mice across a 7–

12-month timespan, supporting previous work by Choi et al. (2004) in 10–12-week-old 

mice. Hinton et al. also quantified % body fat and found that it was decreased in KO 

mice at this age. Motor function was also impaired in 10.5-month-old ENT1 deficient 

mice including deficits in motor coordination and locomotor ability. Specifically, ENT1 

KO mice performed worse on an accelerating rotarod treadmill compared to their WT 

controls. This impaired locomotor ability can be explained by the observation that ENT1 

KO mice at 8 months of age displayed decreased hind limb mobility, which by 12 to 17 

months of age had progressed to hind limb paralysis (Warraich et al., 2013). Post-

mortem analysis (at 17 months of age) demonstrated that calcified lesions were present 

in the paraspinal and intervertebral tissues, and in some cases in the spinal canal. This 

suggests that the spinal cord, and potentially also nerve roots, were impinged upon, 

which may explain the mobility issues noted in these two studies. It remains to be 

determined at what age the ENT1 deficient mice become less functionally mobile.  
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Figure 2.3: µCT imaging using 3D rendering of the lumbar spine from ENT1 (KO) and WT mice at 8 
months of age. Not the ectopic mineralization indicated with the white arrows at the level of L1/2, 
L2/3, L3/4, and L4/5 in the KO spine. Adapted from Gsell et al. (2017) with permission under a 
creative commons license. Gsell et al. (2017) Paraspinal Muscle Passive Stiffness Remodels in 
Direct Response to Spine Stiffness: A Study Using the ENT1-Deficient Mouse. Spine, 42(19), 1440-
1446. 

 
2.4 Intramuscular glycerol injection model 
 
Glycerol-induced muscle injury has been used for studying skeletal muscle regeneration 

in rabbit (Kawai et al., 1990) mice (Joe et al., 2010; Lukjanenko et al., 2013; Mahdy et 

al., 2015; Mahdy et al., 2017; Pagano et al., 2015; Pisani et al., 2010; Uezumi et al., 

2010) and rats (Mahdy et al., 2018). The following is a brief overview of the current 

knowledge of glycerol as a model to induce muscle injury; which includes a delayed 

regenerative process (compared to other commonly used injury models) and includes 

the presence of ectopic adipocyte infiltration as well as fibrosis. For a full review on this 

42 
 

 
Figure 4.1.3 - uCT imaging using three-dimensional isosurface rendering of the lumbar spine from 
a female ENT1 knock-out (KO) and wild-type (WT) mouse at 8 months of age. An anterior view is 
shown with ectopic mineralization indicated with white arrows at the level of L1/2, L2/3, L3/4, and 
L4/5 in the KO spine. Scale bar represents 1mm. 

 

 

 

 



 

   

17 

 
 

topic the reader is referred to Mahdy et al. (2018). All content covered in section 2.4 

refers to a single injection of 50% v/v intramuscular glycerol. 

 

Intramuscular injection of 50% glycerol induces degenerative changes through 

disruption of the myofibre basal lamina (Kawai et al., 1990; Mahdy et al., 2016) resulting 

in myofiber hypercontraction, plasma membrane disruption, vacuolar changes, variation 

in fibre size and selective loss of Z-bands (Kawai et al. 1990). Myofibre hypercontraction 

is a result of water moving from the sarcoplasm to outside the myofibre resulting in 

myofibre shrinkage (Kawai et al. 1990; Mahdy et al., 2016; Demonbreun et al. 2014; 

Dulhunty et al., 1973). These changes in the intracellular conditions activate proteases 

that induce myofibre death (Kawai et al., 1990). 

2.4.1 Muscle regeneration following glycerol injection 
 
Following glycerol induced injury, individual neutrophils are detected at 6-12 hours 

(Mahdy et al. 2016; Suelves et al. 2002) followed by the invasion of monocytes at 24 

hours post injury (Mahdy et al. 2016). Macrophage invasion is delayed until 2 days after 

injury (Suelves et al. 2002), which negatively affects muscle regeneration (Munoz-

Canoves and Serrano 2015; Scheerer et al. 2013). Satellite cell activation begins at 6 

hours and continues up to day 4 following glycerol injury (Mahdy et al. 2016). Initial 

regeneration is characterized by the appearance of myotubes with central nuclei 

(Kasemkijwattana et al. 1998) at ~ day 7 (Lukjanenko et al. 2013; Mahdy et al. 2015; 

Mahdy et al. 2017) as well as the expression of embryonic MHC, indicating de novo 

fibre formation (Charge and Rudnicki, 2004). The diameter of the regenerating 

myotubes increases up to day 14, while remaining immature (central nuclei) fibres 
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suggest delayed muscle regeneration (Mahdy et al. 2015) (Figure 2.4). Interestingly, the 

regenerated myotubes are accompanied by ectopic adipocyte infiltration that appears at 

day 7 (Lukjanenko et al. 2013; Mahdy et al. 2015) and persists up to 4 weeks after 

injury (Pisani et al. 2010) (Figure 2.4). 

2.4.2 Glycerol as a model of ectopic adipocyte infiltration 
 
Reports suggest that glycerol injection negatively affects macrophage function (Pisani et 

al. 2010) by inducing strong stimulation of M2 macrophages (normally dominate in later 

stages of inflammation) and anti-inflammatory cytokines that influence the cytokine 

balance and disturb signals sent to satellite cells, myoblasts and adipocyte progenitors 

resulting in increased adipogenesis (Lukjanenko et al. 2013).  

Several studies have quantified adipocyte accumulation after intramuscular injection of 

glycerol in mice (Pisani et al., 2010; Lukjanenko et al., 2013; Mahdy et al., 2015; Mahdy 

et al., 2017).  Early alterations are characterized by ectopic adipocyte formation 7 days 

after glycerol-induced injury (Lukjanenko et al. 2013; Mahdy et al. 2015; Mahdy et al. 

2017).  

The largest adipocyte area obtained (four weeks following injury) was very small in the 

injured muscles of adult male mice; about 3.2% at 4 weeks after the injection of 25 μl of 

glycerol 25% and less than 1.5% at day 7 after the injection of 25 μl of glycerol 50%, 

(measured from whole muscle section histology)  (Pisani et al. 2010a) which has been 

shown to decrease to 0.6% 14 days following injury (Lukjanenko et al. 2013). 

Interestingly, the injection of a higher volume of glycerol (50 μl) results in a larger 

adipocyte area, about 9.97%, at day 7 after injury (Mahdy et al. 2017), which suggests 

that the volume and concentration of injected glycerol affects the area of fat deposition. 
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On the other hand, a significantly larger adipocyte area was reported in glycerol-injured 

muscle of aged female mice than that of aged male mice (21.1 vs. 2.3%), which 

suggests a role of sex hormones (Pisani et al. 2010a). Therefore, it is important to 

consider the volume and concentration of glycerol, as well as the sex, and age of mice 

during experimental design when using the glycerol-induced injury model.  

2.4.3 Muscle fibrosis following glycerol injection  
 
Glycerol injury also induces deposition of collagen fibres (Chiu et al. 2018; Mahdy et al. 

2015; Mueller et al. 2016). Collagen deposition starts 4-days following glycerol-induced 

injury (Mahdy et al. 2015) - due to the proliferation of fibroblasts (Mahdy et al. 2017). 

Collagen deposition increases progressively with advancement of regeneration and 

becomes apparent at day 14 after injury (Mahdy et al. 2015; Uezumi et al. 2010). Lemos 

et al. (2015) suggested that fibro-adipogenic progenitor (FAP) cells that escape 

apoptosis and persist inside the regenerating muscle acquire a fibrogenic characteristic 

and increase the extra-cellular matrix (ECM) deposition causing fibrosis. Fibrosis further 

impairs normal muscle mesenchymal progenitors into adipocytes in vitro, as well as in 

vivo (Arrighi et al. 2015) and enhances the expression of fibrosis-related genes (Uezumi 

et al. 2011).  

2.4.4 Muscle function following glycerol injection  

It has been suggested that intramuscular adipose tissue directly contributes to muscle 

dysfunction (Goodpaster et al., 2001; Gerber et al., 2007; Hilton et al., 2008; Buford et 

al., 2012; Tuttle et al., 2012; Khoja et al., 2018). However, due to confounding variables 

(e.g., muscle disuse, injury, and systemic disease) a direct link between infiltration of 

intramuscular adipose tissue and reduced strength has been challenging to verify. Blitz 
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et al. (2020) recently demonstrated a direct effect of intramuscular adipose tissue on 

muscle contraction utilizing intramuscular glycerol injection in wild-type mice.  

Specifically, the authors found that, in isolation from the neuromuscular and circulatory 

systems, there remains a muscle intrinsic association between increased intramuscular 

adipose tissue volume and decreased contractile tension that is not explained by a 

reduction in contractile material. The authors concluded that intramuscular adipose 

tissue is not an inactive feature of muscle pathology but rather has a direct impact on 

muscle contraction.  
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Figure 2.4: An overview of typical skeletal muscle repair following a single injection of glycerol-
induced muscle injury. Inflammatory cellular infiltration recruit into the damaged muscle including 
neutrophils, monocytes, and macrophages. Satellite cells proliferate and differentiate into 
myotubes with central nuclei then mature into myofibers with peripheral nuclei. Fibroblasts and 
fibroadipogenic progenitors (FAPs) produce temporary extracellular matrix (ECM) that undergoes 
remodeling by matrix metalloproteinases (MMPs). With repeated glycerol injections we 
hypothesize that there would be a sustained recruitment of inflammatory cells, leading to 
increased fibroblast and FAP recruitment and thus increased production of ECM. Figure was 
created (by A.M Noonan based off Mahdy et al. (2018)) using Mind the Graph).  
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3 Study #1: Single muscle fibre structural and contractile 
characteristics in spinal degeneration and deformity 
patients 

 
A version of this chapter is being prepared to be submitted for publication in a scientific 
journal 
 
 
3.1 Introduction  

Aging of the spine results in a progressive kyphotic deformity and sagittal balance 

disorder in 20-40% of the adult population (Kado et al., 2007). As the aged population 

grows, the prevalence of spinal deformity and degenerative spinal disorders will also 

increase, creating a significant burden on quality of life and social costs (O’Lynnger et 

al., 2015; Imagama et al., 2011).  

Glassmann et al. (2005) found that a positive sagittal imbalance (see methods for 

definition; group III patients in this study) was the most reliable radiographic predictor 

and indicator of the health status of adults with spinal disorders. While various risk 

factors such as vertebral fractures, postural changes, and genetic predisposition may 

help explain sagittal balance disorder (Glassmann et al., 2005; Kado et al., 2007; 

Katzman et al., 2010), paraspinal and spinopelvic muscular dysfunction are often 

hypothesized to be a significant causative factor (Sinaki et al., 1996; Sinaki et al., 2005; 

Mika et al., 2005; Granito et al., 2012; Weale & Weale 2012; Roghani et al., 2016).  

Despite these hypotheses, our fundamental understanding of paraspinal muscle 

(dys)function is poorly understood. For instance, the reported correlation between lower 

back muscle extensor strength and greater thoracic kyphosis in elderly women (Sinaki 
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et al., 1996) may have multiple underlying causes, including muscles having smaller 

physiological cross-sectional areas, reduced neuromuscular activation, or smaller 

moment arms. Further, intrinsic cellular-level muscle contractile properties including 

specific force (measure of muscle force generating capability per unit area), the 

sarcomere force-length relationship (Gordon et al., 1966), and kinetic muscle properties 

such as unloaded shortening velocity (speed of muscle shortening) (Edman, 1979), and 

the rate of force development (rate of crossbridge turnover) (Brenner & Eisenberg, 

1986) can have a profound effect on muscle force output. In addition to these 

fundamental contractile properties, subcellular structural properties influence force 

generating characteristics. For example, thin filament (actin) length dictates the width of 

the sarcomere force length relationship (Walker & Schrodt, 1974; Granzier et al., 1991; 

Gokhin et al., 2009; Ottenheijm et al., 2009). Interestingly, in congenital muscle 

myopathies, thin filament lengths have been shown to be perturbed to shorter lengths, 

leading to a narrowing of the force-sarcomere length curve – and ultimately muscle 

weakness (Ottenheijm et al., 2009; Ochala et al., 2012). Information on these contractile 

and structural properties in human paraspinal muscles (healthy and/or diseased 

populations) does not exist but is greatly needed to develop a complete understanding 

of the pathology present in these patients, improve musculoskeletal models of the 

spine, and by extension more acceptable treatment outcomes. 

Based on the findings of Glassman et al. (2005) that sagittal imbalance was the most 

important predictor of health status in adults with spinal disorders, and the hypothesis 

that muscle dysfunction is a causative factor provoking sagittal imbalance (Sinaki et al., 

1996; Sinaki et al., 2005; Mika et al., 2005; Granito et al., 2012; Weale & Weale 2012; 
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Roghani et al., 2016), this study had the following objectives: 1) to measure and 

compare the intrinsic contractile properties of muscle fibres from degenerative spine 

patients with and without sagittal imbalance as well as compare to healthy age-matched 

literature norm values from the vastus lateralis; and 2) to measure and compare the 

force sarcomere-length and thin filament length properties from degenerative spine 

patients with and without sagittal imbalance. For objective 2, data were also compared 

to both healthy rat paraspinal muscle data collected in our lab as well as to normative 

age-matched human data from both the pectoralis major and deltoid. It was 

hypothesized that degenerative spine patients (all groups) would have impaired muscle 

fibre contractile properties (compared to healthy literature norm values) and that 

patients with sagittal imbalance (group III) would be preferentially impaired compared to 

groups I and II (sagittally balanced).  

3.2 Methods 

This study was approved by the University of British Columbia Clinical Research Ethics 

Board (UBC CREB) and Vancouver Coastal Health Research Institute (VCHRI), the 

University Health Network (Toronto) Research Ethics Board, and the University of 

Guelph Research Ethics Board. All recruited patients were informed of the study and 

signed consent forms.  

Patient Demographics & Study Design 

Patients enrolled in this study were surgical candidates recruited from two different 

spine surgery centres (Vancouver General Hospital and Toronto Western Hospital. 

Patients were categorized into three groups: I) multilevel degenerative lumbar disease 
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with no sagittal imbalance (sagittal vertical alignment (SVA) < 5 cm) and no 

compensatory mechanisms recruited; II) multilevel degenerative lumbar disease with no 

sagittal imbalance, maintained through effective recruitment of compensatory 

mechanisms (i.e. muscle mediated compensatory mechanisms such as pelvic 

retroversion, segmental hyperlordosis, segmental retrolisthesis and thoracic 

hypokyphosis were sufficient to maintain a normal sagittal vertical alignment, i.e. SVA < 

5 cm); and III) multilevel degenerative lumbar disease with positive sagittal imbalance 

despite recruitment of multiple compensatory mechanisms (i.e. the aforementioned 

muscle mediated compensatory mechanisms were insufficient, resulting in abnormal 

SVA > 5 cm) (Figure 3.1).  
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Figure 3.1: Overview of the three patient groups used. Four biopsies were obtained from each 
patient, all at L4-L5, from left multifidus, right multifidus, left longissimus, and right longissimus 
(part D). Patient group I was sagittally balanced, and no compensatory mechanisms were 
recruited (Part A); patient group II was sagittally balanced; however, this was mediated through 
compensatory mechanisms (i.e. note the knee flexion in part B); patient group III was sagittally 
imbalanced with a SVA > 5 cm (part C). 
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In total, 12 patients were recruited between September 2019 and March 2020 before 

the study was halted by the COVID-19 pandemic: four belonged to group I, four to 

group II, and four to group III. Patient demographics are presented in Table 3.1.  

 

Table 3.1.  Patient Demographics. All patients were operated on at Vancouver General Hospital or 
Toronto Western Hospital. 

     Coronal Deformity  
Ptnt 

# 
Gender Age 

(yrs) 
Diagnosis Levels  

Affected 
Severity 
(Cobb 
Angle) 

Group 

1 F 70 Scoliosis, 
degenerative, 
Second, 
acquired 

T10-L4 Severe 
(58°) 

III 

2 M 64 Spinal stenosis L4-S1 Moderate 
(30°) 

II 

3 M 61 Spinal stenosis L4-L5 Very Mild 
(8°) 

I 

4 M 75 Spondylosis L2-S1 Mild (17°) III 
5 M 71 Spinal stenosis L2-L4 Mild (13°) I 
6 F 59 Spinal stenosis L5-S1 Mild (16°) I 
7 F 70 Spinal stenosis L2-S1 Very Mild 

(4°) 
II 

8 M 73 Spinal stenosis L3-L5 None (0°) I 
9 
 

 
  10 
 
  11 
 
  12          

F 
 
 
      M 
 
      M 
         
       F 

51 
 
 
    71 
 
    62 
 
    73 

Scoliosis, 
degenerative, 
Second, 
acquired 
Spinal stenosis 
Scoliosis, 
degenerative 
Scoliosis, 
degenerative 
scoliosis 

T9-S2 
&ILIU
M 
 
L2-L4 
 
L2-S1 

Severe 
(57°) 
 
 
 
 
Moderate 
(40°) 
 
Severe 
(75°) 

II 
 
 
     ll 
   
    lll 
    
    lll 
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Biopsies were obtained during standard open spine surgery. Biopsies were obtained 

through blunt cuts for all testing presented here. Overall, four biopsies were collected 

from each patient, all at L4-L5, from left longissimus, left multifidus, right multifidus, and 

right longissimus (Figure 3.1).  

Biopsies were placed inside falcon tubes filled with a dissecting solution (See chapter 

4). The tubes were immediately placed inside an ice container at 0° C and within two 

hours were transferred to the lab (Malakoutian et al., 2022). Biopsies were further 

divided into smaller bundles and were permeabilized by Brij 58 solution, transferred to a 

storage solution, and kept at -80 C until testing day (see Chapter 4 for more details).  

 

Figure 3.2: Biopsies collected from each patient. Biopsies were obtained through a blunt cut and 
were divided into two halves: Overall, four biopsies were collected from each patient, all at L4-L5, 
and from left longissimus (LL), left multifidus (ML), right multifidus (MR), and right longissimus 
(LR). With permission from Springer Nature (European Spine Journal). Malakoutian et al. (2022) 
Dysfunctional paraspinal muscles in adult spinal deformity patients lead to increased spinal 
loading.  
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Specific force 

Single fibre specific force was measured at 15°C, in solutions described elsewhere 

(Chapter 4). Briefly, single fibres were secured with monofilament sutures to pins on 

either side, one to a force transducer (Aurora Scientific, model 403A) and the other to 

servomotor lever arm (Aurora Scientific, model 322C) (Chapter 4, Figure 4.3). The fibre 

length was adjusted to obtain a sarcomere length of ~2.7 μm using a high-speed 

camera (HVSL, Aurora Scientific 901B). Fibre length (Lo) was measured by aligning the 

innermost portion of the sutures at each end of the fibre with the crosshairs of a 

microscope eyepiece graticule. Fibre diameter was measured at 3 locations along the 

fibre length; from these measurements fibre cross-sectional area (CSA) was calculated 

(assuming a cylindrical shape). Relaxed single fibres were maximally activated by first 

immersing them in a chamber containing a pre-activating solution for 30 seconds and 

then moving them to a chamber containing a high-Ca2+
 activating solution (pCa 4.2) to 

elicit maximal force. Force and length data were sampled at 10,000Hz. Maximal force 

was calculated as the peak force achieved in activating solution minus the resting force 

in relaxing solution, which was then divided by the fibre CSA to give a measure of 

specific force (Chapter 4, Figure 4.1).  

Rate constant of force development (ktr) 

Once maximal steady-state force was developed in the 2.7 µm specific force test, a 

length step was induced to measure rate of force redevelopment (ktr). This was done by 

rapidly shortening the fibre with a ramp of 10 Lo/s by 15% of Lo and then a rapid (500 
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Lo/s) re-stretch back to Lo. The rapid shortening causes all cross-bridges to break, and 

then the re-stretch allows further dissociation of any remaining cross-bridges and 

redevelopment of force independent of Ca2+-dependent regulatory proteins at Lo. A 

mono- exponential equation, y = a (1 − e−kt) + b, was fit to the redevelopment curve to 

determine ktr (Brenner & Eisenberg, 1986; Mazara et al., 2021). 

 

Unloaded shortening velocity (Vo)  

Unloaded shortening velocity was used as a measure of the maximal ability of the 

muscle fibre to shorten. This was measured using the slack test method (Edman et al., 

1979). Three separate slack tests were performed on each fibre, corresponding to 

shortening steps of 5%, 10%, and 15% Lo (these shortening steps were optimized for 

the human fibres to allow for zero force to be reached). Following activation and after 

steady-state maximal force was achieved, the predetermined shortening step was 

imposed rapidly (2 ms), which allowed the fibre to become slack and force to drop to 

zero. Force then redeveloped over time in proportion to the shortening length change. 

Following 30 s in the activating solution, the fibre was returned to the relaxing bath 

where the length was returned to Lo and sarcomere length was re-checked and reset to 

~ 2.7 μm if necessary, before the subsequent contraction. The resulting data were 

plotted as the time required to redevelop force relative to the imposed shortening step, 

which were then fit with a linear least squares error regression line. The slope of this 

line represents the unloaded shortening velocity (Vo; in fiber lengths/s (FL/s)) (Chapter 
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4, Figure 4.2). After completion of the contractile testing, fibres were placed in 15 μl of 

solubilization buffer and stored at -80°C for a minimum of 48 hours. The myosin heavy 

chain (MHC) composition of the fibre (i.e. fibre type) was determined by sodium dodecyl 

sulfate–polyacrylamide gel electrophoresis (SDS– PAGE). 

Force sarcomere-length 

Isometric force measurements were obtained at ~5 different sarcomere lengths (SLs) 

spanning from an initially set passive SL of 1.6 μm to 3.2 μm in ~5 separate activation/ 

relaxation sequences. This SL range was used as 1) there was a clear lack of 

sarcomere patterns at shorter and longer lengths and 2) subsequent testing was being 

performed on these fibres, so we did not want to risk damaging the fibre by stretching to 

SLs greater than 3.2 µm. The order of SLs was randomized to avoid biasing from the 

sequence of lengths.  Due to difficulties in visualizing sarcomere patterns with the high-

speed camera during contraction in some fibres (to account for internal shortening), the 

SLs measured passively were used to construct the force sarcomere-length 

relationship. From the collected data, force sarcomere-length relationships for each 

group were constructed by averaging normalized (% maximum force) force values 

across all fibres at each sarcomere-length. Active force sarcomere-length relationships 

for each group were then fitted to an asymmetric Gaussian function (Mohammed and 

Hou, 2016); from the fitted curves, optimal length for each group was calculated as the 

sarcomere-length at which peak amplitude (relative force) occurred, while the reported 

SD is a measure of the width of the distribution in µm. 
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Thin filament (actin) length preparation 

Methods for tissue processing, immunostaining and imaging of human and rat skeletal 

muscle fibre bundles were adapted from those described previously (Gokhin et al., 

2012a; Gokhin et al., 2012b). Cryoprotected fibre bundles (i.e., bundles prepped for 

active testing – see above) were thawed in ice-cold relaxing solution, stretched 

sufficiently to resolve F-actin, secured into sylgard in petri dishes using 3-0 silk sutures 

and insect pins and immersed in ice-cold fixation solution (relaxing solution containing 

4% paraformaldehyde). Fibre bundles were fixed overnight at 4°C, re-cryoprotected in 

30% sucrose followed by 60% sucrose in relaxing solution, embedded in OCT medium, 

frozen in 3D printed blocks chilled in liquid N2 and sectioned into 12-um-thick 

cryosections. Sections were mounted on slides and stored at -20°C for up to 2 weeks.  

For immunostaining, sections were washed for 20 min in PBS + 0.1% Triton X-100 

(PBST), permeabilized for 20 min in PBS + 0.3% Triton X-100, and stained with 

rhodamine phalloidin (1:100, Invitrogen) to stain F-actin. Fibre bundles were then 

washed again in PBST, preserved in Gel/MountTM aqueous mounting medium (Sigma-

Aldrich) and cover-slipped. Images of single optical sections were collected on a Leica 

TCS SP5 laser-scanning confocal microscope mounted on an upright Leica DM 6000B 

microscope using a 63× glycerol objective lens. Image sampling was performed 

randomly throughout the entire longitudinal view of each fiber bundle. Leica Application 

Suite Advanced Fluorescence (LAS AF) (version 2.7) software was used for image 

collection.  
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Thin filament length measurement - Distributed deconvolution 

DDecon is an objective technique to achieve super-resolution precision when analyzing 

the spatial features of periodic fluorescence signals, such as the breadths of individual 

striations and spacings between successive striations in myofibrils (Littlefield & Fowler, 

2002; Gokhin & Fowler, 2017). In this study we measured thin filament length as half 

the breadth of a phalloidin-stained thin filament array—an approach that is convenient 

due to the widespread commercial availability of fluorescent phalloidin. These 

applications of DDecon were previously validated for use in immunostained 

cryosections of human skeletal muscle fibre bundles (Gokhin et al., 2012a; Gokhin et 

al., 2012b). Each DDecon analysis was performed on a skeletal muscle fibre bundle 

and reflects the average thin filament length within the bundle, regardless of the 

bundle’s fibre type composition. Average thin filament length thus incorporates 

contributions from both type I and type II fibres, which have longer and shorter thin 

filament lengths, respectively (Gokhin et al., 2012a). In this study, the predominate fibre 

type obtained for contractile testing was type I (95% of fibres tested, based on SDS-

PAGE), thus it is assumed that the thin filament measures reflect type I muscle fibres.  

We used a DDecon plugin for ImageJ that generates the best fit of a model intensity 

distribution function for a given thin filament component (phalloidin) to an experimental 

one-dimensional myofibril fluorescence intensity profile (line scan) obtained for each 

fluorescent probe (F-actin) (Gokhin & Fowler, 2017). Each probe-specific model 

distribution is applied to a line scan of three thin filament arrays along an individual 
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myofibril to calculate the probe’s average distance from the Z-line within that myofibril. 

Model fitting is optimized by an iterative fitting procedure that minimizes the error 

between the observed line scan intensities and the modeled intensities, as described 

previously (Gokhin & Fowler, 2017). Image regions containing adequately stretched 

sarcomeres were identified based on the presence of discernable H-zones. All line 

scans were background-corrected, as described previously (Gokhin & Fowler, 2017). 

Distances were calculated by converting pixel sizes into micrometers using the 

magnification factor for each image.  

 

Figure 3.3: Fluorescence microscopy of skeletal muscle thin filaments. (A) Longitudinal 
cryosections of skeletal muscle fibre bundles from rat control multifidus and a degenerative spine 
(P11 -group III) patient’s longissimus. Sections were phalloidin-stained for F-actin. (B) Higher-
magnification views of bundles. Note the variation in F-actin-free gaps (H-zones) between P11 
fibres (red brackets). (C) F-actin domains were quantified using DDecon. Yellow brackets indicate 
thin filament arrays between F-actin-free H-zones. Note the disorganization (i.e. Z disk streaming) 
within the sarcomere in P-11-LONG fibre 01 (green bracket top) whereas P-11-LONG fibre 02 
(green bracket bottom) looks normal. 
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Statistical analysis  

Data are presented as either mean ± SD (optimal sarcomere-length) or median ± 

interquartile range (thin filament length and contractile data). The rationale for the 

difference in data reporting was to match our data reporting with the data in the 

literature which we are using for comparison. GraphPad Prism version 9.4.0 was used 

to generate statistics (one-way ANOVAs with patient group as the factor) and graphs. 

Each fibre was treated as an independent sample, which is common practice in single 

muscle fibre experiments (i.e., D’Antona et al., 2003; Brocca et al., 2017; Power et al., 

2016; Jouma et al., 2021). Where appropriate, Tukey multiple comparisons were 

performed. Significance was set to α=0.05. 

3.3 Results 

Eight of 48 (group I = 3/16; group II = 1/16; group III = 4/16) (17%) collected biopsies did 

not exhibit any contractile properties. From the bundles that did not activate, a minimum 

of three fibres were tested to ensure dysfunction was present throughout the entire 

bundle. From the remaining biopsies, a total of 183 fibers underwent active testing: 175 

were type I fibers and 8 were type 2a fibres; therefore, only type 1 fibres were 

statistically compared and reported here. 
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Impaired specific force and unloaded shortening velocity in the longissimus, but 

not the multifidus in the sagittally imbalanced (group III) patients 

In MULT, the median (25th-75th percentile) specific force values were: 99.3 (72.3-147.0) 

kPa for group I; 97.7 (69.5-143.1) kPa for group II; and 107.9 (88.7-150.6) kPa for group 

III; no significant differences existed between groups (p=0.47). For the LONG, the 

median (25th-75th percentile) specific force value was 104.2 (90.5-145.5) kPa for group I; 

85.87 (51.4-119.6) kPa for group II; and 71.0(46.6-114.9) kPa for group III patients; a 

significant difference existed between groups I and III (p=0.02) (Figure 3.4 A&B).  

The median (25th-75th percentile) unloaded shortening velocity for the MULT was: 0.87 

(0.59-1.24) FL/s for group I; 0.64 (0.45-0.94) FL/s for group II; and 1.16 (0.86-1.35) FL/s 

for group III; a significant difference existed between groups II and III (p=0.02) (Figure 

3.4 A). In the LONG, the median (25th-75th percentile) unloaded shortening was: 0.89 

(0.54-1.23) FL/s for group I; 0.74 (0.44-0.85) FL/s for group II; and 0.54 (0.24-0.81) FL/s 

in group III; a significant difference existed between groups I and III (p=0.049) (Figure 

3.4 B). 

The median specific force, but not unloaded shortening velocity, values from all three 

degenerative spine patient groups are generally below average age-matched literature 

norms for type 1 fibers from vastus lateralis, see Fig. 3.4. 
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Figure 3.4: A) Specific force and B) unloaded shortening velocity for MULT (A&C) and LONG 
(B&D) muscle fibres. (Specific force: MULT; DEG: n = 33 fibres, DEG-COMP: n=33 fibres, DEG-
COMP-UNBAL: n=24 fibres. LONG; DEG n: = 27 fibres, DEG-COMP: n=29 fibres, DEG-COMP- 
UNBAL: n=29 fibres. Unloaded shortening velocity: MULT; DEG: n = 15 fibres, DEG-COMP: n=20 
fibres, DEG-COMP-UNBAL: n=9 fibres. LONG; DEG n: = 14 fibres, DEG-COMP: n=18 fibres, DEG-
COMP- UNBAL: n=10 fibres. For spinal patient groups, each point represents a single muscle fibre 
(treated as an independent sample). The CTRL-VL data (right-most bar), represents the specific 
force/unloaded shortening velocity values reported for elderly human vastus lateralis (65-85 years 
old) in the literature (Trappe et al., 2003; Krivickas et al., 2006; Slivka et al., 2008; Reid et al., 2012). 
For the CTRL-VL each point represents an average value from a single study. Spinal patient 
groups are shown as median ± interquartile range with significance set to α=0.05. (ns) = not 
significant (*) = statistically significant. 

 



 

   

47 

 
 

Crossbridge level rate of force development is not different between degenerative 

spine patient groups 

For MULT, the median (25th-75th percentile) ktr value was: 0.74 (0.59-0.89) s-1 for group I; 

0.71 (0.54-0.80) s-1 for group II; and 0.76 (0.66-0.89) s-1 for group III; no significant 

differences existed between groups (p=0.77). For the LONG, the median (25th-75th 

percentile) ktr value was: 0.72 (0.63-0.98) s-1 in group I; 0.64 (0.54-0.87) s-1 in group II; and 

0.84 (0.67-0.94) s-1 in group III; no significant differences existed between groups (p=0.16) 

(Figure 3.5).  

 

Figure 3.5: Rate of force development for MULT (A) and LONG (B) muscle fibers. (MULT; DEG: n = 
33 fibres, DEG-COMP: n=32 fibres, DEG-COMP-UNBAL: n=26 fibres. LONG; DEG n: = 27 fibres, 
DEG-COMP: n=29 fibres, DEG-COMP- UNBAL: n=29 fibres. Each point represents a single muscle 
fibre. Values are presented as median ± interquartile range with significance set to α=0.05 (ns) not 
significant. Note: due to a lack of age-matched normative ktr values from human muscles in the 
literature, this comparison was not possible. 
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Force sarcomere-length properties differ between degenerative spine patient 

groups as well as from control rodent data  

For MULT, the optimal length (SD) was 2.72 (1.67) µm in group I; 2.63 (1.81) µm in 

group II; and 2.49 (2.0) µm in Group III; The optimal length for the LONG was 2.59 

(1.94) µm for group I; 2.65 (2.47) µm for group II; and 2.65 (1.51) µm for group III.  

To provide context to these data, and better demonstrate the dysfunctional force 

sarcomere-length properties from ASD patients, multifidus, and erector spinae fibres 

from healthy Sprague Dawley rats (n=6) were tested in the same way described earlier 

(force sarcomere-length methods). The optimal length (SD) for the rat multifidus was 

2.57 (0.66) µm, while the optimal length for the rat erector spinae (combined 

longissimus and iliocostalis) was 2.54 (0.77) µm. Note the much smaller SD for the rat 

muscles compared to the human muscles (Figure 3.6). 
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Figure 3.6: Force generation as a function of sarcomere length. Force sarcomere-length 
relationship for A) MULT and B) LONG. Solid lines represent the curve fits using an asymmetrical 
gaussian model from the average relative force values at each SL from each group. Note the 
broadening of the curves for spinal degeneration patients compared to healthy fibres from the rat 
multifidus (black curve; top) and erector spinae (black curve; bottom). 
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Shorter and non-uniform thin filament lengths appear to partly explain force 

sarcomere-length group differences in the multifidus. The detected non-

uniformity is a plausible rationale for the large variability in force sarcomere-

length properties within and between patients 

A total of 18 bundles from 8/12 patients (group I MULT: n =2 ; group II MULT: n =2; 

group III MULT: n =4; group I LONG: n = 2; group II LONG: n = 4; group III LONG: n= 4) 

were used for thin filament length measures (due to a lack of tissue, measures were not 

performed on all patients or all muscles from any given patient and as such only 

descriptive statistics were performed). For MULT, the median (25th-75th percentile) thin 

filament length was: 1.12 (1.01-1.25) µm for group I; 1.09 (0.96-1.32) µm for group II; 

and 1.04 (0.83-1.28) µm for group III. For the LONG, the median (25th-75th percentile) 

thin filament lengths were 1.09 (1.02-1.16) µm for group I; 1.04 (0.92-1.21) µm for group 

II; and 1.22 (1.12-1.27) µm for group III.  

To provide context to these data, and better demonstrate the dysfunctional thin filament 

length properties from spinal degeneration patients, thin filament lengths from multifidus 

fibre bundles from healthy Sprague Dawley rats were measured in the same way 

described earlier. For the rat MULT, the median value was 1.02 (1.01-1.08) µm. Again, 

note the much tighter confidence intervals in the rat compared to human data. Median 

normative values from published literature for the human pectoralis major and deltoid 

are 1.23 (1.17-1.29) µm and 1.26 (1.23-1.27) µm respectively (Gokhin et al., 2012) (Fig. 

3.7). 
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Figure 3.7: Average thin-filament lengths in human and rat muscle biopsies determined by F-actin 
breadth and distributed deconvolution analysis of fluorescence images. Data are shown as pooled 
median (25th-75th percentile) values for each group (MULT: n = 37 thin filament measures; LONG: n 
= 36 thin filament measures; rat MULT: n = 5 thin filament measures). Note the shorter and more 
variable lengths in spinal degeneration patients compared to human type I myofibrils from the 
deltoid and pectoralis (Gokhin et al., 2012). Error bars reflect median ± interquartile range. 
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3.4 Discussion 

Understanding the paraspinal muscular dysfunction that occurs in degenerative spine 

and spinal deformity patients is of critical importance to improving treatment outcomes. 

Notably, 17% of biopsies had no contractile ability, suggesting severe dysfunction. The 

contractile results demonstrate lower specific force (Sfo) and unloaded shortening 

velocity (Vo) in the sagittally imbalanced (group III) patients (compared to group I non-

deformity patients) in the LONG (group III had a 32% and 39% lower Sfo and Vo, 

respectively compared to group I patients) but not in the MULT (Figure 3.4). 

Additionally, Sfo, but not Vo values are in general lower in all patient groups (I, II, and III) 

for both muscles (MULT and LONG) when compared to age and fibre type-matched 

literature norm values from the vastus lateralis (Figure 3.4). Further, this is the first 

study to measure the fundamental force sarcomere-length properties and observe the 

subcellular structure of muscle samples from spinal degeneration patients.  A striking 

amount of variability was identified in the force sarcomere-length and thin filament 

properties both within and between patient groups and in comparison to healthy rodent 

values (Figures 3.6 & 3.7). Structural abnormalities were routinely observed in the 

architecture of the sarcomere (e.g., P11 LONG muscle – Figure 3.3) and both shorter 

(compared to literature norm values for other human muscles) and highly variable thin 

filaments lengths were identified (Figure 3.7). Together, these structural abnormalities 

highlight a possible mechanism explaining the dysregulation and broadening in the 

functional force sarcomere-length relationship within the paraspinal muscles and may 

offer insights into the pathophysiologic process and improve the development of future 

therapies for patients with spinal degeneration and deformity. Although patient 
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recruitment and thus sample size was limited due to COVID-19, these results provide 

significant insight into the structural and contractile impairments in the paraspinal 

muscles of spinal degeneration patients that may help explain the poor functional 

capacity of these muscles in vivo (Sinaki et al., 1996; Mika et al., 2005; Granito et al., 

2012).  

Impairments in the contractile properties of sagittally imbalanced patients 

Previous in vivo studies have hypothesized that paraspinal muscular dysfunction is a 

causative factor leading to spinal deformity and sagittal balance disorder (Sinaki et al., 

1996; Sinaki et al., 2005; Mika et al., 2005; Granito et al., 2012; Weale & Weale 2012; 

Roghani et al., 2016); however, the role (if any) that intrinsic muscle properties play in 

degenerative spinal disorders and adult spinal deformity is poorly understood. Our 

previous study (Malakoutian et al., 2022) demonstrated large variability in the specific 

force, passive stiffness, and in-situ SL properties of paraspinal muscle samples from 

degenerative spine and adult spinal deformity patients, with values that appear to be 

impaired/dysregulated, compared to non-deformity, age-matched literature normative 

values.  The current study builds upon these findings by showing that specific force (Sfo) 

is significantly lower in sagittally imbalanced patients (group III) compared to non-

deformity patients (group I) in the LONG but not the MULT. Moreover, the Sfo values 

from all three patient groups were generally below reported literature fibre-type matched 

normative values for the vastus lateralis of similarly aged individuals (Trappe et al., 

2003; Krivickas et al., 2006; Slivka et al., 2008; Reid et al., 2012) (males and females 

combined; age range: 65-85 years see Figure 3.4).  
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Specific force (Sfo) is the ratio of muscle fibre maximum isometric force production to 

CSA and represents the inherent ability of the fibre to generate contractile force. As 

such, Sfo is an important functional biomarker of muscle fibre health and decreases in 

Sfo can indicate genuine pathologic changes in the muscle tissue that indicate an 

impaired force generating capability (D’Antona et al., 2003; Mendias et al., 2011; 

Gumucio et al., 2012). Whereas CSA and maximum isometric force are highly variable 

across different muscles in the body, it is less likely that Sfo is a parameter that has 

significant variance across healthy fibres that contain the same myosin isoform and it is 

not anticipated to differ substantially based on the anatomic location of the muscles 

(Bottinelli et al., 2000). Previous studies have identified no differences in Sfo between 

muscle fibres from upper and lower extremity muscles in humans (Doria et al., 2011; 

Paoli et al., 2013) or between the paraspinal and lower limb muscles in rats (Noonan et 

al., 2021). The Sfo of healthy type I fibers from the paraspinal muscles are therefore 

expected to be similar (and thus comparable) to the Sfo values of type I fibers from the 

vastus lateralis. 

This is the first study to measure and report on the intrinsic kinetic properties of the 

paraspinal muscles. Vo provides an indication of the maximal velocity at which the 

muscle fibre can shorten while ktr is a proxy measure of the transition from non-force 

bearing to force bearing cross-bridge states (i.e., weakly to strongly bound states) 

(Brenner & Eisenberg, 1986). Similar to the observations for Sfo, Vo was significantly 

lower in the sagittally imbalanced (group III) compared to non-deformity (group I) 

patients in the LONG, but not in the MULT (Fig. 2). However, in the MULT, Vo was 

significantly higher in the sagittally imbalanced (group III) compared to the group that 
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used compensatory mechanisms to maintain sagittal balance (group II). The 

discrepancy in Vo differences (i.e. significantly lower in group III compared to group I 

LONG but significantly higher in group III compared to group II MULT) is unclear, and 

any discussion of the mechanism underlying this discrepancy would be speculative with 

this sample size. Moreover, the Vo values of all three patient groups in both muscles 

were generally similar to reported literature normative values for muscle fibres from the 

vastus lateralis of similarly aged individuals; as such, we cannot be certain that a ‘true’ 

impairment (i.e. compared to paraspinal fibres from healthy individuals) exists for this 

parameter in degenerative spine patients (Trappe et al., 2003; Krivickas et al., 2006; 

Slivka et al., 2008; Reid et al., 2012) (males and females combined; age range: 65-85 

years see Figure 3.4).  Finally, no differences in muscle fibre rate of force development 

were found between groups (group I vs group II vs group III) in either MULT or LONG 

(no comparison to the literature was made due to lack of normative values) (Figure 3.5). 

The implications of these contractile findings are noteworthy as they support an 

association between impaired contractile function and sagittal balance disorder in the 

LONG, but not the MULT.    

Thin filament length dysregulation and the functional implications 

The sliding filament model of muscle contraction states that active muscle force 

production is related to the magnitude of thick (myosin) and thin (actin) filament overlap 

(Huxley & Niedergerke., 1954; Huxley & Hanson., 1954), while the force-length 

relationship quantifies this relationship between myofilament overlap and force 

production and is determined by performing maximal activation/relaxation sequences at 
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a discrete series of lengths and measuring the force generated at each length (Gordon, 

1966; Gollapudi et al., 2009; Noonan et al., 2022). To date, limited attempts have been 

made to measure the force sarcomere-length properties of healthy (Gollapudi et al., 

2009) and myopathic (Ottenheijm et al., 2009; Ochala et al., 2012) human muscle 

fibres. For instance, studies investigating patients with a congenital myopathy 

(Ottenheijm et al., 2009; Ochala et al., 2012) showed that a reduction in thin filament 

length was associated with a leftward shift in the force sarcomere-length relationship 

(Ottenheijm et al., 2009) leading to muscle weakness (Ottenheijm et al., 2009) and 

depressed force development at long sarcomere lengths (Ochala et al., 2012). 

To our knowledge, no study has compared force sarcomere-length properties in any 

orthopaedic-related disorder. Here, force sarcomere-length properties were compared 

between three groups of degenerative spine patients as well as healthy rodent 

paraspinal muscles. A clear broadening of the force sarcomere-length curve was 

observed in all spinal degeneration patient groups when compared to what would be 

expected for healthy human muscle (based on literature reported values for thick and 

thin filament lengths) as well as the experimental data for healthy rodent paraspinal 

muscle fibres reported here (Figure 3.8). Further, optimal SLs were highly variable both 

within and between spinal degeneration patients as demonstrated by the larger optimal 

length standard deviations in human patient fibres compared to rat fibres.  
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Figure 3.8: A) MULT force sarcomere-length relationship. Solid lines represent the curve fits using 
an asymmetrical gaussian model from the average relative force values at each SL from each 
group. Dashed lines represent predicted force sarcomere-length curves based on Gordon et al. 
(1966) with the assumption of actin lengths of 1.11 (rodent) and 1.27 (human) and myosin lengths 
of 1.6 (both rodent and human) (Burkholder & Lieber, 2001). Note the broadening of the curves for 
spinal degeneration patients compared to healthy fibres from the rat multifidus (solid black curve) 
and the predicted curves based on Gordon et al. (1966) (dashed lines). B) Identical to A) however, 
the healthy rat fibres from the rat multifidus (solid black curve) are now based on ‘active’ 
sarcomere lengths (during contraction) to better match the predicted force sarcomere-length 
curves based on Gordon et al. (1966). Note that the predicted model now very closely matches the 
experimental force sarcomere-length data from healthy rat muscle fibres (red bracket) compared 
to the passive rodent data in part A which is shifted to the right (red arrow). 

 

Thin filament lengths within skeletal muscle are normally regulated between 

approximately 1.1-1.3 µm (depending on species and muscle type) (Littlefield et al., 

2004) to overlap with thick filaments and to meet a muscle’s functional requirements 

(Burkholder et al., 1994; Littlefield et al., 2004). As mentioned, the extent of overlap 

between thick and thin filaments determines the sarcomere’s force generating capacity, 

with short thin filaments shifting maximal overlap to shorter lengths and thus impairing 

force generation at longer lengths. Thus, thin filament length is critical to proper muscle 

contractile function. While congenital myopathies have been shown to be associated 

with shorter thin filament lengths (Ottenheijm et al., 2009; Ochala et al., 2012), this is 

the first study to measure thin filament length in degenerative spine patients. A general 

observation of high variability and shorter lengths - demonstrated by non-uniformity and 
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a shortening in the breadth of the F-actin filament respectively (compared to normative 

values from other human muscles – Figure 3.7), was apparent in all three patient 

groups. This high variability is important as it serves to broaden and flatten the force 

sarcomere-length curve while reducing maximum force output. Indeed, the experimental 

force-sarcomere length curves for all degenerative spine groups demonstrate highly 

variable force generation at all sarcomere lengths (Figure 3.6). The observation of 

shorter thin filament lengths is also likely to be functionally relevant, as thin filament 

shortening has been shown to depresses force development at long sarcomere lengths 

(Granzier et al., 1991; Gokhin et al., 2009; Ottenheijm et al., 2009; Ochala et a., 2012), 

and in patients with sagittal imbalance (hyper-kyphosis) it may be expected that the 

paraspinal muscles are chronically in a stretched state (compared to normal sagittal 

curvature). Moreover, shorter thin filament lengths in groups II and III in the MULT 

appear to at least partly account for observed changes (shifted leftwards; Figure 3.6) in 

the MULT force sarcomere-length properties in these groups. Specifically, the reduction 

in thin filament length observed in groups II and III (compared to group I controls) is 

associated with a leftward shift in the force sarcomere-length curves and depressed 

force at long lengths in these groups (MULT only).  

 While it’s possible that the observed differences in thin filament lengths are responsible 

for the observed functional differences in the force sarcomere-length relationship, other 

factors can also cause the force-length curve to become broadened. In single fibres, 

sarcomere length heterogeneity during isometric conditions has a profound effect on the 

force sarcomere-length curve, especially on the descending limb, where pronounced 

sarcomere length heterogeneity results in a broadening of the force sarcomere-length 
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curve (Altringham and Bottinelli, 1985; Julian and Moss, 1980; ter Keurs et al., 1978). 

For example, work by Gokhin et al. (2009) suggested that (in their study) sarcomere-

length heterogeneity would be sufficient to explain force-length differences (between 

myopathy and healthy control fibres from mice), only if the sarcomere-length 

heterogeneity was extremely high Therefore, it’s possible that the broadening in force 

sarcomere-length curves identified here may be due to some combination in 

heterogeneity in both thin filament lengths and sarcomere lengths. It should be noted 

that moderate amounts of sarcomere-length heterogeneity are considered a normal part 

of physiological conditions. For example, the difference in minimum vs maximum SLs 

measured during isometric contraction in mouse tibialis anterior can approach 1 µm 

(Moo et al., 2017).  Our future work will aim to quantify the magnitude of sarcomere-

length heterogeneity in these patients. 

Limitations 

Patient recruitment was significantly disrupted by COVID-19, therefore the number of 

patients recruited for this study (four/group) was smaller than originally intended. 

Second, a ‘true’ control group of healthy individuals would be ideal for comparison to the 

spinal degenerative patient groups; however, as non-invasive collection of paraspinal 

muscle biopsies from a healthy population was not feasible, we instead defined patient 

group I, those who did not have a clinically meaningful spinal deformity or muscular 

recruitment of compensatory mechanisms to maintain sagittal balance, as the ‘least 

severe’ degenerative group for comparisons. Further, to give context to our results we 

compared our values from spinal degenerative patients to both literature norm values 
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from the vastus lateralis as well as paraspinal muscle from rodent muscle – both 

imperfect options. Finally, although presence of a previous spine surgery or a coronal 

plane deformity were initially set as exclusion criteria, to increase the number of the 

patients, those criteria were re-considered (for patients 1 & 9 in groups II and III, 

respectively).  

Conclusions 

General paraspinal muscle dysfunction is considered a hallmark feature of spinal 

degeneration and deformity, but the specific characteristics underlying this dysfunction 

are poorly understood. The present study is the first to show a heightened intrinsic 

contractile muscle disorder in degenerative patients who are sagittally imbalanced 

(compared to degenerative non-deformity patients). Additionally, there are clear 

indications that degenerative spine patients (all groups studied here) have intrinsic force 

sarcomere-length properties that are dysregulated, likely in part due to shorter and 

highly variable thin filament lengths. These findings provide important insight into the 

pathophysiology of muscle weakness in ASD patients.  
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Connecting summary for studies 1 & 2 
 
The findings from study 1 (chapter 3) were the first to show a heightened intrinsic 

contractile muscle disorder in human degenerative spine patients – with sagittally 

imbalanced patients being most significantly affected. Additionally, clear indications 

were found that degenerative spine patients (all groups studied here) have intrinsic 

force sarcomere-length properties that are dysregulated, likely in part due to shorter and 

highly variable thin filament lengths. While these findings provide important initial insight 

into the pathophysiology of muscle weakness in degenerative spine patients; I was 

motivated to untangle the mechanistic interplay between spine and paraspinal muscle 

pathology. 

Specifically, I was interested in understanding if muscle alterations were a mere 

consequence of spine degeneration and deformity or whether they precede or 

accompany the progression of the disorders; of course, causative data is needed to 

address such hypotheses. However, because of the long time‐course of low back pain 

disorder progression in humans, and the lack of muscle data at asymptomatic early 

disease stages, it is unrealistic to obtain such data in humans. To better unravel the 

cause-and-effect association between paraspinal muscle dysfunction and spine 

pathology I utilized both genetically engineered (chapter 4) and experimental (chapter 5) 

animal models. 
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4 Study #2: Paraspinal muscle contractile function is 
impaired in the ENT1 deficient mouse model of 
progressive spine pathology  

 
A version of this chapter has been published in the journal Spine: 
 
Noonan, A. M., Séguin, C. A., & Brown, S. H. (2021). Paraspinal muscle contractile 
function is impaired in the ENT1-deficient mouse model of progressive spine 
pathology. Spine, 46(13), E710-E718. 
 
 
4.1 Introduction 

Skeletal muscle plays a pivotal role in the proper functioning of the spine by utilizing its 

fundamental ability to generate active force, combined with its structural and passive 

properties, to control and stabilize loads and motion. Importantly, altered muscle 

structure and function have been associated with various spine pathologies, including 

experimental disc degeneration (Brown et al., 2011), intervertebral disc lesion (Hodges 

et al., 2015; Hodges et al., 2015), disc herniation (Zhao et al., 2000; Agha et al., 2020), 

sagittal balance disorder (Mika et al., 2005; Roghani et al., 2016; Sinaki et al., 1996; 

Sinaki et al., 2005), as well as non-specific low back pain (LBP) (Danneels et al., 2000; 

Kjaer et al., 2007; Laasonen et al., 1984; Mannion et al.,1999), and are therefore linked 

with a lowered quality of life for millions of patients annually (Demoulin et al., 2007; Ng 

et al., 1998; Hori et al., 2019). Commonly reported muscle adaptations to spine 

pathology and low back pain (LBP) include: altered muscle reflexes (Lariviere et al., 

2010; Radebold et al., 2000; Reeves et al., 2005), muscle atrophy (Zhao et al., 2000; 

Danneels et al., 2000; Laasonen et al., 1984) fibre type changes (Hodges et al., 2014; 

Hodges et al., 2015; Mannion et al., 1997; Mannion, 1999; Mannion et al., 2000), 

increases in intramuscular fat (Hodges et al., 2014; Hodges et al., 2015; Kjaer et al., 
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2007; Alaranta, et al., 1993), and connective tissue (Hodges et al., 2015; Brown et al., 

2011), altered passive mechanical properties (Brown et al., 2011; Gsell et al., 2017) 

distorted cell populations (Shahidi et al., 2020), and altered gene expression (Shahidi et 

al., 2020).  However, the fundamental cellular mechanisms responsible for active spine 

muscle contraction and force production have never been investigated in any manner, 

let alone compared between healthy and pathological spine conditions, thus impeding 

proper prevention and resolution.  

Mice lacking Slc29a1, the gene encoding equilibrative nucleoside transporter 1 (ENT1-/-

), were shown to develop pathological mineralization of the fibrous connective tissues of 

the spine including the ligaments, annulus fibrosus (Li et al., 2016; Warraich et al., 

2013), and facet joint capsules (Gsell et al., 2017). The progressive ectopic 

mineralization begins in the cervical spine and reaches the lumbar spine of mice by 6 

months of age. This mineralization results in a mechanically stiffer spine (Gsell et al., 

2017) and less stiff multifidus muscle fibres surrounding the spine (Gsell et al., 2017). 

These findings established a clear inverse relationship between the mechanical 

properties of the spine and the passive mechanical properties of the surrounding 

musculature (Gsell et al., 2017). However, studies to date have provided limited insight 

into the fundamental ability of spine muscles to actively contract and generate force, 

and how this may change in response to spine pathology.  

The aim of the current work was to further develop our understanding of the mechanical 

interplay between spine pathology and the surrounding musculature, using the ENT1-/- 

mouse to investigate the active contractile properties of the muscles surrounding the 

spine (multifidus and erector spinae). This question was tested using the permeabilized 
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single muscle fibre preparation which is beneficial as it eliminates most of the steps 

required for initiation of contractile activity in vivo, leaving only the regulatory and 

contractile functions associated with the muscle fibre in their natural configuration; thus 

this preparation can be used to identify fundamental sources of muscle dysfunction 

observed in vivo. It was hypothesized that at 8 months of age the active contractile 

properties of the multifidus and erector spinae muscles would be impaired in ENT1-/- 

(knockout (KO) when compared to wild-type (WT) mice.  

4.2 Materials and Methods 

Experimental Animals. All aspects of this study were conducted in accordance with the 

policies and guidelines set forth by the Canadian Council on Animal Care and were 

approved by the Animal Use Subcommittee of the University of Western Ontario 

(protocol 2017-154).  

ENT1-/- mice (Choi et al., 2004) were backcrossed with C57BL/6N mice (Charles River) 

and the mouse colony was maintained through the breeding of heterozygous animals 

(ENT1+/-) to obtain WT (ENT1+/+) and KO (ENT1-/-) littermates. Genotyping was 

performed, as previously described (Warraich et al., 2013).  Twenty-four mice were 

sacrificed at 8 months-of-age for tissue isolation: 12 ENT1-/- (KO) and 12 WT.  

Muscle fibre isolation and storage. Lumbar multifidus and lumbar erector spinae 

(combined longissimus and iliocostalis) were immediately excised from all 24 animals, 

and tibialis anterior (TA; non-spine-related control muscle) was immediately excised 

from 8 animals (4 ENT1-/- and 4 WT). Muscles were then placed into a cold dissection 

solution where fibre bundles 3 – 5 mm in length and ~0.5 mm in diameter were 

dissected from the muscle samples. Following dissection, bundles were immersed for 
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30 minutes in skinning solution with 0.5% non-ionic detergent Brij 58 and then placed in 

storage solution and maintained for 24 hours at 4°C, followed by storage at -80°C 

(Roche et al., 2015). On the day of an experiment, fibre bundles were removed from 

storage solution and placed in relaxing solution on ice. Single fibres were carefully 

removed from bundles and transferred to an experimental chamber containing relaxing 

solution maintained at 15°C. Three individual fibres were tested from each of the 

harvested muscles. 

Single fibre testing apparatus. Experiments were performed with techniques that have 

been previously described in detail (Larsson & Moss, 1993; Moss, 1979; Power et al., 

2016). Briefly, one end of the fibre was secured to a pin in series with a force transducer 

(Aurora Scientific, model 403A) using two monofilament nylon suture ties. The other end 

of the fibre was attached in a similar manner to the lever arm of a servomotor (Aurora 

Scientific, model 322C) all while immersed in relaxing solution. The length of the fibre 

was adjusted to obtain a sarcomere length of 2.5 µm using a high-speed camera 

(HVSL, Aurora Scientific 901B). Fibre length (Lo) was measured by aligning the 

innermost portion of the nylon tie at each end of the fibre with the crosshairs of a 

microscope eyepiece graticule. Measurements of fibre diameter were taken at 3 

locations along the fibre length using a micromanipulator while viewed using crosshairs 

under an inverted microscope; from these measurements fibre cross-sectional area 

(CSA) was calculated (assuming a cylindrical shape). 

Single fibre solutions.  The composition of the skinning and storage solutions are shown 

in Table 1 (Roche et al., 2015).  Relaxing (Shah & Lieber, 2003), pre-activating, and 

activating (Gillis et al., 2016) solution compositions are shown in Table 4.2. 



 

   

71 

 
 

Table 4.1: Compositions of the skinning and storage solutions. 

Constituent Skinning solution Storage solution 
K-propionate 250 250 
Imidazole 40 40 
EGTA 10 10 
MgCl2 6H2O 4 4 
ATP 2 2 
Brij 58 0.5% w/v None 

Table entries are in mM concentrations. Skinning solution constituents are dissolved in deionized 
water. Storage solution is identical to that of skinning with the exception that components are 
dissolved in a 50% glycerol/deionized water mixture. All solutions were at a pH of 7.0. 

 

Single fibre tests. Relaxed single fibres were activated by first immersing them in a 

chamber containing a low-Ca2+ concentration pre-activating solution for 30 seconds and 

then moving them to a chamber containing a high-Ca2+ activating solution (pCa 4.2) to 

elicit maximal force. The pre-activating solution was weakly buffered for Ca2+, resulting 

in physiologically rapid activation and force development upon introduction to the 

activating solution (Moisescu & Thieleczek, 1978). Force and length data were sampled 

at a rate of 10,000Hz.  Maximal force was calculated as the peak amplitude (peak force 

achieved in activating solution minus the resting force in relaxing solution), which was 

then divided by the CSA of the muscle fibre to give a measure of specific force (sFo).  

Active modulus (i.e. normalized stiffness) was assessed by inducing a rapid (500 Lo/s) 

stretch of 0.3% of Lo and dividing the change in force (normalized to CSA) during the 

stretch by the length change [(normalized to Lo (Figure 4.1)] (Colombini et al., 2005). 
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Figure 4.1: Isometric steady-state force and stiffness tests used to calculate specific force (SFo) 
and active modulus, respectively. The instantaneous stiffness test was performed by applying a 
fast length step (∆length = 0.3% Lo) during the steady state isometric force development. Inset is 
showing the fibre’s response to the length change (∆L: top) and force change (∆force: bottom) 
during steady state force development. 

 
 Unloaded shortening velocity (Vo) was used as a measure of the maximal ability 

of the muscle fibre shorten. This was measured using the slack-test method (Edman, 

1979; Larsson & Moss, 1979; Power et al., 2016). Three separate slack tests were 

performed on each fibre, corresponding to shortening steps of 20%, 25%, and 30% Lo 

(Figure 4.2). Specifically, with each test the fibre was activated to reach maximal force 

and then the predetermined shortening step was imposed rapidly (2 ms), which allowed 

the fibre to become slack and force drop to zero. Force then redeveloped over time in 

proportion to the shortening length change. Following 30 s in the activating solution, the 

fibre was returned to the relaxing bath where the length was returned to Lo and 
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sarcomere length was re-checked and reset to ~2.5 µm if necessary, before the 

subsequent contraction. The resulting data were plotted as the time required to 

redevelop force relative to the imposed shortening step, which were then fit with a linear 

least squares error regression line. The slope of this line represents the unloaded 

shortening velocity (Vo; in fibre lengths/s). All experiments were completed at 15°C.  

 

Figure 4.2: Determination of unloaded shortening velocity (Vo). A: raw, force vs time record of 
unloaded shortening velocity test. Three separate slack tests were performed on each fibre 
corresponding to length steps of 20, 25, and 30% Lo. Note that each test is performed 
independently but are shown overlaid for visualization purposes. B: inset record of force vs time 
during the force redevelopment phase following unloaded shortening C: plot of slack test data i.e. 
amplitude of length step change (∆L) vs duration of unloaded shortening (∆t). Data were plotted as 
the time required to redevelop tension relative to the imposed length step, which was then fitted 
with a linear least squares error regression line, the corresponding slope of this line represented 
the unloaded shortening velocity. 
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Figure 4.3: Pictures of single muscle fibre testing apparatus. (Left) Front view of inverted 
microscope with fibre testing stage. (Top right) top view of the stage showing the force transducer 
and servomotor over the fibre immersion chamber. (Bottom right) Rear view of the force 
transducer pin and servomotor lever arm in the fibre immersion chamber. 

 

Fibre Typing. After the completion of the mechanical test the fibre was placed in 15 µl of 

solubilization buffer (Table 4.3) and stored at -80°C for a minimum of 48 hours. The 

myosin heavy chain (MHC) composition of the fibre was determined by sodium dodecyl 

sulfate–polyacrylamide gel electrophoresis (SDS–PAGE). Proteins were separated 

using a 7% resolving gel and a 4.5% stacking gel (Table 3). Gels were incubated at 4°C 

and run at a constant voltage of 50 V for approximately 40 hours. Fibre types were 

determined by comparing to a commercial standard protein ladder (Bio-Rad Protein 

Plus Standard 10-250 kD) of known molecular weights as well as a homogenate 
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cocktail made from rodent muscles with known fibre type distributions (soleus and 

extensor digitorum longus (1 μg protein / 4 μl buffer)).  

160 fibres were successfully tested, and fibre typed. As only a small number of type IIa 

fibres were tested, they were grouped with type IIx fibres. The breakdown of fibre types 

is shown in Table 4.4.  

Table 4.2: Compositions of the relaxing, pre-activating and activating solutions. 

Constituent Relaxing solution Pre-activating 
solution 

Activating 
solution 

Imidazole 59.4 None None 

KMSA 86 None None 

Ca(MSA)2 0.13 None None 

Mg(MSA)2 10.8 None None 

K3 EGTA 5.5 None 15 

KH2PO4 1 None None 

leupeptin 0.05 None None 

Na2ATP 5.1 2.5 5 

KPr None 185 None 

MOPS None 20 80 

Mg(CH3COOH)2 None 2.5 None 

phosphocreatine None None 15 

Mg2+ None None 1 free 

Na+ + K+ None None 135 

Table entries are in mM concentrations. Ionic strength of the activating solution was 170 mM and 
all solutions were at a pH of 7.0. 
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Table 4.3: Composition of fibre typing solutions 

Constituent Solubilization 
buffer 

Resolving gel Stacking gel 

Tris (pH 6.8) 61* None None 
Glycerol 11% (v/v) 50% None 
SDS 2.78% (w/v) 10% 10% 
2-β 
mercaptoethanol 

5% (w/v) None None 

Bromophenol Blue 0.02% (w/v) None None 
Tris HCL (pH 8.6) None 2000* None 
Acrylamide/Bis 
solution 

None 40% (w/v) 40% (w/v) 

Tris HCL (pH 6.7) None None 500* 
*Table entries are in mM concentrations. Gels were polymerized using 10% APS and TEMED. 

 

Statistical analysis. Results are presented as means ± standard error of the mean 

(SEM). Prism GraphPad 8.0 software was used to conduct statistical tests. Differences 

between ENT1-/- (KO) and ENT1+/+ (WT) mice were tested using unpaired two-tailed 

Students t-test with α = 0.05. Tests of normality were performed using the Shapiro Wilk 

test, when the residuals did not follow a gaussian distribution, non-parametric Mann-

Whitney tests were performed. All comparisons between ENT1-/- and WT were 

performed separately for each muscle (multifidus, erector spinae and TA) and fibre type 

[IIax and IIb (IIx/b combined for the TA)]. This is routine practice (Frontera et al., 2000; 

Ochala et al., 2007; Lamboley et al., 2015) due to the known differences in active 

contractile properties amongst fibre types. 

Table 4.4: Number of tested fibres that were determined to be type IIax and type IIb.  

Fibre Type Muscle SFo Vo KTR S-FL 
IIB MULT 14 15 12 12 

ES 13 13 12 12 
EDL 12* 12* 12 12 
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4.3 Results 

Specific force (SFo). SFo was significantly lower in the ENT1-/- (KO) compared to the WT 

group for the multifidus (type IIax: p = 0.04; type IIb: p = 0.03) and the erector spinae 

(type IIax: p = 0.0435) (Figure 4.4); however, no difference was observed for the erector 

spinae type IIb (p = 0.28) or the TA muscle (type IIax/b combined: p = 0.89). 

 

Figure 4.4: Specific force (SFo) measurements from WT and ENT1-/- (KO) muscle fibres. A: 
multifidus (IIax WT n = 14, KO n = 15; IIb WT n = 21, KO n = 21) B: erector spinae (IIax WT n = 13, 
KO n = 13; IIb WT n = 18, KO n = 21) and C: TA (WT: n = 12; KO: n = 12). Values are presented as 
means ± SEM, and statistically significant differences (p < 0.05) are indicated by asterisks (*). 
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Active Modulus. The active modulus was significantly lower in the ENT1-/- (KO) 

compared to the WT group for the multifidus muscle (type IIax: p = 0.0461; type IIb: p = 

0.0100) (Figure 4.5), while no differences were observed for either the erector spinae 

(type IIax: p = 0.5309; type IIb: p = 0.4970) or TA (type IIax/b combined: p = 0.6521) 

muscles. 

 

Figure 4.5: Active modulus measurements from WT (n = 78) and ENT1-/- (KO) (n = 82) muscle 
fibres. A: multifidus (IIax WT n = 14, KO n = 15; IIb WT n = 21, KO n = 21) B: erector spinae (IIax WT 
n = 13, KO n = 13; IIb WT n = 18, KO n = 21) and C: TA (WT: n = 12; KO: n = 12). Values are 
presented as means ± SEM, and statistically significant differences (p < 0.05) are indicated by 
asterisks (*). 
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Unloaded shortening velocity (Vo). Vo was significantly lower in the ENT1-/- (KO) 

compared to the WT group for the multifidus type IIax fibres (p=0.48) but not for the 

multifidus type IIb fibres (p = 0.95) (Figure 5). No differences were observed for either 

the erector spinae (type IIax: p = 0.11; type IIb: p = >0.99) or the TA (type IIax/b 

combined: 0.93) muscles. 

 

 

Figure 4.6: Unloaded shortening velocity (Vo) measurements from WT (n = 78) and ENT1-/- (KO) (n 
= 82) muscle fibres. A: multifidus (IIax WT n = 14, KO n = 15; IIb WT n = 21, KO n = 21) B: erector 
spinae (IIax WT n = 13, KO n = 13; IIb WT n = 18, KO n = 21) and C: TA (WT: n = 12; KO: n = 12). 
Values are presented as means ± SEM, and statistically significant differences (p < 0.05) are 
indicated by asterisks (*). 
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4.4 Discussion 

The current work demonstrates, for the first time, a significant impairment in the active 

contractile force generating capabilities of the spine muscles, in particular the multifidus, 

in response to the pathological changes that occur in the ENT1-/- (KO) spines (Li et al., 

2016; Warraich et al., 2013; Gsell et al., 2017; Veras et al., 2017). Specifically, the 

multifidus muscle demonstrated decreases in specific force (type IIax: 36% decrease; 

type IIb: 29% decrease), active modulus (type IIax: 35% decrease; type IIb: 30% 

decrease) and unloaded shortening velocity (type IIax: 31% decrease) in the ENT1-/- 

group when compared to WT littermate controls. A milder phenotype was present for 

the erector spinae where only specific force was reduced in the ENT1-/- mice when 

compared to WT (type IIax: 29% decrease), but active modulus and unloaded 

shortening velocity were unchanged. Importantly, the results confirmed that there were 

no differences in any of the active contractile properties of the lower limb TA muscle 

(figures 4.4-4.6: C), validating that impairments observed in the spine muscles were 

specific to the underlying spine pathology and not the global loss of ENT1. These 

results thus provide the first direct evidence of cellular level impairments in the active 

contractile force generating properties of the spine muscles in response to chronic spine 

pathology (specifically the progressive mineralization of the spine soft tissues).  

It is well recognised that muscle contractile properties are largely influenced by the 

MHC isoform expressed within the muscle cell (Bottinelli et al., 1991) as well as the CSA 

of the muscle fibre. In the current study both of these were accounted for (matching 

MHC isoforms and normalizing force and stiffness to fibre CSA to obtain specific force 

and active modulus), yet impairments in contractile function were still apparent. Simply 
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put, potential changes to fibre type distributions or loss of muscle size, commonly 

reported in the spine pathology literature (Hodges et al., 2014; Hodges et al., 2015; 

Mannion et al., 1997; Mannion, 1999; Mannion et al., 2000; Danneels et al., 2000; 

Laasonen, 1984; Zhao et al., 2000), do not account for the contractile impairments 

observed in the current study. Instead, the current findings suggest an intrinsic 

impairment of the myofilaments within the muscle. Muscle fibre specific force represents 

the inherent ability of the fibre to generate contractile force, independent of fibre size. 

The decreased specific force in the ENT1-/- mice suggests two most likely causes: 1) a 

loss of myosin content relative to CSA, which would lead to a decrease in the number of 

actin-myosin cross-bridge interactions and thus specific force (Campbell et al., 2013; 

D’Antona et al., 2003; Geiger et al., 2000) and 2) a decreased proportion of strongly 

bound cross-bridges (Lowe et al., 2000; Lowe et al, 2002), thus reducing the force-

generating capacity per cross-bridge. While the former was not directly measured in the 

current study, it is indirectly supported by the concurrent finding of a lower active 

modulus (which represents the number of attached cross-bridges during contraction) in 

the multifidus of the ENT1-/- mice (Figure 4.5) (the erector spinae demonstrates a similar 

but non-statistically significant trend; (Figure 4.5-B)). The finding of a lower active 

modulus argues against a possible reduction in the proportion of strongly bound cross-

bridges, as this should affect only specific force. A third possibility of a reduction in the 

stiffness of the cross-bridges themselves, would have a similar effect on both specific 

force and active modulus and therefore cannot be excluded. Finally, unloaded 

shortening velocity, which indicates the maximal ability of the muscle fibre to shorten, 

was significantly lower in the type IIax multifidus fibres from the ENT1-/- mice compared 
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to WT (Figure 4.6). This impairment may result from a slowed detachment rate of the 

cross-bridges from the strongly to weakly/not bound state (Piazzesi et al., 2007), 

however, future work will need to confirm this and identify specific steps in the 

crossbridge cycle that may become compromised in spine pathological conditions.  

Earlier work demonstrated that the passive stiffness of the paraspinal muscles 

increased in response to experimental intervertebral disc injury (Brown et al., 2011) 

(which is thought to decrease the stiffness of the spine) and decreased in response to 

an increase in spine stiffness in the ENT1-/- mice (Gsell et al., 2017).  These findings 

established the presence of an inverse reciprocal relationship between the mechanical 

properties of the spine and the passive properties of the surrounding musculature. The 

current work further expands these findings by demonstrating significantly impaired 

contractile function in the spine muscles of the ENT1-/- mice, likely a consequence of the 

increased mineralization and stiffness present in the spines of the ENT1-/- mice (Li et al., 

2016; Warraich et al., 2013; Gsell et al., 2017).  We hypothesize, however, that this 

impairment might not serve the same functional consequence as the adaptation in 

passive muscle stiffness observed in the earlier papers. Passive muscle stiffness is a 

structural property that arises from the quality and quantity of both its collagen-based 

extracellular matrix and intracellular load-bearing proteins (Gillies & Lieber, 2011; Meyer 

& Lieber, 2011; Ward et al., 2020; Wang et al., 1979; Granzier et al., 1996; Brynell et 

al., 2019); changes in this property appear to compensate directly for changes in the 

structural properties of the spine (Brown et al. 2011; Gsell et al., 2017). Active 

contractile muscle properties arise instead from the force generating and kinetic 

capabilities of the cross-bridges within the muscle (Huxley & Hanson, 1954; Huxley & 
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Niedergerke, 1954; Gordon et al., 1966; Huxley & Simmons, 1971), and their action is 

dependent upon neural drive (Basmajian, 1963). Thus, while it is possible that the 

reduced stiffness, force generating and shortening capabilities of the multifidus and 

reduced force generating capabilities of the erector spinae are part of a compensatory 

mechanism to help maintain a set level of mechanical stability/stiffness in the overall 

spine system, it is also possible that these are true impairments in the muscle that result 

from the progressive mineralization of the spine soft tissues in the ENT1-/- mice. For 

example, a similar muscle impairment (reduced specific force) has been identified in the 

vastus lateralis and rotator cuff muscles after ACL and rotator cuff injury, respectively 

(Gumucio et al., 2018; Mendias et al., 2015). Future work will need to determine the 

mechanisms driving the spine muscle active contractile changes reported here.  

In summary, the hypothesis that the paraspinal muscles surrounding the ENT1-/- mice 

would be impaired when compared to WT mice was confirmed. In the multifidus, ENT1-/- 

mice had a lower specific force, active modulus and unloaded shortening velocity when 

compared to WT mice. In the erector spinae, ENT1-/- mice had a lower specific force in 

type IIax fibres but there were no statistically significant differences in the active 

modulus or unloaded shortening velocity compared to WT mice. These findings provide 

evidence that the active contractile properties of the paraspinal muscles, the multifidus 

in particular, remodel in response to pathological changes to the spine. This work lays a 

foundation to enhance clinical efforts to prevent and rehabilitate spine related disorders. 

Continued work is needed to identify the subcellular mechanisms responsible for the 

reduced contractile function identified in the present work. 



 

   

84 

 
 

4.5 References 

1. Brown SHM, Gregory DE, Carr JA, et al. ISSLS prize winner: adaptations to the 
multifidus muscle in response to experimentally induced intervertebral disc 

degeneration. Spine (Phila Pa 1976) 2011; 36:1728 – 36.  
2. Hodges PW, James G, Blmoster L, et al. Can proinflammatory cytokine gene 

expression explain multifidus muscle fibre changes after an intervertebral disc 
lesion? Spine (Phila Pa 1976) 2014; 39:1010 – 7. 

3. Hodges PW, James G, Blmoster L, et al. Multifidus muscle changes after back 
injury are characterized by structural remodeling of muscle, adipose and 
connective tissue, but not muscle atrophy: molecular and morphological 
evidence. Spine (Phila Pa 1976) 2015; 40:1057 – 71.  

4. Zhao WP, Kawaguchi Y, Matsui H, et al. Histochemistry and morphology of the 
multifidus muscle in lumbar disc herniation: comparative study between diseased 
and normal sides. Spine (Phila Pa 1976) 2000; 25:2191–9.  

5. Agha O, Mueller‐Immergluck A, Liu M, Zhang H, Theologis A A, Clark A, ... & 
Bailey JF. Intervertebral disc herniation effects on multifidus muscle composition 
and resident stem cell populations. JOR Spine 2020; e1091. 

6. Mika A, Unnithan VB, Mika P. Differences in thoracic kyphosis and in back 
muscle strength in women with bone loss due to osteoporosis. Spine 
2005;30:241ñ246. 

7. Roghani T, Zavieh MK, Manshadi FD, et al. Age-related hyperkyphosis: update 
of its potential causes and clinical impacts ó narrative review. Aging Clin Exp Res 
2016; 1ñ11. 

8. Sinaki M, Itoi E, Rogers JW, et al. Correlation of Back Extensor Strength With 
Thoracic Kyphosis and Lumbar Lordosis in Estrogen-Deficient Women1. Am J 
Phys Med Rehabil 1996;75:370ñ374. 

9. Sinaki M, Brey RH, Hughes CA, et al. Balance disorder and increased risk of falls 
in osteoporosis and kyphosis: significance of kyphotic posture and muscle 
strength. Osteoporos Int 2005;16:1004ñ1010. 

10. Danneels LA, Vanderstraeten GG, Cambier DC, et al. CT imaging of trunk 
muscles in chronic low back pain patients and healthy control subjects. Eur Spine 
J 2000; 9:266–72.  

11. Kjaer P, Bendix T, Sorensen JS, et al. Are MRI-defined fat infiltrations in the 
multifidus muscles associated with low back pain? BMC Med 2007; 5:2.  

12. Laasonen EM. Atrophy of sacrospinal muscle groups in patients with chronic, 
diffusely radiating lumbar back pain. Neuroradiology 1984; 26:9–13.  

13. Mannion AF. Fibre type characteristics and function of the human paraspinal 
muscles: normal values and changes in association with low back pain. J 
Electromyogr Kinesiol 1999; 9:363–77.  

14. Demoulin C, Crielaard J-M, Vanderthommen M. Spinal muscle evaluation in 
healthy individuals and low-back-pain patients: a literature review. Joint Bone 
Spine 2007;74:9-13. https://doi.org/10.1016/j. jbspin.2006.02.013. 

15. Ng JK, Richardson CA, Kippers V, Parnianpour M. Relationship between muscle 
fibre composition and functional capacity of back muscles in healthy subjects and 



 

   

85 

 
 

patients with back pain. J Orthop Sports Phys Ther 1998; 27:389-402. 
https://doi.org/10.2519/jospt. 1998.27.6.389. 

16. Hori Y, Hoshino M, Inage K, et al. ISSLS PRIZE IN CLINICAL SCIENCE 2019: 
clinical importance of trunk muscle mass for low back pain, spinal balance, and 
quality of life-a multicenter cross-sectional study. Eur Spine J 2019; 28:914-92. 

17. Larivière C, Forget R, Vadeboncoeur R, Bilodeau M, & Mecheri H. The effect of 
sex and chronic low back pain on back muscle reflex responses. European 
journal of applied physiology 2010;109(4), 577-590. 

18. Radebold A, Cholewicki J, Panjabi MM, Patel TC. Muscle response pattern to 
sudden trunk loading in healthy individuals and in patients with chronic low back 
pain. Spine 2000;25, 947-954. 

19. Reeves NP, Cholewicki J, Milner TE. Muscle reflex classification of low back 
pain. J Electromyogr Kinesiol 2005;15, 53-60. 

20. Mannion AF, Weber BR, Dvorak J, Grob D, & Müntener M. Fibre type 
characteristics of the lumbar paraspinal muscles in normal healthy subjects and 
in patients with low back pain. Journal of orthopaedic research 1997;15(6), 881-
887. 

21. Mannion AF, Käser L, Weber E, Rhyner A, Dvorak J, & Müntener M. Influence of 
age and duration of symptoms on fibre type distribution and size of the back 
muscles in chronic low back pain patients. European Spine Journal 2000;9(4), 
273-281. 

22. Kjaer P, Bendix T, Sorensen JS, et al. Are MRI-defined fat infiltrations in the 
multifidus muscles associated with low back pain? BMC Med 2007; 5:2.  

23. Alaranta H, Tallroth K, Soukka A, et al. Fat content of lumbar extensor muscles 
and low back disability: a radiographic and clinical comparison. J Spinal Disord 
1993; 6:137–40.  

24. Gsell KY, Zwambag DP, Fournier DE, Séguin CA, & Brown SH. Paraspinal 
Muscle Passive Stiffness Remodels in Direct Response to Spine 
Stiffness. Spine 2017;42(19), 1440-1446. 

25. Shahidi B, Gibbons MC, Esparza M, Zlomislic V, Allen RT, Garfin SR, & Ward 
SR. Cell populations and muscle fibre morphology associated with acute and 
chronic muscle degeneration in lumbar spine pathology. JOR Spine 2020;e1087. 

26. Shahidi B, Fisch KM, Gibbons MC, & Ward SR. Increased fibrogenic gene 
expression in multifidus muscles of patients with chronic versus acute lumbar 
spine pathology. Spine 2020;45(4), E189-E195. 

27. Ii H, Warraich S, Tenn N, et al. Disruption of biomineralization pathways in spinal 
tissues of a mouse model of diffuse idiopathic skeletal hyperostosis. Bone 2016; 
90:37–49.  

28. Warraich S, Bone DB, Quinonez D, et al. Loss of equilibrative nucleoside 
transporter 1 in mice leads to progressive ectopic mineralization of spinal tissues 
resembling diffuse idiopathic skeletal hyperostosis in humans. J Bone Miner Res 
2013;28: 1135 – 49.  

29. Choi DS, Cascini MG, Mailliard W, et al. The type 1 equilibrative nucleoside 
transporter regulates ethanol intoxication and preference. Nat Neurosci 2004; 
7:855-861. 

https://doi.org/10.2519/jospt


 

   

86 

 
 

30. Roche SM, Gumucio JP, Brooks SV, Mendias CL, Claflin DR. Measurement of 
maximum isometric force generated by permeabilized skeletal muscle fibres. J 
Vis Exp 100: e52695, 2015. doi:10.3791/52695. 

31. Larsson L and Moss RL. Maximum velocity of shortening in relation to myosin 
isoform composition in single fibres from human skeletal muscles. J Physiol 
(Lond) 1993;72: 595–614.  

32. Moss RL. Sarcomere length-tension relations in frog skinned muscle fibres 
during calcium activation at short lengths. J Physiol (Lond) 1979;292: 177 – 192. 

33. Power GA, Minozzo FC, Spendiff S, Filion ME, Konokhova Y, Purves-Smith MF, 
... & Hepple RT. Reduction in single muscle fibre rate of force development with 
aging is not attenuated in world class older masters athletes. American Journal of 
Physiology-Cell Physiology 2016;310(4), C318-C327. 

34. Shah SB and Lieber RL. Simultaneous imaging and functional assessment of 
cytoskeletal protein connections in passively loaded single muscle cells. Journal 
of Histochemistry & Cytochemistry 2003;51(1), pp.19-29. 

35. Gillis TE, Klaiman JM, Foster A, Platt MJ, Huber JS, Corso MY, & Simpson JA. 
Dissecting the role of the myofilament in diaphragm dysfunction during the 
development of heart failure in mice. American Journal of Physiology-Heart and 
Circulatory Physiology 2016;310(5), H572-H586. 

36. Moisescu DG, Thieleczek R. Calcium and strontium concentration changes 
within skinned muscle preparations following a change in the external bathing 
solution. J Physiol 1978;275: 241–262.  

37. Colombini B, Bagni MA, Berlinguer Palmini R, Cecchi G. Crossbridge formation 
detected by stiffness measurements in single muscle fibres. Adv Exp Med Biol 
2005;565: 127–140; discussion 140, 371–127. 

38. Edman KA. The velocity of unloaded shortening and its relation to sarcomere 
length and isometric force in vertebrate muscle fibres. J Physiol 1979;291, 143-
159, doi:10.1113/jphysiol. 1979.sp012804.  

39. Frontera WR, Suh D, Krivickas LS, Hughes VA, Goldstein R, & Roubenoff R. 
Skeletal muscle fibre quality in older men and women. American Journal of 
Physiology-Cell Physiology 2000;279(3), C611-C618. 

40. Ochala J, Frontera WR, Dorer DJ, Hoecke JV, & Krivickas LS. Single skeletal 
muscle fibre elastic and contractile characteristics in young and older men. The 
Journals of Gerontology Series A: Biological Sciences and Medical 
Sciences 2007;62(4), 375-381. 

41. Lamboley CR, Wyckelsma VL, Dutka TL, McKenna MJ, Murphy RM, & Lamb 
GD. Contractile properties and sarcoplasmic reticulum calcium content in type I 
and type II skeletal muscle fibres in active aged humans. The Journal of 
physiology 2015;593(11), 2499-2514. 

42. Veras MA, Tenn NA, Kuljanin M, Lajoie GA, Hammond JR, Dixon SJ, & Séguin 
CA. Loss of ENT1 increases cell proliferation in the annulus fibrosus of the 
intervertebral disc. Journal of cellular physiology 2019;234(8), 13705-13719. 

43. Bottinelli R, Schiaffino S, Reggiani C. Force-velocity relations and myosin heavy 
chain isoform compositions of skinned fibres from rat skeletal muscle. J Physiol 
1991;437: 655–672,1. https://doi.org/10.1007/s00586-019-05904-7. 

https://doi.org/10.1007/s00586-019-05904-7


 

   

87 

 
 

44. Campbell EL, Seynnes, OR, Bottinelli R, McPhee JS, Atherton PJ, Jones DA, 
Butler- 

45. Browne G, Narici MV. Skeletal muscle adaptations to physical inactivity and 
subsequent retraining in young men. Biogerontology 2013;14 (3), 247–259.  

46. D'Antona G, Pellegrino MA, Adami R, Rossi R, Carlizzi CN, Canepari M, Saltin B, 
47. Bottinelli R. The effect of ageing and immobilization on structure and function of 

human skeletal muscle fibres. J Physiol 2003;552 (Pt 2), 499–511. 
48. Geiger PC, Cody MJ, Macken RL, Sieck GC. Maximum specific force depends 

on 
49. myosin heavy chain content in rat diaphragm muscle fibres. J Appl Physiol 

2000;89 (2), 695–703. 
50. Lowe DA, Surek JT, Thomas DD, Thompson LV. Electron para- magnetic 

resonance reveals age-related myosin structural changes in rat skeletal muscle 
fibres. Am J Physiol Cell Physiol 2001; 280:540–547.  

51. Lowe DA, Thomas DD, Thompson LV. Force generation, but not myosin ATPase 
activity, declines with age in rat muscle fibres. Am J Physiol Cell Physiol 2002; 
283:187–192.  

52. Piazzesi G, Reconditi M, Linari M, Lucii L, Bianco P, Brunello E, Decostre V, 
Stewart A, Gore DB, Irving TC, Irving M, Lombardi V. Skeletal muscle 
performance determined by modulation of number of myosin motors rather than 
motor force or stroke size. Cell 2007;131: 784 –795. 

53. Gillies AR, & Lieber RL. Structure and function of the skeletal muscle 
extracellular matrix. Muscle & nerve 2011;44(3), 318-331. 

54. Meyer G, & Lieber RL. Frog muscle fibres bear a larger fraction of passive 
muscle tension than mouse fibres. Journal of Experimental Biology 2018;jeb-
182089. 

55. Ward SR, Winters TM, O’Connor SM and Lieber RL. Non-linear Scaling of 
Passive Mechanical Properties in Fibres, Bundles, Fascicles and Whole Rabbit 
Muscles. Front. Physiol 2020;11:211. doi: 10.3389/fphys.2020.00211. 

56. Wang K, McClure J, and Tu ANN. Titin: major myofibrillar components of striated 
muscle, Proceedings of the National Academy of Sciences, 1979;76(8), pp.3698-
3702. 

57. Granzier H, Helmes M, and Trombitas K.  Nonuniform elasticity of titin in cardiac 
myocytes: a study using immunoelectron microscopy and cellular mechanics. 
Biophysical Journal 1996;70(1), pp.430-442. 

58. Brynnel A, Hernandez Y, Kiss B, Lindqvist J, Adler M, Kolb J, ... & Granzier HL. 
Downsizing the Giant Titin Reveals its Dominant Roles in Skeletal Muscle 
Passive Stiffness and Longitudinal Hypertrophy. Biophysical Journal 
2019;116(3), 403a. 

59. Huxley H, & Hanson J. Changes in the cross-striations of muscle during 
contraction and stretch and their structural interpretation. Nature 1954;173(4412), 
973-976. 

60. Huxley AF & Niedergerke R. Structural changes in muscle during contraction: 
interference microscopy of living muscle fibres. Nature 1954;173(4412), 971-973. 

61. Gordon AM, Huxley AF, & Julian FJ. The variation in isometric tension with 
sarcomere length in vertebrate muscle fibres. J. Physiol 1966b;184, 170-192. 



 

   

88 

 
 

62. Huxley AF & Simmons RM. Proposed mechanism of force generation in striated 
muscle. Nature 1971;233(5321), 533-538. 

63. Basmajian JV. Control and training of individual motor units. Science 1963;141, 
440-441. 

64. Gumucio JP, Sugg KB, Enselman ERS, Konja AC, Eckhardt LR, Bedi A, & 
Mendias CL. Anterior cruciate ligament tear induces a sustained loss of muscle 
fiber force production. Muscle & nerve 2018;58(1), 145-148. 

65. Mendias CL, Roche SM, Harning JA, Davis ME, Lynch EB, Enselman ERS, ... & 
Bedi A. Reduced muscle fibre force production and disrupted myofibril 
architecture in patients with chronic rotator cuff tears. Journal of Shoulder and 
Elbow Surgery 2015;24(1), 111-119. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

   

89 

 
 

Connecting summary for studies 2 & 3 

The findings from study 2 (chapter 4) provide evidence that the contractile properties 

of the paraspinal muscles (the multifidus in particular), remodel and become functionally 

impaired in direct response to pathological changes to the spine. Moving forward I was 

motivated to test the opposing hypothesis – can initial pathology to the paraspinal 

muscles precede, or directly lead to negative alterations to the spine. 
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5 Study #3: Glycerol induced paraspinal myopathy leads 
directly to hyper-kyphotic deformity in wild-type mice  

 
A version of this chapter is being prepared to be submitted for publication in a scientific 
journal 
 
5.1 Introduction 
 

Globally, the number of people aged 60 or over is expected to more than double, 

from 841 million people in 2013 to more than 2 billion in 2050 (UNDESA, 2013). With 

this growing aged population, the number of patients being treated for spinal deformity 

and degenerative spinal disorders will increase, thus creating a significant burden on 

quality of life and social costs (O’lynnger et al., 2015; Imagama et al., 2011). 

Degenerative spinal disorders are a multifactorial condition that are associated with a 

spectrum of indications related to skeletal muscle, including increased paraspinal fat 

(Kjaer et al., 2007; Parkkola et al., 1993) and collagen content (Agha et al., 2020; 

Delisle et al., 1993), lower paraspinal muscle strength (Reid et al., 1991), and altered 

paraspinal passive mechanical properties (Brown et al., 2011; Hodges et al., 2013). This 

isn’t surprising, as many chronic diseases are associated with skeletal muscle 

alterations (Park et al., 2006; Beenakker et al., 2010; Waters et al., 2010; Stenholm et 

al., 2012) – LBPDs are no exception. A broad literature has already linked myosteatosis 

(muscle fatty infiltration), fibrosis, and atrophy to numerous spine pathologies, including 

intervertebral disc (IVD) herniation (Zhao et al., 2000; Agha et al., 2020), nonspecific 

low back pain (Kjaer et al., 2007), hyper-kyphotic deformity (Mika et al., 2005; Roghani 

et al., 2016; Sinaki et al., 1996), and IVD degeneration (Sun et al., 2017; Özcan-Ekşi et 

al., 2019). Further, patients with kyphotic deformity of the lumbar spine present with 

greater degeneration of the paraspinal muscles compared to patients without deformity 
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(Delisle et al., 1993). These spinal deformity related muscle alterations are important, as 

the sagittal imbalance associated with kyphotic deformity has been shown to be the 

most reliable radiographic predictor and indicator of the health status of adults with 

spinal disorders (Glassman et al., 2005). While paraspinal and spinopelvic muscular 

dysfunction are hypothesized to be causative factors in degenerative spinal deformity 

(Sinaki et al., 1996; Sinaki et al., 2005; Mika et al., 2005; Granito et al., 2012; Weale & 

Weale 2012; Roghani et al., 2016), experimental studies demonstrating true cause and 

effect relationships are lacking.  

Recent work (Malakoutian et al., 2022) demonstrated large variability in the 

active (specific force) and passive (elastic modulus) functional properties of paraspinal 

muscle biopsies from adult spinal deformity patients, reporting values that appear to be 

impaired, compared to non-deformity, age-matched literature norms. Nonetheless, 

whether muscle alterations are mere consequences of spine degeneration and 

deformity or whether they precede or accompany the disorder progression is unknown; 

causative data are needed to address such hypotheses. However, because of the long 

time‐course of LBPD progression in humans and the lack of muscle data at 

asymptomatic early disease stages, it is unrealistic to obtain such data in humans. Few 

animal studies have attempted to untangle the relationship between paraspinal muscle 

pathophysiology and degenerative spinal deformities (Cho et al., 2016; Hey et al., 

2022). Cho et al. (2016) found that severe paraspinal muscle injury (2-week ischemia) 

in rats led to a thoracolumbar kyphotic deformity; however, the authors did not quantify 

the degenerative changes in the muscles and the mechanism of muscle injury was likely 

non-physiologic. Similarly, Hey et al. (2022) used a whole body TSC1 KO myopathy 
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model in mice, and demonstrated that whole body muscle myopathy leads to 

thoracolumbar kyphotic deformity in 12-month old mice when compared to age-matched 

controls. However, this study was limited in that the myopathy was not specific to the 

paraspinal muscles, but rather affected the entire skeletal muscle system, and the 

quantity of muscle fibrosis and fatty infiltration were not measured, nor were any 

functional measures performed.  

To better unravel the cause-and-effect association between paraspinal muscle 

dysfunction and kyphotic deformity, we developed and characterized a novel model of 

paraspinal muscle myopathy using repeated experimental intramuscular glycerol 

injections in C57BL/6 wild type mice. It was hypothesized that paraspinal muscle 

myopathy would lead directly to kyphotic spinal deformity.  

 

5.2 Materials & methods 

Animals 

Experiments were performed on 10–12-week-old female (n=12) and male (n=12) 

C57BL/6 mice (Charles River Laboratories), approved by the University of Guelph 

Animal Utilization Protocol (#4533). All mice were 22–26 grams at the start of the 

experiment and allowed free cage activity and ad libitum access to food and water. Mice 

were housed in standard 22°C conditions. Twelve mice (6 female and 6 male) received 

bilateral glycerol injections to the mid-belly of the multifidus and erector spinae muscles 

along the ~L1-L6 vertebral levels to induce muscle myopathy. Twelve control mice (6 

female and 6 male) were injected identically, but with saline instead of glycerol. Glycerol 

provokes muscle regeneration by inducing myofibre necrosis and intramuscular fat 
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deposition in mice (Mahdy et al. 2015) and has been shown to induce early fibrosis in 

the rat (Mahdy et al., 2018). Here injections were performed every 14 days for 42 days 

(4 injection timepoints) with the aim of creating a degenerative environment within the 

paraspinal muscle compartment.  

 

Intramuscular injections 

Mice were continuously anaesthetized with 2% inhaled isoflurane at 2 L/min and 

injected subcutaneously over the incision site with a 50/50 lidocaine-marcaine mixture. 

The depth of anaesthesia was assessed by toe pinch. The dorsal side of the mouse 

was shaved and sterilized with betadine. A 2–3 cm incision was made through the skin 

over the lumbar spine exposing the multifidus and erector spinae muscles. 15 μl of 

either glycerol (50% v/v) or sterile saline was then injected bilaterally along each of the 

lumbar multifidus and erector spinae with a 29.5-gauge insulin syringe. Skin incisions 

were closed with EZ Clips. Mice were allowed free cage activity and were monitored 

daily for signs of pain, distress, and infection. Intramuscular injections were performed 

every 14 days for 42 days (i.e., 4 injection timepoints); mice were sacrificed 14 days 

following the final injection under anaesthesia followed by CO2 asphyxiation. 

 

Micro-computed tomography  

Micro‐CT imaging was performed immediately following sacrifice to measure paraspinal 

muscle CSA, muscle density, and spinal deformity. Scanning was performed with a 

Skyscan 1278 (Bruker micro‐CT, Kontich, Belgium) at 50 μm voxel resolution using a 

source voltage of 48 kV and a current of 1030 μA. Aluminium filter was set at 0.5 mm to 
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optimize contrast while minimizing dose. Rotation step for the X‐ray source was set to 

0.7°. Average scanning time per animal was 2.5 min. Raw images were then 

reconstructed with NRecon to 3D cross‐sectional image data sets using the following 

parameters: beam hardening to 20%, smoothing to 2%, minimum and maximum for CS 

to Image Conversion to 0% and 0.03%, respectively. Analyses of muscle CSA and 

density from reconstructed images were performed using SkyScan software (CTan). To 

measure cross-sectional area (mm2) and density (in Hounsfield units (HU)), the 

multifidus, erector spinae, and quadratus lumborum were combined and will be referred 

to as ‘dorsal muscle’; muscles were combined because they couldn’t be separated 

reliably, similar to previous publications in the field (Nachit et al., 2021). First, a grey 

value threshold (33 to 90) was applied to exclude non‐lean tissue (i.e. mostly bone), 

then a region of interest was manually drawn on the dorsal muscle area at L3 (Fig 

5.1A). Dorsal muscle area (mm2) was normalized to body mass, and dorsal muscle 

density was normalized to spleen density (an internal invariant control). The muscle‐to‐

spleen ratio is referred to here as muscle density. Sagittal spinal alignment (i.e. 

deformity) was measured using the Cobb method with Surgimap software (Figure 5.1B) 

(version 2.3.2.1).  
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Figure 5.1: Representative image of A) the dorsal muscle area region of interest (ROI) at L3 
acquired with micro‐CT and B) Sagittal spinal alignment measurement using the Cobb method 
with Surgimap software.  

 

Muscle biopsies and histology 

Biopsies of multifidus and erector spinae from saline and glycerol injected mice were 

harvested immediately after the Micro-CT and split into two pieces each. The first were 

immediately placed into a cold dissection solution for contractile and mechanical testing 

(described later). The second pieces were embedded in OCT compound (Tissue-Tek), 

frozen in liquid nitrogen-cooled isopentane, stored at −80°C, and cut into 10-μm-thick 

cryosections with a cryostat (Leica CM1850) maintained at −20°C. Histological staining 

included hematoxylin and eosin (H&E), picrosirius red + fast green (PR+FG), and oil red 

O (ORO); PR+FG and ORO were used to detect collagen and fat, respectively. One to 

two images per muscle per stain were acquired with a brightfield Leica DM 5000B 

microscope connected to a Hamamatsu Orca-Flash 4.0 digital camera and Velocity 
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imaging software. PR+FG and ORO images were thresholded in ImageJ and the red-

positive area (both collagen and fat are stained red in the PR+FG and ORO stains, 

respectively) was divided by the total area to provide a measure of collagen and fat area 

fractions.  

 

Muscle permeabilization 

 The muscle pieces from the cold dissection solution were further dissected into fibre 

bundles 3–5 mm in length and ~0.5 mm in diameter. Following dissection, bundles were 

immersed for 30 minutes in skinning solution with 0.5% non-ionic detergent Brij 58 and 

then placed in storage solution and maintained for 24 hours at 4°C, followed by storage 

at -80°C (See Chapter 4 methods). On the day of a contractile or passive mechanical 

experiment, fibre bundles were removed from storage solution and placed in relaxing 

solution on ice.  

 

Muscle solutions 

The storage solution was composed of (in mM) 250 K-propionate, 40 Imidazole, 10 

EGTA, 4 MgCl2 6H2O, and 2 ATP, and dissolved in glycerol so that the final volume of 

glycerol was 50% v/v. The skinning solution was identical to the storage solution except 

glycerol was replaced by deionized water and 0.5% w/v Brij 58 was added. Relaxing 

solution consisted of (in mM) 59.4 imidazole, 86 KMSA, 0.13 Ca(MSA)2, 

10.8 Mg(MSA)2, 5.5 K3 EGTA, 1 KH2PO4, 0.05 leupeptin, and 5.1 Na2ATP. The pre-

activating solution consisted of KPr (185), MOPS (20), Mg(CH3COOH)2 (2.5), ATP (2.5) 

while the activating solution contained  Ca2+ (15.11), Mg (6.93), EGTA (15), MOPS (80), 
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ATP (5), CP (15), K (43.27), Na (13.09), H2O. All solutions were adjusted to a pH of 7.0 

with the appropriate acid (HCl) or base (Tris). 

 

Muscle contractile measurements  

Experimental setup. Experiments were performed with techniques that have been 

previously described in detail (I.e. Chapters 3 & 4). Briefly, single fibres were carefully 

removed from bundles and transferred to an experimental chamber containing relaxing 

solution maintained at 15°C. There, fibres were tied with one end secured via 

monofilament nylon sutures to a pin in series with a force transducer (Aurora Scientific, 

model 403A) and the other end secured in a similar manner, to the lever arm of a 

servomotor (Aurora Scientific, model 322C) (Figure 4.3). The length of the fibre was 

adjusted to obtain the target sarcomere length using a high-speed camera (HVSL, 

Aurora Scientific 901B). Fibre length (Lo) was measured by aligning the innermost 

portion of the nylon tie at each end of the fibre with the crosshairs of a microscope 

eyepiece graticule. Measurements of fibre diameter were taken at 3 locations along the 

fibre length using a micromanipulator; from these measurements fibre cross-sectional 

area (CSA) was calculated (assuming a cylindrical shape). 

Active measurements. Relaxed single fibres were set slightly beyond their expected 

optimal length (~2.5 µm – to account for internal shortening) and activated by first 

immersing them in a chamber containing a pre-activating solution for 30 seconds and 

then moving them to a chamber containing a high-Ca2+
 activating solution (pCa 4.2) to 

elicit maximal force. Force and length data were sampled at a rate of 10,000 Hz.  

Maximal force was calculated as the peak amplitude (peak force achieved in activating 
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solution minus the resting force in relaxing solution), which was then divided by the CSA 

of the muscle fibre to give a measure of specific force (Sfo) (Chapter 4, Figure 4.1).  

Once maximal force was developed, active modulus (i.e., normalized instantaneous 

stiffness) was assessed by inducing a rapid (500 Lo/s) stretch of 0.3% of Lo and dividing 

the change in force (normalized to CSA) during the stretch by the length change 

(normalized to Lo) (Chapter 4, Figure 4.1). 

Again, at maximal force, an additional length step was induced to measure rate of force 

redevelopment (ktr). This was done by rapidly shortening the fibre by 15% of Lo at a rate 

of 10 Lo/s followed by a rapid (500 Lo/s) re-stretch back to Lo. The rapid shortening 

causes all cross-bridges to break, and then the re-stretch allows further dissociation of 

any remaining cross-bridges and redevelopment of force independent of Ca
2+

-

dependent regulatory proteins at Lo. A mono- exponential equation, y = a (1- e
-kt

) + b, 

was fit to the redevelopment curve to determine ktr (Brenner & Eisenberg, 1986; 

Mazara et al., 2021). 

After completion of the contractile testing, fibres were placed in 15 μl of solubilization 

buffer and stored at -80°C for a minimum of 48 hours. The myosin heavy chain (MHC) 

composition of each fibre (i.e. fibre type) was determined by sodium dodecyl sulfate–

polyacrylamide gel electrophoresis (SDS– PAGE) as in Noonan et al. (2021) (Chapter 

4).  
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Muscle passive measurements. 

For passive measurements, testing was performed in relaxing solution. Two to three 

muscle fibre bundles (8-20 single fibres ensheathed in their extracellular matrix) were 

dissected and tested from each erector spinae muscle sample. Bundles were then tied 

at either end to two separate pins: one attached to a force transducer (resolution 10 

mN; Model-405A, Aurora Scientific, Inc., Aurora, ON, Canada), the other to a lever arm 

of a servomotor (Model-322C, Aurora Scientific, Inc.). Bundles were set to their slack 

length (length at which passive resistance to stretch was first detected) and 

measurements of diameter were taken at three locations along the bundle length using 

a digital micromanipulator (precision 1µm) while viewed under a stereo microscope. 

Bundles were transilluminated at their approximate mid-length by a 5-mW diode laser 

(beam diameter ~0.5 mm; Coherent, Wilsonview, OR) and the resultant diffraction 

pattern was used to calculate sarcomere length (Lieber et al., 1984). Force and 

sarcomere length were recorded as bundles were rapidly stretched (at a rate of two 

bundle lengths per second) by cumulative increments of ~0.25 µm/sarcomere. For 

example, if slack sarcomere length was 2.1 µm, the first stretch would reach a mean 

sarcomere length of approximately 2.35 µm, the second stretch would occur from a 

mean sarcomere length of approximately 2.35 to 2.60 µm, and so on; for each test,  5-7 

stretches were required for the test to be successful. After each stretch sarcomere 

length was measured and the bundle was allowed to relax for 2 min before force was 

recorded and the next stretch was performed. This force was normalized to the CSA 

calculated from the average of the diameter measures (assuming a cylindrical shape) to 

give a value of stress (Ward et al., 2009). For each bundle a, passive stress-sarcomere 
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length curve was generated, and the slope of the linear portion of this curve (beyond 

approximately 3.4 µm) was calculated to determine the passive elastic modulus (see 

Noonan et al., 2020 for more detail).  

 

Statistics 

Data were analysed by two-way analysis of variance (ANOVA), with factors of group 

(glycerol and saline) and sex (male and female). If a significant interaction was 

discovered, Sidak multiple comparisons were used to compare individual group 

differences between males and females within the two-way ANOVA. Significance was 

set to α=0.05. All data are reported as means ±95% CI. 

 

5.3 Results 
 

Intramuscular glycerol injections induce paraspinal muscle myopathy 

As expected, glycerol injected mice demonstrated greater collagen content (i.e. fibrosis) 

compared to saline injected mice for both muscles (MULT: glycerol = 17.9 % vs saline = 

5.4 %; main effect of group = p<0.01; ES: glycerol = 15.1% vs saline = 4.5%; main effect 

of group = p<0.0001) (Figure 5.2). There was also an interaction effect in the MULT 

(p=0.047), where the difference between glycerol and saline groups was greater in 

females than males, but no main effect of sex (p=0.056). In the ES muscle there was no 

interaction (p=0.58) or sex effect (p=0.22). Unexpectedly, glycerol injected mice did not 

demonstrate a significant difference in fat deposition compared to saline injected mice in 

either muscle (MULT: glycerol = 2.1 % saline = 1.5 %; main effect of group: p=0.6296; 
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ES: glycerol = 2.1 % saline = 1.6 %, main effect of group: p=0.2797) (Figure 5.2). 

Similarly, there were no effects of sex (MULT: p=0.31; ES: p=0.59) or interaction effects 

(MULT: p=0.56; ES p=0.85). Qualitatively, a greater number of central nuclei, more 

inhomogeneous fibre size distribution, and an infiltration of mononucleated inflammatory 

cells were found in the glycerol compared to saline groups (observed via H&E staining; 

Figure 5.3.A. Overall, these data indicate that multiple glycerol injections into the 

paraspinal muscles induces a myopathy characterized mainly by significantly greater 

collagen deposition (i.e. fibrosis), but not fat content.  
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Figure 5.2: Repeated intramuscular glycerol injections induce fibrosis, but not fatty infiltration 14 
days post final treatment. A-B) Quantification of collagen deposition via picrosirius red + fast 
green staining indicates greater collagen deposition with glycerol treatment (squares: saline, 
circles: glycerol). C-D) Quantification of fatty infiltration via ORO staining indicates no significant 
effect with glycerol treatment. N = 6 per group, A) main effect of group **** p<0.01; # p=0.047 
represents a significant interaction effect between treatment group and sex.  
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Figure 5.3: Representative images of both male and female mice from both the glycerol and saline 
groups. A) H&E B) picrosirius red + fast green C) ORO. n= 1-2 sections per animal. For A) black 
solid arrow represents central nuclei indicative of regeneration; white solid arrow represents a 
mononucleated inflammatory cell; black solid brace represents small rounded fibres indicating 
de-/regeneration; black arrow with yellow outline represents muscle replacement by fibrotic 
tissue. 
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No change in CSA, but lower dorsal muscle density (HU), in mice injected with 

glycerol  

There was no significant difference in the CSA at the L3 level between glycerol and saline 

treated mice (Glycerol = 63.9 mm2 vs Saline = 61.3 mm2, p=0.41) (Figure 5.4.A). There 

was a main effect of sex (males = 69.3 mm2 vs females = 55.8 mm2 p<0.01) but no 

interaction (p=0.98). For dorsal muscle density, a main effect of group was present 

(glycerol = 0.60 vs saline =0.79 p<0.01) but no effect of sex (male = 0.66 vs female = 

0.72, p=0.18) and no interaction (p=0.41) (Figure 5.4.B). 

 

Figure 5.4: No difference in dorsal muscle CSA, but decreased dorsal muscle density, in glycerol 
treated mice measured 14 days following the final treatment. A) Quantification of dorsal 
(multifidus, erector spinae and quadratus lumborum combined) muscle CSA demonstrates no 
group difference between glycerol and saline mice (p=0.41). There was a significant difference 
between male and female mice (p<0.01) with males have significantly larger dorsal muscle 
(represented by ***) CSA. B) Quantification of dorsal muscle density indicates lower muscle 
density in glycerol-treated mice (p<0.01). Note that the muscle density values are unitless as they 
were normalized to spleen density. N= 6 per group; light/squares = saline, dark/circles = glycerol.  
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Isolated single fibres exhibit impaired absolute, but not specific force in the 

paraspinal muscles of glycerol treated animals 14 days post treatment 

A total of 144 single muscle fibres were actively tested; from these, 128 were type IIB, 8 

were type IIX, 1 was type IIA, 5 were type IIB/X, and 2 were type IIX/A. Therefore, only 

type IIB fibres were statistically tested and reported here. 

For single fibre CSA, there was no effect of group (MULT: p=0.85; ES: p=0.34) and no 

interaction, (MULT: p=0.058; ES: p=0.92) but a main effect of sex for the MULT (males 

larger CSA than females p<0.01; ES: p=0.41) (Figure 5.5.A). Peak steady-state 

absolute isometric force was lower in glycerol injected muscle compared to saline 

injected muscle in the ES (main effect p<0.01) and the MULT in female but not male 

mice (group by sex interaction, p=0.03; main effect of group, p=0.91). In the ES there 

was no sex (p=0.14) or interaction effect (p=0.63), and in the MULT there was a main 

effect of sex (p<0.01) (Figure 5.5.B). Specific force was not different between groups 

(MULT: p=0.82; ES: p=0.07) nor was there an effect of sex (MULT: p=0.06; ES: p=0.90) 

or an interaction (MULT: p=0.83 ES: p=0.10) (Figure 5.5.C). Active modulus was not 

significantly different between groups (p=0.57) nor was there an effect of sex (p=0.74) 

or an interaction (p=0.52) in the MULT; however, in the ES there was a significant effect 

of group (p=0.01), where the glycerol group had a lower active modulus (i.e. lower 

active normalized stiffness) compared to the saline group, but no effect of sex (p=0.587) 

and no interaction (p=0.11) (Figure 5.5.D). 
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Figure 5.5: Repeated glycerol treatment results in lower absolute isometric force production of the 
paraspinal muscles. A-D) Contractile measurements for MULT (left), ES (right) muscle fibres. A) 
CSA B) steady-state absolute isometric force C) specific force D) active modulus. Each square 
(saline) or circle (glycerol) (MULT n=59-65 per measure, ES n=63-67 per measure) represents a 
single fibre. Values are presented as means ± 95% CI. * p=0.01, significant effect of group; ** 
p<0.01, significant effect of group; *** p<0.01, significant effect of sex; # p=0.03 represents a 
significant interaction. 
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Male mice have a faster rate of force redevelopment in single permeabilized fibres 

– no difference between glycerol and saline groups 

For rate of force redevelopment, there was no effect of group (MULT: p=0.81; ES: p=0.26) 

and no interaction effect (MULT: p=0.11 ES: p=0.66) in either muscle. However, there 

was a main effect of sex in the MULT (p=0.02) with males having a 34% faster rate of 

force development than females. There were no sex differences in the ES (p=0.36) 

(Figure 5.6). 

 

Figure 5.6: Cross-bridge kinetics are unchanged in glycerol treated mice.  Rate of force 
development for MULT (left) and ES (right) muscle fibres. (MULT n = 57, ES n = 62). Values are 
presented as means ± 95% CI. *p=0.02, significant effect of sex. 
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Greater ES passive stiffness in glycerol injected mice 

There was a significant effect of group (p<0.01), with a 80% greater passive elastic 

modulus in the ES from the glycerol compared to saline injected groups. There was no 

effect of sex (p=0.52) and no interaction effect (p=0.44) (Figure 5.7). 

 

Figure 5.7: Glycerol treatment results in greater passive stiffness of muscle fibre bundles from the 
ES. A) Passive mechanical measures for muscle fibre bundles from the ES (light squares =saline, 
dark circles = glycerol; n=62 total fibre bundles). B) inset of figure A with outlier removed to better 
view the representation of the data. C) Row means with 95% CI with Hedges’ effect size. Values are 
presented as means ± 95% CI. **p=0.0092, significant effect of group (with or without outlier 
removed: with outlier removed p=0.0045). 
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Glycerol injected mice exhibit increased kyphotic deformity 2-weeks following the 

final injection 

Glycerol injected mice developed greater thoracolumbar kyphosis in comparison to saline 

injected mice. Specifically, glycerol injected mice demonstrated a greater kyphotic Cobb 

angle two weeks following the final injection (day 56) compared to saline injected mice 

(Glycerol = 44.4° vs Saline = 26.4° p<0.01). There was no effect of sex (p=0.052) and no 

interaction effect (p=0.65) (Figure 5.8).  

 

Figure 5.8: Paraspinal muscle myopathy leads directly to thoracolumbar kyphotic deformity. A) 
Quantification of kyphotic deformity via Cobb Angle measurement demonstrating greater 
kyphosis in the glycerol compared to saline mice 14 days following the final injections B) 3-D 
model of representative female mouse skeleton, demonstrating greater thoracolumbar kyphosis in 
the glycerol mouse. top: saline; bottom: glycerol. N = 6 per group; squares = saline: circles = 
glycerol, ** p<0.01. 
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5.4 Discussion 

The pathophysiology driving degenerative spinal deformity is complex and has been 

suggested to involve the paraspinal muscles (Sinaki et al., 1996; Sinaki et al., 2005; 

Mika et al., 2005; Granito et al., 2012; Weale & Weale 2012; Roghani et al., 2016). 

However, direct evidence in support of this hypothesis is incomplete. Here, employing a 

mouse model of intramuscular glycerol injections over an eight-week period, it is shown 

that the paraspinal muscles of glycerol injected mice have significantly more fibrotic 

tissue, greater number of central nuclei (inferring that the muscle is undergoing 

regeneration), produce less absolute active force, and are passively stiffer. Further, a 

direct link is established between these adverse muscle properties and the development 

of thoracolumbar hyper-kyphotic deformity. The main findings of this study are that 1) 

paraspinal myopathy can lead directly to hyper-kyphotic deformity - the kyphotic Cobb’s 

angle was significantly (68%) greater in the glycerol compared to the saline injected 

mice at the final timepoint (day 56); 2) paraspinal muscle weakness (glycerol injected 

muscles had ES muscle fibres that were 24% weaker than saline injected muscles) and 

passive stiffness (glycerol injected ES muscles had fibre bundles that were 80% stiffer 

than saline injected ES muscles) appear to be the dominant muscle functional 

parameters leading to the hyper-kyphotic deformity in this model. These findings 

provide direct evidence that both morphological (fibrosis) and functional (actively 

weaker and passively stiffer) alterations to the paraspinal muscle compartment can 

drive negative changes to the thoracolumbar spine – evidence that has been lacking in 

the literature to date. 
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Limited studies to date have attempted to show that paraspinal muscle pathophysiology 

can precede, and directly lead to, negative changes to the spine (e.g., Cho et al., 2016). 

Previous studies have proposed that kyphotic deformity develops because of postural 

changes – as a method of conserving energy (Hey et al., 2019), while others (Sun et al., 

2017; Teichtahl et al., 2016) have suggested that intervertebral disc degeneration, 

which can lead to a loss of disc height and bone remodelling could contribute to the 

onset of deformity. Finally, many have hypothesized that paraspinal and spinopelvic 

muscular dysfunction are causative factors in the development of spinal deformity 

(Sinaki et al., 1996; Sinaki et al., 2005; Mika et al., 2005; Granito et al., 2012; Weale & 

Weale 2012; Roghani et al., 2016). While presenting compelling hypotheses, these 

studies are unable to unravel the sequence of events leading to kyphotic deformity. This 

gap in the literature is significant as the sagittal imbalance that arises alongside kyphotic 

deformity has been shown to be the most reliable radiographic predictor and indicator of 

the health status of adults with spinal disorders (Glassman et al., 2005).   

 

Morphological changes 

The paraspinal muscles of patients with LBPDs are prone to developing myostaeosis 

(intrusion of fatty tissue into the body of the muscle), and fibrosis (tissue remodeling 

whereby muscle tissue is replaced by collagen-based connective tissue). For example, 

fatty and/or fibrotic changes have been regularly observed using non-invasive imaging 

in IVD herniation (Kjaer et al., 2007; Kudo et al., 2018), nonspecific low back pain 

(Parkkola et al., 1993; Hicks et al., 2005; Mengiardi et al., 2006), and spinal stenosis 
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(Jiange et al., 2017), including greater fatty/fibrotic infiltration in stenosis patients who 

have a lower compared to higher functional status (Chen et al., 2014; Jiange et al., 

2017). Fatty-fibrotic changes have also been observed histologically using muscle 

biopsies taken from patients during surgery to treat IVD herniation (Delisle et al., 1993; 

Shahidi et al., 2017; Agha et al., 2020) Further, it appears that patients with kyphotic 

deformity of the lumbar spine display greater degeneration of their paraspinal muscles 

compared to patients without deformity (Delisle et al., 1993). For example, Delisle et al. 

(1993) found that the paraspinal muscles from patients with progressive lumbar 

kyphosis had more extensive fibrosis than in patients being treated for IVD herniations. 

Finally, Malakoutian et al., (2022), using histological analyses of intraoperative biopsies, 

revealed that adult spinal deformity patients had frequent fibro-fatty replacement, which 

lead to higher passive stiffness values then those reported in the literature from non-

deformity patients, and identified a range of muscle fibre abnormalities in the biopsies.  

  

While there is a growing body of human literature demonstrating links between 

altered paraspinal muscle morphology and LBPDs, much is still unknown regarding their 

direct mechanistic interaction. Specific to deformity, Cho et al. (2016) found that severe 

paraspinal muscle injury (2-week ischemia) in rats led to a thoracolumbar kyphotic 

deformity that persisted for the remainder of the study (12 weeks); however, the authors 

did not quantify the degenerative changes in the muscles. A recent study (Hey et al., 

2022) knocked-out the TSC1 gene in female mice to create a myopathy within the entire 

skeletal muscle system and revealed that whole body muscle myopathy leads to 

thoracolumbar kyphotic deformity in 12-month, but not 9-month-old mice when 
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compared to age-matched controls. This study (Hey et al., 2022) was limited in that the 

myopathy was not specific to the paraspinal muscles, but rather affected the entire 

skeletal muscle system, and the quantity of fibrosis and fatty infiltration were not 

measured, nor were any functional measures performed. Other mouse models with 

known whole body skeletal muscle weakness (e.g. Mdx mice (Laws & Hoey, 2004) and 

tetranectin-deficient mice (Iba et al., 2001)) have also been shown to develop spinal 

hyper-kyphosis. 

 

The intramuscular glycerol injection model employed here induced a significant 

amount of fibrosis in the paraspinal muscles, which mimics the findings of histological 

studies demonstrating greater amounts of fibrotic tissue in chronic lumbar spine 

pathology (Shahidi et al., 2017), kyphotic deformity (Delisle et al., 1993), combined 

kyphotic and scoliotic deformity (Malakoutian et al., 2022), and IVD herniation (Agha et 

al., 2020) patients. However, the intramuscular glycerol injection model employed here 

did not induce a significant amount of fatty infiltration as quantified by ORO staining, 

which is largely in contrast to previous studies using single glycerol injections into 

mouse limb muscles (Mahdy et al., 2015) and reporting on human LBPD patients where 

fatty infiltration is generally prominent within the paraspinal muscles using non-invasive 

imaging (e.g., Kjaer et al., 2007; Kudo et al., 2018).  

Recent work by Lorbergs et al. (2019) reported that a smaller cross-sectional 

area and lower quality of thoracic paraspinal muscles were associated with a larger 

kyphotic Cobb angle in a population aged 50 years and above. In the current study 

micro-CT analysis provided broader measures of dorsal muscle CSA and density (the 
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latter a representation of muscle quality) at the L3 vertebral level. While glycerol 

injections did not alter the overall dorsal muscle CSA, dorsal muscle density was 

significantly lower in glycerol injected compared to saline injected mice. This lower 

density is reflective of a lower percentage of the muscle occupied by contractile tissue 

which again demonstrates a direct link to the development of spinal deformity.  

 To our knowledge this is the first study to investigate whether impaired 

paraspinal muscle function can precede and thus lead to spinal deformity. Here, lower 

absolute force production was apparent in the ES and female MULT in the glycerol 

injected compared to saline injected group. As neither fibre CSA nor specific force were 

statistically different between glycerol and saline groups, it is likely the combination of 

small differences in both (i.e. slightly lower CSA and specific force in the glycerol group) 

that leads to the larger and statistically significant differences in absolute force. This is 

partially supported in the ES by the significant difference in active modulus (25% lower 

in the glycerol group), suggesting that even when accounting for the size of the fibre, 

there were fewer attached cross bridges during active steady-state isometric force 

production. This implies that ES specific force may have been trending towards being 

significantly lower in the glycerol group. Most notably, a clear and significant difference 

was observed in the passive elastic modulus between groups for the ES (80% greater 

modulus in the glycerol compared to the saline group; not measured in the MULT due to 

lack of tissue), likely a result of the significantly greater amount of collagen in the 

muscle. The sensitivity to passive muscle remodelling is not surprising, as previous 

studies have also revealed changes to the passive mechanical properties of the spine 

muscles in response to spine pathology (Brown et al., 2011; Gsell et al., 2017); 
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however, this is the first study to show the inverse relationship, whereby changes to 

passive muscle properties likely precede pathological changes to the spine. Future 

studies should investigate multiple timepoints using in-vivo imaging and/or the addition 

of more animals to improve precision over the exact timing of events driving changes to 

the paraspinal muscles and the development of spinal deformity. 

 

Two muscle measures demonstrated a stronger effect in female compared to 

male mice. The first, collagen content as quantified by histology, was greater in the 

glycerol injected muscles of both males and females, but the effect was significantly 

larger in the MULT of females compared to males. The second, absolute force, was 

significantly lower in both sexes of the ES in glycerol compared to saline muscles, but in 

MULT was only lower in the glycerol compared to saline muscles of females and not 

males. Despite these stronger degenerative phenotypes in the female compared to 

male muscles, there was no sex-based difference in the magnitude of kyphotic 

deformity induced by glycerol injections.  

 

Conclusions 

In summary this study has successfully demonstrated that: 1) experimental 

intramuscular glycerol injections in C57BL/6 wild type mice lead to muscle myopathy 

including severe muscle fibrosis, passive muscle stiffening and impaired absolute force 

production. Interestingly, multiple glycerol injections in mice did not lead to a significant 

increase in fatty infiltration within the paraspinal muscles. 2) Paraspinal muscle 
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myopathy leads directly to kyphotic spinal deformity - thus, providing the first direct 

evidence that paraspinal myopathy can initiate the development of spine deformity. 
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6 Conclusions 
 
The motivation for this thesis was to enhance our understanding of the fundamental 

cellular mechanisms responsible for active muscle contraction and force production in 

the spine muscles - which had never been investigated in any manner, let alone 

compared between healthy and pathological spine conditions. This work has 

demonstrated an impairment in paraspinal muscle contractile ability in degenerative 

spine and adult spinal deformity patients (compared to literature norms for healthy age-

matched vastus lateralis). Further a direct relationship was established between spine 

and muscle pathology; demonstrating that 1) spine pathology can directly lead to 

impairments in the contractile ability of the spine muscles and 2) that paraspinal muscle 

myopathy can directly lead to spinal kyphotic deformity. By studying the intrinsic 

contractile properties, fundamental structural properties, and morphological changes to 

the paraspinal muscles, this thesis identified several novel findings:  

• Degenerative spine and adult spinal deformity patients have impaired paraspinal 

muscle contractile ability compared to literature norms for healthy age-matched 

vastus lateralis. 

• Adult spinal deformity patients who are sagittally imbalanced have impaired 

contractile ability compared to patients without sagittal malalignment.  

• Force sarcomere-length and thin filament length properties are dysregulated and 

highly variable in degenerative spine and adult spinal deformity patients. 

• Chronic spine pathology (in a mouse model) can directly lead to impairments in 

the contractile ability of the spine muscles. 



 

   

125 

 
 

• Repeated intramuscular glycerol injections lead to a muscle myopathy within the 

paraspinal muscles, characterized primarily by muscle fibrosis and passive 

muscle stiffening.  

• This model of muscle myopathy leads directly to spinal deformity in wild type 

mice. 

 

Final thoughts 

The paraspinal muscles are responsible for moving and stabilizing the spine and are the 

source of most of the loads that spine tissues experience during many daily activities 

(i.e., lifting, bending etc.); thus, they play an extremely crucial role in the proper 

functioning of the spine and whole body. While numerous spine pathologies have been 

linked with paraspinal muscle adaptations (Zhao et al., 2000; Agha et al., 2020; Mika et 

al., 2005; Roghani et al., 2016; Sinaki et al., 1996; Sinaki et al., 2005; Danneels et al., 

2000; Kjaer et al., 2007; Laasonen et al., 1984; Mannion et al.,1999), the fundamental 

mechanisms behind these adaptations have been poorly understood. This thesis 

contributed to significantly improving our understanding of the intrinsic contractile 

(dys)functioning of the paraspinal muscles in health and disease as well as the role of 

muscle pathology in the progression of spinal deformity. Moving forward, future efforts 

can be aimed at collecting muscle data from healthy human spine muscles - information 

that will be essential for comparing spine patient data and improving musculoskeletal 

models but challenging to acquire. The development and implementation of new tools to 

acquire biopsies in a minimally invasive manner will be important in this regard (Agten 

et al., 2018). Subsequently, further quantifying the functional and structural variability of 



 

   

126 

 
 

the paraspinal muscles of spine patients initiated in the current work, and, investigating 

what if any functional significance this variability has in comparison to healthy human 

data, may provide important insights into muscle function in health and disease. 
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