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ABSTRACT  19 

Cerebral palsy (CP) is the result of a static brain lesion which causes spasticity and muscle 20 

contracture. The source of the increased passive stiffness in patients is not understood and while 21 

whole muscle down to single muscle fibres have been investigated, the smallest functional unit 22 

of muscle (the sarcomere) has not been. Muscle biopsies (adductor longus and gracilis) from 23 

pediatric patients were obtained (CP n=9 and control n=2) and analyzed for mechanical stiffness, 24 

in-vivo sarcomere length and titin isoforms.  Adductor longus muscle was the focus of this study 25 

and the results for sarcomere length showed a significant increase in length for CP (3.6µm) 26 

compared to controls (2.6µm). Passive stress at the same sarcomere length for CP compared to 27 

control was significantly lower in CP and the elastic modulus for the physiological range of 28 

muscle was lower in CP compared to control (98.2kPa and 166.1kPa, respectively). Our results 29 

show that CP muscle at its most reduced level (the myofibril) is more compliant compared to 30 

normal , which is completely opposite to what is observed at higher structural levels (single 31 

fibres, muscle fibre bundles and whole muscle). It is noteworthy that at the in vivo sarcomere 32 

length in CP, the passive forces are greater than normal, purely as a functional of these more 33 

compliant sarcomeres operating at long lengths. Titin isoforms were not different between CP 34 

and non-CP adductor longus but titin:nebulin was reduced in CP muscle, which may be due to 35 

titin loss or an over-expression of nebulin in CP muscles.  36 

Keywords: Cerebral palsy, passive stress, myofibrils, titin, muscle stiffness. 37 
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 39 

INTRODUCTION  40 

Cerebral palsy (CP) is the most common cause of physical disability in children (Oskoui 41 

et al., 2013). The clinical manifestations are progressive with growth (Kerr Graham and Selber, 42 

2003) and the spastic motor type is most commonly found in children with CP (Howard et al., 43 

2005), first manifesting with a velocity-dependent increase in muscle stiffness, and progressing 44 

to a fixed increase in muscle stiffness  over time. It is generally accepted that spastic CP muscle 45 

is stiffer than normal muscle, but there is little agreement on the mechanisms behind this 46 

observation. Previous research has shown that the sarcomere, the basic contractile unit of skeletal 47 

muscle, is overstretched in spastic muscle tissue compared to normal, and operates at long 48 

sarcomere lengths (Lieber and Fridén, 2002; Mathewson et al., 2015; Mathewson and Lieber, 49 

2015; Smith et al., 2011). At these increased lengths, the overstretched sarcomeres would have 50 

low active force-generating capacity (Gordon et al., 1966) and high passive forces, which agrees 51 

with the clinical situation whereby muscles are not only tight but also weak. Despite the 52 

increased sarcomere length, the muscle portion of the muscle-tendon unit has been found to be 53 

shorter in CP muscle as compared to normal (Matthiasdottir et al., 2014; Wren et al., 2010), and 54 

has been associated with the development of static contracture . 55 

The primary aim of these experiments was to compare passive stress generation under 56 

stretch (i.e. stiffness) between myofibril samples acquired from the adductor longus of children 57 

with CP and those from typically developing children. Given that the isolated myofibril is devoid 58 

of passive structural elements outside of the sarcomere, such as the extracellular matrix, this 59 

analysis provides crucial insight into the mechanics of sarcomeres and titin in CP. Our 60 
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hypothesis was that the stresses generated by CP myofibrils under stretch are higher than for 61 

typically developing children, in accordance with results reported for single muscle fibre and 62 

fibre bundle preparations (Fridén and Lieber, 2003; Smith et al., 2011), because of a smaller (and 63 

stiffer) titin isoform in CP muscle.  64 

A secondary aim was to compare passive stress under stretch between the adductor 65 

longus and gracilis from children with CP to determine if muscles in the hip adductor group have 66 

similar pathomechanics at the myofibrillar level. 67 

METHODS 68 

Study Design and Participant Selection 69 

Patients with spastic quadriplegic CP (GMFCS III to V) who subsequently underwent 70 

tendon release (typically adductor longus, gracilis, and iliopsoas) for the treatment of progressive 71 

hip displacement were enrolled in this study.  Biopsies of the adductor longus (CP-AL) and 72 

gracilis (CP- gracilis) were obtained during the course of a soft tissue release procedure for the 73 

treatment of hip displacement. The control group were patients with developmental dysplasia of 74 

the hip (DDH) who underwent an open hip adductor lengthening during operative reduction of 75 

hip dislocation (non-CP-AL).  76 

Following ethics approval from our institutional review board, written informed consent from the 77 

parents of all patients included in our study was obtained.  78 

Pre-operative Measures: CP Participants  79 

 All clinical and radiographic measures were recorded pre-operatively and included: Gross 80 

Motor Function Classification (GMFCS) level, hip range of motion (goniometry), spasticity 81 
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measures (Modified Tardieu Scale), and radiographic measures (Reimer’s hip migration 82 

percentage).  83 

On the morning of the surgery, each participant underwent a physical examination with 84 

the participant in the supine position, the maximum hip abduction was measured by goniometer 85 

for two positions: with the hip and knee at 90° flexion (adductor longus) and with the hip and 86 

knee at 0° flexion (gracilis). To determine the presence of dynamic and/or static contractures, 87 

measurements were taken using the modified Tardieu scale, whereby the angle of maximum hip 88 

abduction was taken at the point of ‘spastic catch’ after the joint was moved in a quick stretch 89 

(R1) and after the joint was moved slowly to its end point (R2), respectively. 90 

Muscle Biopsy Procedure 91 

Under general anesthesia, biopsies of operated muscles were excised by the treating 92 

orthopaedic surgeon (3mm length, 3mm diameter), and held at the in vivo length using a 93 

specially designed single-use polypropylene biopsy clamp (Howard et al., 2014). Sarcomere 94 

lengths (SLs) obtained using similar biopsy clamps compared to the results obtained from in vivo 95 

laser measurements show good agreement (Ward et al., 2009).  With the hip in maximum (but 96 

not forced) abduction, the adductor longus and gracilis were biopsied with the hip and knee at 97 

90° flexion and 0° flexion, respectively. Samples of muscle from the unclamped remnant ends of 98 

the excised muscle were collected and either frozen in liquid nitrogen and then stored at -80 ºC 99 

for later titin gel electrophoresis or were placed in a special rigor solution for generation of 100 

myofibrils at a later date.  101 
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Although both the AL and gracilis were biopsied in CP participants, only the AL muscle 102 

was biopsied and analyzed in the control group, as gracilis was not the surgical focus for the non-103 

CP participants. 104 

Measurement of In Vivo Sarcomere Length  105 

The muscle for SL determination from all participants remained clamped and were stored 106 

in a 10% buffered formalin solution for 30 days. The methods for preparation are the same as 107 

used previously (Fleeter et al., 1985; Koh and Herzog, 1998). Briefly, the samples were 108 

processed in 30% nitric acid then transferred to glycerol. Fascicles were isolated and laser 109 

diffraction was used to estimate a mean SL and then randomly checked against results using 110 

optical microscopy. Twenty individual muscle fascicles were isolated from each muscle biopsy, 111 

mounted onto a glass slide and scanned for mean SL at 5 regions along the length of each 112 

fascicle. 113 

Passive Stress Measurement 114 

 Samples were stored in a rigor/glycerol solution containing protease inhibitors at -20ºC 115 

for 14 days. Protease inhibitors to minimize titin and nebulin degradation (Complete ®, Roche 116 

Diagnostics Inc., Montreal, Canada) were placed in all storage and processing solutions used for 117 

generating myofibrils. Solutions and the myofibril testing apparatus used are described elsewhere 118 

(Fauver et al., 1998; Herzog et al., 2014; Joumaa et al., 2008, 2007) and a representative 119 

myofibril image is shown in Figure 1. The protocol was a ramp-hold-return design and every 120 

myofibril was lengthened from slack length (<2.0µm) to a target mean SL of 2.4, 2.8, 3.2, 3.6 121 

and 4.0µm, sequentially. Target SL was not always achieved due to the cantilever compliance. 122 

The differences between target SL and actual mean SL were small and actual SL was always 123 
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used for analysis purposes. Lengthening was performed at a speed of 0.1µm/sarcomere/second) 124 

to minimize visco-eleastic effects on the peak stress at the end of the lengthening. At each target 125 

length, the myofibril was held for 1 minute to allow for stress-relaxation to reach steady-state. 126 

Steady-state stress and SLs were measured at the end of the 1-minute hold. The sample was then 127 

returned to slack length for 10 minutes before continuing the test to the next target SL; 10 128 

minutes at slack length has been shown to allow full recovery of the passive force prior to the 129 

next test ramp (Herzog et al., 2014). For the elastic modulus tests aimed at a SL of 4.0µm, the 130 

actual SL ranged from 3.7µm to 3.9µm, because of the small compliance of the force cantilevers, 131 

as substantial passive force was generated at these SLs. Peak stress at mean SL 3.8µm (values 132 

used from 3.7µm to 3.9µm) was measured immediately once the stretch was completed and prior 133 

to the 1-minute hold. 134 

Samples from the AL of both CP and non-CP participants were tested. For gracilis, only 135 

biopsies from CP participants were tested as no control tissue was available. Stresses were 136 

reported for comparison of myofibrils with different cross-sectional areas. For comparisons of 137 

passive stress between the groups at matched SL, the results were stratified into groups 138 

according to SL:  2.25-2.60, 2.61-2.85, 2.86-3.00, 3.01-3.25, 3.26-3.50, 3.51-3.75, 3.76-4.0, 139 

4.01-4.25 µm. 140 

The primary outcome measure was passive stress at pre-determined average SL. 141 

Repeated measures ANOVA (α=0.05) was performed to compare stress at matched SLs between 142 

CP-AL and non-CP-AL.   143 

Stress relaxation reported as a percentage decrease was calculated for CP-AL and non-144 

CP-AL samples. This calculation was performed for tests where the mean SL of 3.8µm was 145 
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observed. This SL was chosen because forces are sufficiently high that stress-relaxation is easily 146 

measured over the 1-minute hold. A comparison of the percentage stress-relaxation between CP-147 

AL and non-CP-AL was done using the Mann-Whitney test (α=0.05). 148 

The average elastic modulus was calculated for each AL myofibril for SL range of 2.4 to 149 

~3.8µm. A comparison of the elastic modulus between CP-AL and non-CP-AL was done using 150 

the Mann-Whitney test (α=0.05).  151 

Average elastic modulus = (F/A)/(ΔL/LO) 152 

F= Change in force at steady state after a stretch from a SL of 2.4 µm to ~3.8 µm 153 

(nN) 154 

A= Cross sectional area of the myofibril (µm2) 155 

ΔL= Change in length of the myofibril (µm) 156 

LO = Initial length of the myofibril (µm) 157 

Peak stress at SL ~3.8µm was analyzed using the same statistical approach. The Mann-158 

Whitney test (α=0.05) was used for titin molecular weight comparisons as well as for titin-159 

nebulin content comparisons between CP and non-CP results.  160 

Titin Gel Electrophoresis 161 

Frozen biopsy sub-samples were processed using a standard protocol (Neagoe et al., 162 

2003; Tatsumi and Hattori, 1995). Protease inhibitors were added to the homogenization buffer 163 

to minimize proteolytic degradation. The gels were stained with Coomassie Blue and scanned 164 

using a Bio-Rad GS-800 densitometer. To estimate the molecular weight of titin, each well of the 165 

gel was loaded with a muscle sample in conjunction with rabbit psoas muscle (2 isoforms 166 

expressed, 3416 and 3295kDa), rat heart (3000kDa) and rabbit soleus (3600kDa) (Neagoe et al., 167 
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2003; Prado et al., 2005). Measurements of titin molecular weight were done using ImageJ 168 

software. Mean values (±SD) of titin molecular weights were calculated from three to six 169 

observations per muscle sample. The ratio of the optical density of titin to nebulin was calculated 170 

and reported, mean value (±SD). Nebulin is a large protein found in association with the thin 171 

filament; a single nebulin molecule spanning each thin filament, thus the titin:nebulin ratio hints 172 

at the abundance of titin relative to the contractile thick and thin filaments in a sarcomere 173 

(Ottenheijm et al., 2009).  174 

 175 

RESULTS  176 

Nine children with CP (CP Group; mean age 102±47 months), and 2 subjects with DDH 177 

(Control Group: mean age 38±23 months) met the study inclusion criteria. The mean age for all 178 

study participants was 8.8 ± 4.2 years (range, 2-12 years).  179 

The mean pre-operative hip abduction (with knee and hip at 0 degrees flexion) was 11º ± 180 

9º and 22º ± 15º for R1 and R2, respectively. The mean intraoperative hip abduction (with knee 181 

and hip at 0 degrees flexion) was 28º ± 12º. The mean pre-operative MP was 54 ± 21 % (range, 182 

14-86 %).  183 

In Vivo Sarcomere Length 184 

  The mean SL in vivo for CP-AL and CP-gracilis was 3.6±0.3μm and 3.5±0.1μm, 185 

respectively. Due to technical reasons, the mean SL could not be determined with confidence 186 

from the single AL muscle biopsy taken from each of the 2 non-CP participants. Fortunately, a 187 

great deal of literature exists which accurately describes the in vivo SL of muscles from typically 188 
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developing children (Mathewson et al., 2015), and so values from the literature are reported here 189 

(2.6µm) and used for comparative purposes to our CP SL measurements.  190 

Myofibril Passive Force Measurements 191 

For the CP participants, 46 AL myofibrils and 40 gracilis myofibrils were isolated and 192 

analyzed. For the controls, 8 AL myofibrils were isolated and analyzed. The total number of 193 

stress-SL observations for CP-AL, CP-gracilis, and non-CP-AL was 255, 208, and 43, 194 

respectively. There was no difference between the diameters of CP-AL (1.2±0.2µm) and non-195 

CP-AL myofibrils (1.1±0.2µm) (p=0.47). At all ranges of matched SL, passive stress was 196 

significantly lower in CP-AL compared to non-CP-AL myofibrils except for the longest length 197 

grouping (Figure 2). Stresses at matched SL were not different for CP-AL versus CP-gracilis 198 

(Figure 3). Peak stress at SL 3.8µm (3.81±0.07µm) was 64±18 nN/µm2 for CP-AL, and 129±30 199 

nN/µm2 for non-CP-AL (p=0.0002). Stress-relaxation (percentage) for CP-AL was 18±6% and 200 

for non-CP-AL was 19±6% (p=0.92). The elastic modulus for CP-AL was 98±45kPa and for 201 

non-CP-AL was 166±22kPa (p=0.0005). 202 

Titin Molecular Weight and Content 203 

Titin molecular weight for CP-AL and non-CP-AL were the same (3611±41kDa and 204 

3615±32kDa respectively, p = 0.76; Figure 4). Titin molecular weight for CP-gracilis was 205 

3588±26kDa, not different from the CP-AL group (p=0.08). The ratio of titin:nebulin content for 206 

CP-AL was 1.47±0.37 and was different from that for non-CP-AL, 3.26±0.16 (p=0.004). The 207 

titin:nebulin ratio for non-CP-AL was the same as that measured for normal rabbit psoas muscle 208 

(3.69±0.50; p=0.92). 209 

 210 
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DISCUSSION 211 

CP group muscles had significantly decreased stress levels at matched SLs compared to 212 

non-CP muscles. This was evident at all SLs except for measurements at SL greater than 4µm. 213 

The reason for the lack of significance for SLs over 4µm was attributable to fewer data points 214 

and large variations at these long SLs. Paradoxically, and at odds with our hypothesis, these 215 

decreased stresses and lower average elastic modulus values for CP muscle suggest that CP 216 

myofibrils are less stiff than those of typically developing children. There was no difference 217 

between the adductor longus and gracilis muscles for children with CP. Thus, the myofibrils 218 

were found to be less stiff for both of the CP muscles targeted in this study, suggesting that this 219 

observation may be generalized, at least for muscles within the same functional group. Further 220 

research is necessary to confirm this supposition. 221 

The etiology of pathological increases in passive joint stiffness in CP has been reported to 222 

derive from contributions at several structural levels: originating both from non-myogenic (i.e. 223 

joint capsule and extracellular matrix) and myogenic sources (i.e. muscle fibres and myofibrils) 224 

(Barber et al., 2011a; Lieber et al., 2003; Mirbagheri et al., 2001; Sinkjaer and Magnussen, 225 

1994). Friden & Lieber (2003) proposed that the increased stiffness in CP muscle arose from two 226 

major sources: collagen and titin. Increased collagen content of the extracellular matrix (ECM) in 227 

CP muscle has been implicated as a primary cause of increased muscle stiffness (Booth et al., 228 

2001; Smith et al., 2011). Increased collagen deposition has also been observed in denervated 229 

(Virtanen et al., 1992) and immobilized muscles (Williams and Goldspink, 1984), suggesting 230 

that collagen content within the ECM may be linked to neuronal activity. 231 
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The molecular spring titin is an important structural element within the sarcomere, 232 

tethering the thick filament (myosin) to the Z-discs . This protein centers the thick filament 233 

within the sarcomere and is thought to account for the majority of passive force generated when 234 

myofibrils are stretched (Bartoo et al., 1997; Granzier and Labeit, 2002; Linke and Fernandez, 235 

2002; Tskhovrebova and Trinick, 2002; Wang et al., 1991). Accordingly, previous work has 236 

shown that changes in passive stiffness of myocytes are accompanied by changes in titin size 237 

(Nagueh et al., 2004). Furthermore, titin has been suggested to possess a ‘mechano-sensing’ 238 

capability, with isoform expression (and thus molecular size) being shown to change with 239 

mechanical stimuli (Granzier and Labeit, 2006; Ottenheijm et al., 2011). Indeed, it has been 240 

surmised that titin could be responsible for modulating myofibrillar stiffness in CP muscle 241 

(Foran et al., 2005). 242 

To investigate titin mechanics in isolation from other contributors to spastic muscle 243 

stiffness, we used single myofibrils since this muscular element is simply an in-series 244 

arrangement of single sarcomeres. No extracellular matrix or basement membrane proteins are 245 

present, therefore, a single myofibril is thought to generate passive tension only through titin  246 

(Linke et al., 1994). Despite our findings of decreased passive force generation for the CP 247 

myofibrils, we found no difference in titin isoform masses between adductor longus in the non-248 

CP and CP groups, nor between the adductor longus and gracilis within the CP groups, which is 249 

in agreement with previous reports, specifically gracilis-normal and gracilis-CP: 3588±18kDa 250 

and 3667±22kDa, respectively (Smith et al., 2011). The resolution of our gel system is ~50kDa, 251 

similar to that reported by Prado et al. (2005). We acknowledge that estimating the true size of 252 

high molecular weight proteins is not an easy task and therefore we added known weight 253 

markers, such as titin from the rat heart and rabbit psoas within the same lane as our 254 
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experimental samples. It is possible that while the molecular mass of titin for CP and non-CP 255 

samples were not different, the composition of titin, and thus its stiffness, could be different. 256 

However, there is no precedence for cases of titin with similar molecular weights having vastly 257 

different mechanical properties. 258 

We report here the novel finding of a large decrease in the titin:nebulin ratio in CP 259 

compared to non-CP muscles suggesting a loss of titin content. Loss of titin may be an adaptive 260 

response resulting in a more compliant myofibril to partially offset the high passive stresses 261 

experienced at long in vivo SLs of CP patients. Loss of titin content has been observed 262 

previously in response to disuse atrophy and in response to cardiac myopathy (Makarenko et al., 263 

2004; Udaka et al., 2008).  However, the reduction in the titin:nebulin ratio does not necessarily 264 

mean a loss of titin in the sarcomeres. Degradation of titin and/or nebulin due to proteolytic 265 

activity is a concern. Steps were taken to minimize this degradation, which could be observed in 266 

the T2 band on the electrophoresis gels.  The T2 bands in our Figure 4 were faint, suggesting that 267 

titin degradation was minimal. Our homogenization buffer contained leupeptin which has been 268 

shown to dramatically reduce proteolysis and subsequent T1 degradation (Helmes et al., 1996).  269 

Furthermore, the normal rabbit and the non-CP patient titin:nebulin  ratios were the same, while 270 

the titin:nebulin ratio for the CP patients was significantly reduced when compared to the non-271 

CP muscle.  Since all muscle samples for gel electrophoresis were handled in the same fashion, it 272 

is unlikely that the non-CP samples were uniquely mishandled so as to degrade the nebulin and 273 

subsequently skew the results.  A reduction in the titin:nebulin ratio in CP muscles could be the 274 

result of an over-expression of nebulin in CP muscles. However, as far as we know, over-275 

expression of nebulin in CP muscles has not been shown. Also, since nebulin has no effect on 276 

passive force in single myofibrils, but titin is responsible for 95-100% of the passive force (Linke 277 
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et al., 1994), it seems reasonable to conclude that the dramatic decrease in passive forces in CP 278 

myofibrils compared to controls, was indeed caused by a loss of titin rather than an 279 

overexpression of nebulin. 280 

In CP participants, we found that in vivo SL in the AL was significantly longer than 281 

reported values from typically developing muscle. This finding is in agreement with other 282 

researchers for muscles including the gracilis, semitendinosus and flexor carpi ulnaris  (Lieber 283 

and Fridén, 2002; Mathewson et al., 2015; Smith et al., 2011). In particular, for gracilis, the only 284 

CP muscle in our study that has a previously reported SL in the medical literature, our 285 

observation  of mean SL= 3.5µm is in agreement with the SL reported (gracilis SL=3.54μm) 286 

(Smith et al., 2011).  287 

 288 

Control tissue was not obtained from the gracilis, as this muscle was not the subject of a 289 

pre-determined surgical intervention for the typically developing children. As such, the CP-290 

gracilis myofibrils were compared to the other hip adductor muscle harvested (CP-AL) and were 291 

found to have SLs that were not different from SL in CP-AL. Titin isoform mass was not 292 

different between the two CP muscles, and there were no differences in passive stress generation 293 

between the CP hip adductor group muscles. 294 

Muscles in typically developing children are believed to operate effectively at SLs of 295 

approximately 2.5 to 2.7μm (Herzog et al., 2010; Walker and Schrodt, 1974). The mean in vivo 296 

SL for the 2 muscles investigated here in CP children (approximately 3.56µm) is on the 297 

descending limb of the force-length curve (Herzog et al., 1992; Walker and Schrodt, 1974) 298 

where actin-myosin filament overlap would be reduced (Mathewson et al., 2015) and these 299 
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sarcomeres would have a decreased active force generation capacity (Carmick, 1993; Kerr et al., 300 

2004; Rose and McGill, 2005). This is evident clinically, with CP muscle weakness being a 301 

predominant feature (Kerr Graham and Selber, 2003; Palisano et al., 1997). 302 

 Decreased passive stress observed in CP myofibrils compared to controls at the same SL, 303 

is complicated by the typical in vivo SL of the CP-AL and non-CP-AL which are very different 304 

(3.6μm and 2.6μm, respectively). This in vivo SL mismatch plays a dominating role in passive 305 

force production in the sarcomere and for the muscle as a whole. CP tissue is under substantially 306 

increased passive stress in vivo as compared to typically developing children (Figure 5).  307 

 308 

STUDY LIMITATIONS 309 

1. The lack of directly measured SL for the AL in the non-CP group is a limitation and 310 

needs to be followed-up in future work. Assuming the normal operating length for normal 311 

skeletal muscle to be approximately 2.5 to 2.7µm (Walker and Schrodt, 1974) and in the 312 

absence of direct measurements, using this range for modeling normal SL has been done 313 

previously (Smith et al., 2011). Measured and then corrected SL values for typically 314 

developing children have been reported at 2.17µm (Mathewson et al., 2015) and an 315 

estimate of normal SL based on 44 previously published values results in a mean of 316 

2.6µm with a 99.99% CI of 2.43–2.91 (Mathewson et al., 2015). Our directly measured 317 

SL for CP-AL (3.6±0.3μm) is well beyond the upper confidence value for these 318 

previously reported normal values (2.91µm) and agrees with previously published direct 319 

measurements of CP muscle SL.  320 
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2. The discrepancy in ages between the CP and non-CP children was primarily a function of 321 

the clinical features of the control group diagnosis versus the CP group. Subjects for our 322 

control group - DDH - typically present within the first 2 years of life and surgical 323 

intervention, including adductor longus tenotomy, is often required at that time. 324 

Neurogenic hip displacement in CP, however, typically requires surgical intervention at 325 

an older age; typically between ages 4 to 10 years. With a prevalence of approximately 1 326 

in 1000, DDH is the pediatric diagnosis with the highest frequency that requires adductor 327 

longus surgery. Hence, though we agree the age discrepancy is a limitation, we chose the 328 

diagnosis with the highest prevalence for our control group which we feel was the most 329 

appropriate choice. The only measurement affected by age was the sarcomere length 330 

since our biopsy clamp was too big for effective fixing of muscle samples. 331 

3. Protein degradation is a concern when protein masses and ratios of protein content are 332 

estimated. Rapidly freezing and proper storage of muscle samples is essential. When 333 

assessing the mechanical behaviour of proteins, especially a large protein like titin, we 334 

were careful that protease inhibitors were used consistently and the timing of experiments 335 

were (e.g. 14 days after harvest) consistent.  336 

4. The quantity of nebulin was variable and the contents of the band were assumed to be 337 

nebulin even though no Western Blot analysis was performed to confirm that the ~800 338 

kDa band was nebulin and nebulin alone. Work by others (Witt et al. (2006) where a 339 

nebulin knock-out mouse was evaluated using Western blot analysis, the ~800 kDa band 340 

observed in skeletal muscle is nebulin alone (Their Figure 2A). Nevertheless, it would be 341 

useful to confirm this assumption independently in human biopsy samples using Western 342 

blot analysis. 343 
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Conclusion 344 

Contrary to our hypothesis, at matched SLs, passive stresses and elastic moduli were 345 

much lower in CP myofibrils compared to typically developing control myofibrils. This finding 346 

is in contrast to findings in single fibres, fascicles and muscles, and as such, and might be an 347 

adaptation to reduce an already excessive passive force in spastic muscles. Despite the lower 348 

stresses in CP compared to control myofibrils, passive stress at in vivo sarcomere lengths is 349 

greater in CP than in typically developing children. A ~50% reduction in the titin:nebulin ratio 350 

seems to explain well the ~50% reduction  in passive stress and elastic modulus of CP 351 

sarcomeres, and might be an adaptive response to partially offset the high passive stresses 352 

experienced at long in vivo sarcomere lengths of CP patients. 353 
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 505 

Figure 1 506 

Figure 1: Testing apparatus for myofibril passive stress measurements. Here, an individual 507 

myofibril is attached at one end to a glass pipette which is connected to a motor used for 508 

specimen length control, and the other end to one of a cantilever pair used to measure force. The 509 

myofibril can be seen in the center of the image as a striated line delineating 7 sarcomeres in 510 

series. 511 

 512 
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 513 

Figure 2 514 

Figure 2: Passive stress generation versus sarcomere length for all data for CP and non-CP 515 

adductor longus (AL). Mean stress ± SD for CP-AL (white ) and non-CP-AL (solid green) are 516 

significantly different at all sarcomere lengths tested, except for the longest range (>4µm). 517 

(*p<0.05). The non-significant result at the longest sarcomere lengths is explained by the 518 

reduced number of observations at this length compared to the other lengths.  519 

 520 
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 521 

Figure 3 522 

Figure 3: Stress versus Sarcomere Length for CP adductor longus and CP gracilis muscles. 523 

No significant difference was found when comparing the two CP muscles, CP-AL open white  524 

circles and black best-fit line, CP-gracilis solid red squares and red dashed best-fit line. 525 

 526 
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 541 

Figure 4 542 

Figure 4: a) Agarose-strengthened 2% acrylamide gel. Extracts from rabbit psoas muscle were 543 

loaded in the same well with extracts from CP adductor longus and gracilis muscles in order to 544 

obtain an internal titin size standard. Titin size values were 3611±41 kDa, 3615±32 kDa and 545 

3588±26 kDa, for CP-AL, non-CP-AL and CP-gracilis muscles respectively. 546 
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b) Control non-CP-AL with rabbit psoas. Faint T2 degradation band is present and human 547 

nebulin band is at the bottom of the gel. Rabbit nebulin was presumably present but is smaller 548 

and was likely pushed off the gel. 549 

 550 

Figure 5 551 

Figure 5: Adductor longus CP and non-CP myofibril Stress versus Sarcomere Length. CP 552 

myofibrils are under increased stress at in vivo sarcomere lengths (3.6 µm) compared to stress for 553 

typically developing children (SL about 2.6 µm). Best fit curves representing passive stress 554 

generation with all data points versus sarcomere length for CP-AL (black line, open white 555 

circles) and non-CP-AL (dashed green line, solid green circles) are displayed. While the CP-AL 556 

stresses were found to be lower for matched sarcomere lengths, at in vivo sarcomere lengths 557 

(CP=3.6µm: solid orange line) and (typically developing control =2.6µm: dashed orange line), 558 

the CP stresses are significantly higher (orange arrow) than for typically developing controls. 559 
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