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 2 

Abstract 29 

Increased serial sarcomere number (SSN) has been observed in rats via downhill running 30 

training due to the emphasis on active lengthening contractions; however, little is known about the 31 

influence on dynamic contractile function.  Therefore, we employed 4 weeks of weighted downhill 32 

running training in rats, then assessed soleus SSN and work loop performance.  We hypothesized 33 

trained rats would produce greater net work output during faster, higher-strain work loops due to 34 

a greater SSN.  Thirty-one Sprague-Dawley rats were assigned to a control or training group.  35 

Weight was added during downhill running via a custom-made vest, progressing from 5-15% body 36 

mass.  Following sacrifice, the soleus was dissected, and a force-length relationship was 37 

constructed.  Work loops (active shortening followed by passive lengthening) were then performed 38 

about optimal muscle length (LO) at 1.5-3-Hz cycle frequencies and 1-7-mm strains to assess net 39 

work output.  Muscles were then fixed in formalin at LO.  Fascicle lengths and sarcomere lengths 40 

were measured and used to calculate SSN.  Intramuscular collagen content and crosslinking were 41 

quantified via a hydroxyproline content and pepsin-solubility assay.  Trained rats had longer 42 

fascicle lengths (+13%), greater SSN (+8%), greater specific active forces (+50%), and lower 43 

passive forces (–45-62%) than controls (P<0.05).  There were no differences in collagen 44 

parameters (P>0.05).  Net work output was greater (+101-424%) in trained than control rats for 45 

the 1.5-Hz loops at 1, 3, and 5-mm strains (P<0.05) and showed relationships with fascicle length 46 

(R2=0.14-0.24, P<0.05). These results suggest training-induced longitudinal muscle growth may 47 

improve dynamic performance. 48 

49 
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 3 

Introduction 50 

 Skeletal muscle remodels and adapts in response to specific conditions, as observed across 51 

the hierarchy of muscle structural organization (Gans and Bock, 1965; Gans and de Vree, 1987; 52 

Jorgenson et al., 2020).  An example is longitudinal skeletal muscle growth, seen as muscle fascicle 53 

elongation and a corresponding increase in serial sarcomere number (SSN), termed 54 

sarcomerogenesis, following downhill running training due to the emphasis on active lengthening 55 

(eccentric) contractions (Butterfield et al., 2005a; Chen et al., 2020; Lynn et al., 1998).   During 56 

unaccustomed eccentric exercise, sarcomeres are overstretched, resulting in suboptimal actin-57 

myosin overlap.  The most supported hypothesis for sarcomerogenesis following eccentric training 58 

is that an increase in SSN occurs to re-establish optimal crossbridge overlap regions (Butterfield 59 

et al., 2005a; Herring et al., 1984).  While the influence of increased SSN on isometric contractile 60 

function is well-established (Lynn et al., 1998; Williams and Goldspink, 1978), less is known 61 

about the impact on measures of dynamic contractile function. 62 

 A physiologically relevant assessment of dynamic performance in vitro is the ‘work loop’: 63 

sinusoidal cycles of muscle shortening and lengthening with phasic bursts of stimulation meant to 64 

simulate locomotion (Josephson and Stokes, 1989; Schaeffer and Lindstedt, 2013).  Work loops 65 

can incorporate a range of cycle frequencies (i.e., speeds of shortening/lengthening) and strains 66 

(i.e., muscle length changes), and are therefore influenced by force-velocity and force-length 67 

properties of muscle (Josephson, 1999).  Hence, there are optimal strains and cycle frequencies for 68 

work loop performance, wherein active tension is as high as possible during shortening and as low 69 

as possible during subsequent lengthening (i.e., generates greater net work output) (Josephson and 70 

Stokes, 1989; Swoap et al., 1997).  Sarcomerogenesis may result in placing sarcomeres closer to 71 

optimal length throughout the range of motion (especially at longer muscle lengths), thus allowing 72 
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individual sarcomeres to shorten slower, optimizing force production across a wider range of 73 

muscle lengths based on the force-length and force-velocity relationships (Akagi et al., 2020; 74 

Drazan et al., 2019).  SSN is also proportional to maximum shortening velocity (Wickiewicz et 75 

al., 1984).  Taken together, sarcomerogenesis may improve work loop performance particularly in 76 

cycles with longer strains and faster cycle frequencies. 77 

Contrary to the above hypothesis, Cox et al. (2000) increased SSN of the rabbit latissimus 78 

dorsi via 3 weeks of incremental surgical stretch and observed a decrease in maximum work loop 79 

power output compared to controls.  They attributed this impaired work loop performance despite 80 

increased SSN to increased intramuscular collagen content caused by the surgical stretch.  81 

Increased collagen content and crosslinking enhance muscle passive stiffness (Brashear et al., 82 

2020; Huijing, 1999; Kjær, 2004; Turrina et al., 2013), which can increase the work of passive 83 

lengthening and thereby decrease net work output.  While collagen content and mRNAs and 84 

growth factors related to collagen synthesis can increase in the rat medial gastrocnemius and 85 

quadriceps femoris following isometric, concentric, and eccentric-based training (Han et al., 1999; 86 

Heinemeier et al., 2007; Zimmerman et al., 1993), collagen content and key enzymes related to 87 

collagen synthesis do not change in the rat soleus following short-term downhill running (Han et 88 

al., 1999) or long-term running training (Zimmerman et al., 1993).  Collagen crosslinking was also 89 

shown to not change in the rat soleus with long-term running training (Zimmerman et al., 1993).  90 

Hence, the rat soleus in downhill running training may be a good model to assess the influence of 91 

sarcomerogenesis on work loop performance in the absence of increased collagen content. 92 

 Previous studies have employed downhill running in rodents with primarily an endurance 93 

training stimulus: on consecutive days with no progressive weighted overload (Butterfield et al., 94 

2005a; Chen et al., 2020).  A stronger stimulus provided by progressively loaded training may 95 
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have a more pronounced impact on muscle architecture and mechanical function (Butterfield and 96 

Herzog, 2006; Farup et al., 2012).  Furthermore, running on many consecutive days may minimize 97 

time for recovery and hence remodelling between exercise bouts (Hyldahl and Hubal, 2014).  This 98 

distinction in training stimuli was offered previously as explanation for observations of only small 99 

adaptations in rat soleus SSN and mechanical function following downhill running training (Chen 100 

et al., 2020).  Larger magnitude changes in muscle architecture and strength in animals following 101 

3 days/week training programs support this perspective as well (Butterfield and Herzog, 2006; 102 

Ochi et al., 2007; Zhu et al., 2021). 103 

To enhance the effect of downhill running training on muscle architecture, the present 104 

study employed downhill running 3 days/week and progressively increased the eccentric stimulus 105 

during running via a novel model incorporating weighted vests. The purposes were to: 1) assess 106 

how soleus SSN and intramuscular collagen adapt to eccentric training; and 2) investigate the 107 

influence on work loop performance.  We hypothesized that soleus SSN would increase, and 108 

collagen content would not change following training.  We also hypothesized that, due to training-109 

induced sarcomerogenesis, work loop performance would improve, particularly in work loops with 110 

longer strains and faster cycle frequencies. 111 

  112 
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 6 

Methods 113 

Animals.  Thirty-one male Sprague-Dawley rats (sacrificial age ~18 weeks) were obtained 114 

(Charles River Laboratories, Senneville, QC, Canada) with approval from the University of 115 

Guelph’s Animal Care Committee and all protocols following CCAC guidelines.  Rats were 116 

housed at 23°C in groups of three and given ad-libitum access to a Teklad global 18% protein 117 

rodent diet (Envigo, Huntington, Cambs., UK) and room-temperature water.  After a week of 118 

acclimation to housing conditions and familiarization with the vests and treadmills, rats were 119 

assigned to 1 of 2 groups: control (n = 18) or training (n = 13).  Training consisted of 4 weeks of 120 

weighted downhill running 3 days/week.  Approximately 72 hours following recovery from the 121 

final training day, rats were sacrificed via CO2 asphyxiation and cervical dislocation (Chen et al., 122 

2020).  We then immediately dissected the soleus and proceeded with mechanical testing.  The 123 

soleus was chosen for this study due to its simple fusiform structure with fascicles running tendon 124 

to tendon (Williams and Goldspink, 1973), its expected lack of changes in collagen content and 125 

crosslinking (Han et al., 1999; Zimmerman et al., 1993), and its suitability for prolonged work 126 

loop experiments, being a primarily slow-fibered muscle (Caiozzo and Baldwin, 1997; Swoap et 127 

al., 1997).  Due to measurement errors in characterizing the force-length relationship after 128 

determining LO, 2 rats (1 control, 1 training) were excluded from analysis of the force-length 129 

relationship.  Similarly, due to a faulty setup of work loop protocols, the same 2 rats plus 1 other 130 

(2 control, 1 training) were excluded from work loop data analysis. 131 

Weighted vests.  After extensive piloting, we designed a custom-made weighted rodent vest 132 

that is both well tolerated by the rat and sufficiently adds weight during running (Figure 1).  A 133 

child-sized sock was cut into the shape of a vest: the end of the sock was cut off such that the ankle 134 

end went around the rat’s neck and the toe end went around the rat’s torso, then arm holes were 135 
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cut on each side just distal to the neck hole.  A T-shaped piece of foam paper was then super-glued 136 

on the back of the vest starting above the arm holes.  A piece of Velcro was then placed across the 137 

wider section of the T-shaped foam paper.  The apparatus for holding the weights was then 138 

constructed.  A strip of packing tape was cut to be the same length as the wider section of the T-139 

shaped foam paper.  To allow for easier manipulation of the weight apparatus, a pipe cleaner of 140 

the same length was then cut and stuck across the midline of the tape, then a thinner piece of tape 141 

was placed over top to hold the pipe cleaner in place.  Two 2 cm × 2 cm Ziplock bags were then 142 

stuck on the strip of tape over top of the pipe cleaner, equidistant from the middle.  Additional 143 

small strips of tape were added as needed to secure these bags in place.  A connecting piece of 144 

Velcro was then placed on the side of the tape opposite the bags, allowing it to be fastened to the 145 

T-shaped foam paper.  The appropriate weights (various sizes of coins) were placed in the Ziplock 146 

bags.  The bags were small enough to hold the coins securely in place, such that they did not move 147 

around as the rat ran. 148 

 149 
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Figure 1: Rat weighted vest design (left) and a rat wearing a vest containing 15% of its body mass at week 4 of 150 

training (right). 151 

Training program.  The training program was modelled after those by Butterfield et al. 152 

(2005) and Chen et al. (2020), who saw SSN adaptations following 2-4 weeks of downhill running 153 

training in the rat vastus intermedius and soleus, respectively, compared to control and uphill 154 

running groups.  Two weeks prior to training, rats were handled for 1 hour on 3 consecutive days 155 

to reduce their stress levels when later applying the vests.  The next week (i.e., 1 week before 156 

training), the rats underwent 5 consecutive days of familiarization sessions on the treadmill, each 157 

consisting of three 3-minute sets at a 0° grade and 10-12 m/min speed, with 2 minutes of rest 158 

between each set.  In the first two familiarization sessions they did not wear vests, in the third 159 

session they wore an unweighted vest for 1/3 sets, in the fourth session they wore an unweighted 160 

vest for 2/3 sets, and in the fifth session they wore an unweighted vest for all 3 sets.  Rats who 161 

were not compliant to the treadmill after 3 days of attempted familiarization were made controls 162 

instead. 163 

Previous models of eccentric-biased resistance training in rats, rabbits, and mice optimized 164 

muscle architectural adaptations with lower compared to higher training frequencies (Butterfield 165 

and Herzog, 2006; Morais et al., 2020; Ochi et al., 2007; Wong and Booth, 1988; Zhu et al., 2021), 166 

so rats ran 3 days per week (Monday, Wednesday, and Friday).  Rats ran on an EXER 3/6 animal 167 

treadmill (Columbus Instruments, Columbus, OH, USA) set to a 15° decline.  Rats ran in 5-minute 168 

bouts, separated by 2 minutes of rest.  They completed 3 bouts on the first day and increased by 2 169 

bouts/day up to the 7-bout target (35 minutes total) on the third day of training, which persisted 170 

for the remainder of the training period.  Rats began each training session at a speed of 10 m/min, 171 

which was increased by 1 m/min up to the 16 m/min target (Chen et al., 2020).  Progressive loading 172 

was employed by adding weight equivalent to 5% of the rat’s body mass during the first week, 173 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted February 20, 2022. ; https://doi.org/10.1101/2022.02.18.481073doi: bioRxiv preprint 

https://doi.org/10.1101/2022.02.18.481073
http://creativecommons.org/licenses/by-nc-nd/4.0/


 9 

10% in the second week, 15% in the third week, and 15% readjusted to the new body mass in the 174 

fourth week.  The training efficacy and safety of this approach was modelled after a weighted vest 175 

training review which reported added weights of 5%-20% body mass (Macadam et al., 2019), and 176 

work by Schilder et al.( 2011), who added up to 36% of body mass to rats via backpacks to simulate 177 

obesity.  15% of body mass was the maximum weight used in the present study because during 178 

piloting we found that adding 20% of body mass was too cumbersome for the animals while 179 

running.  Each training session took place at approximately the same time of day (between 9 and 180 

11 AM). 181 

Experimental setup.  Immediately following sacrifice, the soleus was carefully harvested 182 

from the right hindlimb (Ma and Irving, 2019).  Silk-braided sutures (USP 2-0, metric 3) were tied 183 

along the musculotendinous junctions and mounted to the force transducer and length controller 184 

in the 806D Rat Apparatus (Aurora Scientific, Aurora, ON, Canada).  The muscles were bathed in 185 

a ~26°C Tyrode solution with a pH of ~7.4 (121 mM NaCL, 24 mM NaHCO3, 5.5 mM D-Glucose, 186 

5 mM KCl, 1.8 mM CaCl2, 0.5 mM MgCl2, 0.4 mM NaH2PO4, 0.1 mM EDTA) that was bubbled 187 

(Bonetta et al., 2015; Cheng and Westerblad, 2017) with a 95% O2/5% CO2 gas mixture (Praxair 188 

Canada Inc., Kitchener, ON, Canada).  A 701C High-Powered, Bi-Phase Stimulator (Aurora 189 

Scientific, Aurora, ON, Canada) was used to evoke all contractions via two parallel platinum 190 

electrodes submerged in the solution, situated on either side of the muscle.  Force, length, and 191 

stimulus trigger data were all sampled at 1000 Hz with a 605A Dynamic Muscle Data Acquisition 192 

and Analysis System (Aurora Scientific, Aurora, ON, Canada).  All data were analyzed with the 193 

615A Dynamic Muscle Control and Analysis High Throughput (DMC/DMA-HT) software suite 194 

(Aurora Scientific, Aurora, ON, Canada). 195 
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Mechanical testing.  Mechanical testing of the soleus proceeded from Protocol A to D.  As 196 

a starting point for approximating optimal length, the soleus was passively set to a taut length that 197 

resulted in ~0.075 N of resting tension prior to beginning any protocols (Chen et al., 2020). 198 

 Protocol A: Twitch current.  Single 1.25-ms pulses were delivered in increasing increments 199 

of 0.5 mA (starting at 1 mA) until peak twitch force was elicited.  The current for peak twitch force 200 

was used in the remainder of mechanical testing. 201 

Protocol B: Force-length relationships.  The muscle was lengthened in 1-mm increments, 202 

with maximal tetanic stimulation (0.3 ms pulse width, 1 s duration, 100 Hz frequency) delivered 203 

at each new length (Chen et al., 2020; Heslinga and Huijing, 1993).  This was repeated until the 204 

muscle length that produced peak tetanic force (LO) was reached.   Construction of an active force-205 

length relationship was then completed to at least ±2 mm with respect to LO.  To further 206 

approximate/confirm LO for the subsequent work loops, the muscle was stimulated at the initial 207 

LO ± 0.5 mm.  The final length for LO was measured from tie to tie (i.e., musculotendinous junction 208 

to musculotendinous junction) using 150 mm (0.01 mm resolution) analog calipers (Marathon, 209 

Vaughan, ON, Canada).  Prior to each tetanic stimulation, 2 minutes (to allow for dissipation of 210 

force transients owing to stress-relaxation) of resting force were obtained for construction of a 211 

passive force-length relationship, and following each tetanic stimulation, the muscle was returned 212 

to the original taut length (Heslinga and Huijing, 1993). 213 

 Protocol C: Active and passive work loops.  Sinusoidal muscle length changes were 214 

imposed about LO for each of 1.5, 2, and 3-Hz cycle frequencies (i.e., the frequency of the length 215 

sinusoid) and 1, 3, 5, and 7-mm strains (e.g., a 3-mm strain indicates a displacement of ±1.5 mm 216 

from LO).  After piloting, we decided to not test the 7-mm strain at the 3-Hz cycle frequency 217 

because the muscle sometimes slipped out of its ties with this combination of speed and stretch.  218 
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The range of cycle frequencies was chosen because they correspond to a wide range of treadmill 219 

running speeds for the rat (<13 to 67 m/min) and are consistent with cycle frequencies that occur 220 

during spontaneous running  (maximum 4 Hz) (Caiozzo and Baldwin, 1997; Nicolopoulos-221 

Stournaras and Iles, 1983; Roy et al., 1991).  The range of strains was chosen because they fall 222 

within the maximum excursion of the rat soleus in vivo (~10 mm) (Woittiez et al., 1985).  The 223 

cycle frequency and strain ranges we used are also comparable to those used in previous rat soleus 224 

work loop studies (Caiozzo and Baldwin, 1997; Swoap et al., 1997).   225 

A set of 3 consecutive work loops was performed at each cycle frequency: 1 passive work 226 

loop with no electrical stimulation to determine the work done against passive elements in the 227 

muscle (Cox et al., 2000; James et al., 1995); and 2 active work loops with stimulation (0.3 ms 228 

pulse width, 100 Hz frequency) set to begin at the onset of shortening (Swoap et al., 1997) and last 229 

for 70% of the shortening phase (i.e., duty cycle = 0.7).  Pilot testing determined that 2 consecutive 230 

active work loops sufficiently determined optimal net work: in a set of 3 active work loops, the 231 

highest net work occurred in the 1st or 2nd loop more than 80% of the time, and net work did not 232 

differ between each loop by >10%.  Employing only 2 active work loops per set was also desirable 233 

for minimizing the development of muscle fatigue and deterioration of tissue viability.  Two 234 

minutes of rest were always provided before proceeding to the next set of work loops (Swoap et 235 

al., 1997). 236 

 Protocol D: Assessment for fatigue-induced force loss.  Two minutes after the final work 237 

loop, a maximal tetanic contraction performed at LO, and a work loop at 1.5 Hz and 3 mm (i.e., the 238 

loop determined to usually produce maximal net work output during piloting) were performed to 239 

ensure that fatigue did not interfere with results.  Fatigue was defined as a >10% drop in these 240 

parameters compared to baseline, and no muscles experienced this. 241 
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Limitations in addressing concerns of tissue viability.  The present study only characterized 242 

the force-length relationship up to 2 mm on either side of LO, at 1-mm intervals.  This 243 

methodological limitation may have prevented us from observing adaptations such as a widening 244 

of the force-length relationship plateau region (Akagi et al., 2020) or widening of the whole force-245 

length relationship (i.e., the operating range for active force) (Alder et al., 1958; De Koning et al., 246 

1987; Woittiez et al., 1986).  Such information may have been relevant in interpreting the work 247 

loop results, as we would be able to better elucidate whether trained muscles were acting at near-248 

optimal force production across a wider range of muscle lengths than controls.  However, due to 249 

concerns of tissue viability we wanted to minimize time spent on the force-length relationship prior 250 

to work loop protocols.  We also only employed 1 passive work loop and 2 active work loops per 251 

set in effort to preserve tissue viability for the duration of the experiment.  There is likely some 252 

viscosity present during the first loop that would be reduced in later cycles and yield different net 253 

work output values.  However, previous work loop studies on the rat soleus also employed as few 254 

as 3 total work loops per set in assessing net work output across a range of strains and cycle 255 

frequencies (Swoap et al., 1997).  Additionally, as our work loop methods were consistent across 256 

work loop conditions (i.e., cycle frequency, strain) and between groups, it is unlikely that they 257 

confounded comparisons across cycle frequencies, strains, and groups in this study. 258 

Muscle architecture and serial sarcomere number estimations.  Following mechanical 259 

testing, the muscle was removed from the bath, weighed, then passively stretched to the LO 260 

determined in Protocol B and tied to a wooden stick.  The muscle was then fixed in 10% phosphate-261 

buffered formalin for 48 hours, rinsed with phosphate-buffered saline, and digested in 30% nitric 262 

acid for 6-8 hours to remove connective tissue and allow individual muscle fascicles to be teased 263 

out (Butterfield et al., 2005; Chen et al., 2020).  To obtain a global measure of SSN, 6 fascicles 264 
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were obtained lateral to medial, superficial, and deep across the muscle.  Dissected fascicles were 265 

placed on glass microslides (VWR International, USA), then fascicle lengths were measured using 266 

ImageJ software (version 1.53f, National Institutes of Health, USA) from pictures captured by a 267 

level, tripod-mounted digital camera, with measurements calibrated to a ruler that was level with 268 

the fascicles.  Sarcomere length measurements were taken at six different locations along each 269 

fascicle via laser diffraction (Coherent, Santa Clara, CA, USA) with a 5-mW diode laser (25 μm 270 

beam diameter, 635 nm wavelength) and custom LabVIEW program (Version 2011, National 271 

Instruments, Austin, TX, USA) (Lieber et al., 1984), for a total of 36 sarcomere length 272 

measurements per muscle. Serial sarcomere numbers were calculated as:  273 

Serial sarcomere number = fascicle length / average sarcomere length 274 

Collagen content and solubility assay.  The left soleus of 11 control and 12 trained rats was 275 

dissected and stored at -80°C until use in a hydroxyproline with collagen solubility assay, with 276 

pepsin-insoluble collagen quantifying the amount of collagen crosslinking (Brashear et al., 2020).  277 

The muscle was powdered in liquid nitrogen with a mortar and pestle, careful to remove any 278 

remaining tendon.  The powdered muscle was then weighed and washed in 1 mL of phosphate-279 

buffered saline and stirred for 30 minutes at 4°C.  Non-crosslinked collagen was digested in a 1:10 280 

mass (mg of powdered tissue):volume (µL) solution of 0.5 M acetic acid with 1 mg/mL pepsin, 281 

stirring overnight at 4°C.  After centrifuging at 16000 g for 30 minutes at 4°C, the supernatant was 282 

collected as the pepsin-soluble fraction (non-crosslinked collagen), and the pellet was kept as the 283 

pepsin-insoluble fraction (crosslinked collagen).  The two separate fractions were hydrolyzed 284 

overnight in 0.5 mL of 6 M hydrochloric acid at 105°C.  10 µL of hydrolysate were mixed with 285 

150 µL of isopropanol followed by 75 µL of 1.4% chloramine-T (ThermoFisher) in citrate buffer 286 

(pH = 6.0) and oxidized at room temperature for 10 minutes.  The samples were then mixed with 287 
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1 mL of a 3:13 solution of Ehrlich’s reagent (1.5 g of 4-[dimethylamino] benzaldehyde 288 

[ThermoFisher]; 5 mL ethanol; 337 µL sulfuric acid) to isopropanol and incubated for 30 min at 289 

58°C.  Quantification was determined by extinction measurement of the resulting solution at 550 290 

nm.  A standard curve (0-1000 µM trans-4-hydroxy-L-proline; Fisher) was included in each assay 291 

(average linear R2 = 0.98), and samples were run in triplicate (average CV = 0.098).  292 

Hydroxyproline concentrations in samples were determined by interpolation from the linear 293 

equation of the corresponding assay’s standard curve.  Results are reported as µg of hydroxyproline 294 

per mg of powdered tissue mass. 295 

Data and statistical analyses.  For construction of active force-length relationships, passive 296 

force values were subtracted from total force at each length to estimate active force production.  297 

Passive force was taken from a 500-ms window prior to tetanic stimulation, and total force was 298 

taken as the maximum force produced in the tetanic contraction.  Average active and passive force-299 

length relationships for each group were constructed by averaging force values in length categories 300 

with respect to LO (e.g., LO –2, –1, 0, +1, +2 mm). 301 

From each work loop, Aurora Scientific software calculated work of shortening and work 302 

of lengthening (the integrals under the shortening and lengthening curves, respectively, in a force-303 

length plot) and net work output of a whole cycle (the area inside the whole shortening and 304 

lengthening cycle; work of shortening + work of lengthening, with work in the shortening direction 305 

defined as positive).  Of the two active work loops in a given set, the loop that produced the highest 306 

net work was chosen for statistical analyses (Swoap et al., 1997).  Since a relatively long duty 307 

cycle (i.e., 0.7) may not have allowed full relaxation prior to lengthening in the active work loops, 308 

the net work from a work loop with a more optimal duty cycle was also estimated by adding the 309 

work of shortening (positive) in the active work loop and the work of lengthening (negative) in the 310 
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corresponding passive work loop.  These estimated values of optimal net work output will 311 

henceforth be referred to as the “estimated optimal net work output.” 312 

All force and work values were normalized to the muscle’s physiological cross-sectional 313 

area (PSCA; cm2) to obtain specific values (expressed as units/cm2).  PCSA was calculated as: 314 

PCSA = muscle mass / (muscle density × fascicle length) 315 

With muscle density assumed to be 1.112 g/cm3 (Ward and Lieber, 2005). 316 

All statistical analyses were conducted in IBM SPSS statistics version 26. Two-tailed t-317 

tests were used to compare body weights between control and trained rats throughout the training 318 

period (i.e., at ~14, 15, 16, 17, and 18 weeks old).  A one-way analysis of variance (ANOVA) with 319 

a Holm-Sidak correction for all pairwise comparisons was used to compare FL, SL, SSN, LO, 320 

muscle weight, PCSA, total collagen, and % insoluble collagen between trained and control rats.  321 

Since characterization of longitudinal muscle growth was the primary objective of this study, post-322 

hoc power analyses (t-tests, difference between two independent means; G*Power software) were 323 

performed on FL, SL, and SSN, with 80% indicating statistical power. 324 

One control rat was determined to be an outlier for LO (being 2.09 mm greater than the 325 

third quartile + 1.5 times the interquartile range) and was removed from all force-length 326 

relationship analyses (new sample size: n = 16 control, n = 12 training).  Two-way ANOVAs 327 

(group [training, control] × length with respect to LO [LO -2, -1, +0, +1, +2 mm]) with Holm-Sidak 328 

corrections were used to compare active and passive force across the force-length relationship, and 329 

between groups.  Differences in active force at each length with respect to LO were then compared 330 

using one-way ANOVAs with Holm-Sidak corrections.  Since the force-length relationship was 331 

shifted rightward by on average ~1 mm (see results), to determine if training reduced passive force 332 

at a given muscle length, passive force values of control rats at a length with respect to LO were 333 
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compared to passive force at one less than that length for trained rats (e.g., control passive force at 334 

LO + 2 mm [~26.7 mm] was compared to trained passive force at LO + 1 mm [~26.7 mm], control 335 

passive force at LO + 1 mm [~25.7 mm] was compared to trained passive force at LO [~25.7 mm], 336 

and so on) using a one-way ANOVA with a Holm-Sidak correction. 337 

A three-way ANOVA (group [training, control] × cycle frequency [1.5, 2, 3 Hz] × strain 338 

[1, 3, 5, 7 mm]) with a Holm-Sidak correction for all pairwise comparisons was used to compare 339 

all work loop parameters from the passive and active work loops (work of shortening, work of 340 

lengthening, net work output, estimated optimal net work output).  An effect of group defined a 341 

difference between control and trained rat work loops.  Where effects of group were detected, one-342 

way ANOVAs with Holm-Sidak corrections were employed to compare work loop parameters 343 

between control and trained rats at specific cycle frequencies/strains.  Two-tailed paired t-tests 344 

were used to compare net work output between the recorded work loops and the estimated optimal 345 

work loops. 346 

Regression analyses between net work output and SSN, FL, SL, and maximum isometric 347 

force normalized to PCSA in both groups combined were performed to elucidate which training-348 

induced adaptations contributed to improvements in net work output.  Multiple linear regression 349 

with the variables that showed significant relationships with net work output was also performed 350 

to further understand the relative importance of each in net work output. 351 

Significance was set at α = 0.05.  Effect sizes from two and three-way ANOVAs are 352 

reported as the partial eta squared (ηp2), and from one-way ANOVAs as Cohen’s d (small effect = 353 

0.2, medium effect = 0.5, large effect = 0.8) where significance was detected.  Data are reported 354 

as mean ± standard deviation in text and mean ± standard error in figures.  355 
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Results 356 

 Body weight, muscle weight, and PCSA.  As shown in Figure S1, there were no differences 357 

in body weight between control and trained rats at any time points.  As shown in Figure 2A-B, 358 

there were also no differences in muscle wet weight (F(1,29) = 0.26, P = 0.62) or PCSA between 359 

trained and control rats (F(1,29) = 2.33, P = 0.14). 360 

 Collagen content and crosslinking.  There were no differences in total hydroxyproline 361 

concentration (F(1,21) = 0.06, P = 0.81) (Figure 2C) or percent pepsin-insoluble collagen (F(1,21) 362 

= 0.14, P = 0.71) (Figure 2D) between trained and control rats, indicating no differences in 363 

collagen content or the amount of crosslinked collagen. 364 

 365 

Figure 2: Comparison of muscle wet weight (A), physiological cross-sectional area (PCSA) (B), total collagen 366 

concentration (C), and the percentage represented by pepsin-insoluble collagen (D) in control versus trained rats.  Data 367 

are reported as mean ± standard error (A-B: n = 18 control, n = 13 training; C-D: n = 11 control, n = 12 training).  No 368 

significant differences (P > 0.05) were found between control and training for any of these variables. 369 
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Longitudinal muscle architecture.  For average FL, 95% power was achieved with 18 370 

control and 13 trained rats.  FL was 13% longer (F(1,29) = 13.44, P < 0.01, d = 1.38) in trained 371 

(17.52 ± 1.60 mm, 95% CI [16.55,18.49]) than control rats (15.47 ± 1.49 mm, 95% CI 372 

[14.72,16.21]), implying a training-induced increase in FL (Figure 3A). 373 

 374 

Figure 3: Comparison of fascicle length (A), sarcomere length (B), and serial sarcomere number (C) in control versus 375 

trained rats.  Data are reported as mean ± standard error (n = 18 control, n = 13 training).  *Significant difference (P 376 

< 0.05) between control and training. 377 

For SL, 80% power was not achieved using average SL in 18 control and 13 trained rats 378 

(Power = 35%).  With these sample sizes, SL did not differ (F(1,29) = 1.73, P = 0.20) between 379 

trained (2.93 ± 0.25 μm, 95% CI [2.78,3.07]) and control rats (2.81 ± 0.25 μm, 95% CI[2.69,2.94]) 380 

(Figure 3B).  A follow-up a-priori power analysis indicated 67 control and 49 trained rats would 381 

be required to achieve statistical power for SL, which would not be feasible within time and ethical 382 

constraints of this research.  To obtain data closer to this sample size, we treated each fascicle 383 

independently, amounting to 106 control and 78 trained measurements of average SL.  Viewed 384 
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this way, SL was 5% higher (F(1,182) = 8.75, P < 0.01, d = 0.44) in trained (2.94 ± 0.29 μm, 95% 385 

CI [2.87, 3.01]) than control rats (2.81 ± 0.29 μm, 95% CI [2.76, 2.87]) (Figure 4A).  Therefore, 386 

there is evidence that training increased SL, however, only when using a larger sample size 387 

representative of individual fascicles as opposed to individual animals. 388 

For average SSN, 82% power was achieved with 18 control and 13 trained rats.  SSN was 389 

8% greater (F(1,29) = 6.89, P = 0.01, d = 0.99) in trained (6024.45 ± 473.38, 95% CI [5738.39, 390 

6310.51]) compared to control rats (5577.03 ± 464.52 mm, 95% CI[5346.03,5808.03]) (Figure 391 

3C).  Figure 4B also shows that SSN was 8% greater in trained compared to control rats when 392 

viewing the measurements from all fascicles (106 control and 78 trained fascicles) (F(1,182) = 393 

21.26, P < 0.01, d = 0.69). 394 

 395 

Figure 4: Violin plot comparisons of average sarcomere length (A) and serial sarcomere number (B) in control versus 396 

trained rats with the sample size adjusted to treat each fascicle independently.  Red dots represent the mean.  397 

*Significant difference (P < 0.05) between control and training. 398 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted February 20, 2022. ; https://doi.org/10.1101/2022.02.18.481073doi: bioRxiv preprint 

https://doi.org/10.1101/2022.02.18.481073
http://creativecommons.org/licenses/by-nc-nd/4.0/


 20 

 Force-length relationships.  While LO was on average ~1 mm longer in trained (25.72 ± 399 

1.27 mm) than control rats (24.69 ± 2.70 mm) (Figure 5A and C), there was not a significant 400 

difference (F(1,26) = 1.48, P = 0.23).  There was an effect of group on specific active force 401 

(F(1,135) = 27.09, P < 0.01, ηp2 = 0.18), with one-way ANOVA showing specific active force was 402 

~50% greater in trained than control rats at LO -1 mm (F(1,26) = 5.77, P = 0.02, d = 0.95), LO 403 

(F(1,26) = 5.88, P= 0.02, d = 0.96), LO +1 mm (F(1,26) = 6.19, P = 0.02, d = 0.99), and LO +2 mm 404 

(F(1,22) = 6.15, P = 0.02, d = 1.07).  There was no effect of muscle length with respect to LO on 405 

specific active force (F(4,135) = 0.36, P = 0.84), suggesting active force did not significantly differ 406 

between LO and the other muscle lengths tested, however, when comparing force values 407 

normalized to maximum force, there was an effect of muscle length with respect to LO (F(4,133) 408 

= 26.37, P < 0.01, ηp2 = 0.46), and force differed from force at adjacent points at all muscle lengths 409 

tested (all comparisons P < 0.01) (Figure 5A). 410 

 As shown in Figure 5B and D, the average passive force-length relationship also shifted 411 

rightward in trained compared to control rats.  There was an effect of group on both specific force 412 

(F(1,136) = 29.52, P < 0.01, ηp2 = 0.22) and force normalized to maximum active force (F(1,133) 413 

= 12.85, P < 0.01, ηp2 = 0.10) in the passive force-length relationship.  Particularly, specific passive 414 

force was 45-62% less in trained than control rats at ~23.7 mm (F(1,26) = 7.34, P = 0.01, d = 1.07), 415 

~24.7 mm (F(1,26) = 7.53, P = 0.01, d = 1.09), ~25.7 mm (F(1,26) = 7.39, P = 0.01, d = 1.08), and 416 

~26.7 mm (F(1,25) = 8.63, P < 0.01, d = 1.16) (Figure 6D).  Passive force normalized to maximum 417 

was 26% less in trained than control rats at ~25.7 mm (F(1,26) = 4.61, P = 0.04, d = 0.85) and 418 

~26.7 mm (F(1,25) = 14.10, P < 0.01, d = 1.51) (Figure 6B).  Last, there was an effect of muscle 419 

length with respect to LO on specific passive force (F(4,135) = 26.10, P < 0.01, ηp2 = 0.46) and 420 

passive force normalized to maximum (F(4,133) = 4.41, P < 0.01, ηp2 = 0.13), such that force 421 
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differed between adjacent points at all muscle lengths tested (all comparisons P < 0.05), 422 

confirming passive force increased with increasing muscle length. 423 

 424 

Figure 5: Comparison of average active (A and C) and passive (B and D) force-length relationships in control versus 425 

trained rats, expressed as percent of maximum active force (left) and force normalized to physiological cross-sectional 426 

area (right).  Data are reported as mean ± standard error (n = 16 control, n = 12 training).  *Significant difference (P 427 

< 0.05) between control and training.  #Significant difference in force between muscle lengths. 428 

 Passive work loops.  All passive work loops were clockwise in shape such that work of 429 

lengthening exceeded work of shortening (Figure S2).  There were no effects of group (F(1,304) 430 

= 0.00-2.07, P = 0.15-0.99), nor group × cycle frequency × strain (F(5,304) = 0.08-0.10, P = 0.99-431 

1.00), group × cycle frequency (F(2,304) = 0.04-0.14, P = 0.87-0.96), or group × strain (F(3,304) 432 

= 0.09-0.67, P = 0.57-0.97) interactions for work of shortening, work of lengthening, or net work 433 

output, indicating similar passive work loops between control and trained rats at each cycle 434 

frequency and strain (Figure 6). 435 
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There were no effects of cycle frequency (F(2,304) = 0.11-0.73, P = 0.48-0.90) nor cycle 436 

frequency × strain interactions (F(5,304) = 0.02-0.38, P = 0.86-0.98) on work of shortening, work 437 

of lengthening, or net work output in the passive work loops, indicating they did not differ between 438 

cycle frequencies at any strain.  There were, however, effects of strain on all these parameters 439 

(F(3,304) = 71.10-85.57, P < 0.001, ηp2 = 0.43-0.48), such that work of shortening and work of 440 

lengthening increased, and net work output decreased (i.e., became more negative) as strain 441 

increased (all comparisons P < 0.02) (Figure 6). 442 

 443 

Figure 6: Work of shortening (A), work of lengthening (B), and net work output (C) of the passive (i.e., no 444 

stimulation) work loops in trained and control rats.  Data are reported as mean ± standard error (n = 16 control, n = 12 445 

training).  †Significant difference across strains.   446 

 Active work loops.  Figure 7 shows representative work loop traces from 1 control and 1 447 

trained rat.  In general, work loops were mostly counterclockwise (i.e., containing primarily 448 

positive net work) up to work loops of at most 2 Hz and 3 mm, after which work loops became 449 
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increasingly clockwise (i.e., containing negative work) with the work to re-lengthen the muscle 450 

exceeding the work of shortening. 451 

 452 

Figure 7: Representative active (i.e., stimulation during shortening) work loop traces from 1 control and 1 trained rat.  453 

S indicates the start of the cycle.  Arrows indicate the direction of the cycle, with clockwise segments containing 454 

negative work and counterclockwise segments containing positive work. 455 

As shown in Figure 8C, control rats on average produced maximal net work in the 1.5-Hz 456 

cycle at a 1-mm strain while trained rats produced maximal net work at 1.5 Hz and 3 mm, 457 

demonstrating a training-induced shift in the optimal strain at 1.5 Hz.  Supporting training-induced 458 

changes in maximal net work output, there was an effect of group on net work output (F(1,304) = 459 

9.19, P < 0.01, ηp2 = 0.03), with trained rats producing on average 0.98 J/cm2 (95% CI [0.36, 1.61]) 460 

more net work than controls across all work loop conditions.  However, there were no interactions 461 

of group × cycle frequency × strain (F(5,304) = 0.08 P = 1.00), group × cycle frequency (F(2,304) 462 

= 0.98, P = 0.38), or group × strain (F(3,304) = 0.47, P = 0.70), indicating the effect of group on 463 

net work output did not differ depending on cycle frequency and strain.  Post-hoc tests showed the 464 
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effect of group was most pronounced in 1.5-Hz work loops, with trained rats producing 101% 465 

greater net work output than controls at the 1-mm strain (F(1,26) = 6.42, P = 0.02, d = 1.00), 246% 466 

greater net work output at the 3-mm strain (F(1,26 = 4.92, P = 0.04, d = 0.88), and 424% greater 467 

net work output at the 5-mm strain (F(1,26 = 4.32, P < 0.05, d = 0.82) (Figure 8C). 468 

 469 

Figure 8: Work of shortening (A), work of lengthening (B), and net work output (C) of the active (i.e., stimulation 470 

during shortening) work loops in trained and control rats.   Data are reported as mean ± standard error (n = 16 control, 471 

n = 12 training).  *Significant difference (P < 0.05) between control and training at the colour-coded cycle frequency.  472 

#Significant difference across cycle frequencies.  †Significant difference across strains. 473 

 There was an effect of group on work of shortening (F(1,304) = 5.52, P = 0.02, ηp2 = 0.02) 474 

(Figure 8A) but not work of lengthening (F(1,304) = 0.06 P = 0.81) in the active work loops (Figure 475 

8B), suggesting differences in work of shortening between groups contributed more to the 476 

differences in net work output, with trained rats producing on average 0.94 J/cm2 (95% CI [0.21, 477 

1.68]) more work of shortening than controls across all work loops.  Neither work of shortening 478 

or work of lengthening showed interactions of group × cycle frequency × strain (F(5,304) = 0.01-479 
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0.02 P = 1.00), group × cycle frequency (F(2,304) = 0.01-0.49, P = 0.61-0.99), or group × strain 480 

(F(3,304) = 0.12-0.14, P = 0.93-0.95).  Despite there being an effect of group on work of 481 

shortening, post-hoc tests did not reveal significant differences in work of shortening between 482 

trained and control rats in any work loops. 483 

 There were also effects of cycle frequency on work of shortening and net work output, 484 

(F(2,304) = 20.37-59.51, P < 0.01, ηp2 = 0.13-0.30), but not work of lengthening (F(2,304) = 2.42, 485 

P = 0.09).  There were effects of strain on all these variables (F(3,304) = 26.95-43.68, P < 0.01, 486 

ηp2 = 0.22-0.32).  Specifically, work of shortening decreased with increasing cycle frequency (all 487 

comparisons P < 0.01), and work of shortening and work of lengthening both increased with strain 488 

(all comparisons P < 0.01) (Figure 8A-B).  Net work output decreased with increasing cycle 489 

frequency (all comparisons P < 0.01), and with increasing strain past the optimal strain, except for 490 

between 5 mm and 7 mm (P = 1.00; all other comparisons P < 0.01 to 0.05) (Figure 8C). 491 

 To summarize all the above work loop data, there was an effect of group on net work output 492 

of the active work loops, with differences between control and trained rats most pronounced in the 493 

1.5-Hz work loops at 1, 3, and 5-mm strains.  Work of shortening and lengthening increased with 494 

strain in active and passive work loops, and net work output decreased (i.e. became more negative) 495 

with strain on either side of the optimal strain.  Increasing cycle frequency decreased work of 496 

shortening and net work output, but did not change work of lengthening in the active work loops, 497 

and had no effect on any variables in the passive work loops.  498 

 Relationships between net work output and serial sarcomere number, fascicle length, 499 

sarcomere length, and specific maximum isometric force.  There were no significant relationships 500 

between SSN and net work output in any work loops.  There were, however, significant 501 

relationships between net work output and FL (F(1,27) = 4.39-9.97, P = 0.01-0.04), and net work 502 
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output and SL (F(1,27) = 4.87-13.77, P > 0.01-0.04) in the work loops that significantly differed 503 

between groups (i.e., 1.5 Hz at 1, 3, and 5-mm strains), such that FL explained 14% to 28% and  504 

SL explained 16% to 35% of the variation in net work output (Figure 9A-B).  Regression analyses 505 

for all other work loops showed no significant relationships with FL or SL. 506 

There were significant relationships between specific maximum isometric force and net 507 

work output only in the 1.5-Hz work loops at 1 and 3-mm strains (F(1,27) = 5.59-20.55, P < 0.01-508 

0.03), such that specific maximum isometric force explained 18-44% of the variation in net work 509 

output (Figure 9C).  Beta coefficients from multiple linear regression revealed specific maximum 510 

isometric force contributed more to work loop performance at the 1-mm strain, while FL and SL 511 

were more important at the 3 and 5-mm strains (Figure 9). 512 
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 513 

Figure 9: Plots of the relationships between net work output and fascicle length (A), sarcomere 514 

length (B), and maximum isometric force normalized to physiological cross-sectional area (C) in 515 

the 1.5-Hz work loops at strains of 1, 3, and 5 mm.  *Significant relationship (P < 0.05).  516 

  517 
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Discussion 518 

 This study assessed rat soleus architecture following 4 weeks of weighted downhill running 519 

training and aimed to relate muscle architectural adaptations to changes in dynamic contractile 520 

function, namely work loop performance.  Our hypothesis that training would increase SSN, not 521 

change collagen content and crosslinking, and increase net work output especially in work loops 522 

with longer strains and faster cycle frequencies was partly correct.  Comparing trained and control 523 

rats, FL and SSN increased with training, as did SL but only when treating every fascicle 524 

independently to increase the sample size.  There were no differences in collagen parameters 525 

between groups, and improvements in net work output were most pronounced in 1.5-Hz work 526 

loops at strains of 1, 3, and 5 mm. 527 

 528 

Did weighted downhill running training induce sarcomerogenesis? 529 

 The FL, SL, and SSN values in this study are within ranges of those recorded previously 530 

for the rat soleus (Aoki et al., 2009; Baker and Hall-Craggs, 1978; Chen et al., 2020; Jakubiec-531 

Puka and Carraro, 1991; Koh and Tidball, 1999).  It should be noted that we only characterized 532 

global SSN of the soleus, thus any regional differences in SSN adaptations (Butterfield and 533 

Herzog, 2006) are beyond the scope of this study. 534 

We observed an 8% training-induced increase in SSN.  This magnitude of 535 

sarcomerogenesis is greater than what Chen et al. (2020) observed in the rat soleus following 536 

unweighted downhill running compared to controls (an insignificant +3%).  Butterfield and Herzog 537 

(2006) showed the magnitude of SSN increase is strongly related to peak force developed during 538 

eccentric contractions.  Therefore, compared to Chen et al. (2020), the weighted vests employed 539 

in the present study may have enhanced the eccentric load while running downhill, resulting in a 540 
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greater stimulus for sarcomerogenesis.  In the present study, rats also ran 3 days/week (Monday, 541 

Wednesday, Friday) rather than the 5 days/week (Monday-Friday) used by Chen et al. (2020), and 542 

the extra recovery days may have allowed more time for adaptations to occur between exercise 543 

bouts (Hyldahl and Hubal, 2014). 544 

 The most accepted hypothesis for sarcomerogenesis (i.e., an increase in SSN) stems from 545 

the active force-length relationship of muscle, whereby active force production is suboptimal in 546 

over-stretched positions due to limited actin-myosin binding (Gordon et al., 1966a; Gordon et al., 547 

1966b), and observations that a muscle’s average SL operating range favours force production for 548 

particular task demands (Lieber and Ward, 2011; Lutz and Rome, 1994; Rome, 1994).  It follows 549 

that if a muscle is repeatedly forced to operate with overstretched sarcomeres (i.e., with eccentric 550 

training), SSN would increase to maintain optimal actin-myosin overlap regions in that position 551 

(Koh, 1995; Lynn et al., 1998; Williams and Goldspink, 1978).  These adaptations relate to a 552 

muscle’s ability to sense a change in tension (in this case increased tension at a long muscle length), 553 

then convert that mechanical signal into biochemical events regulating gene expression and protein 554 

synthesis (Aoki et al., 2009; Bogomolovas et al., 2021; Franchi et al., 2018; Herring et al., 1984; 555 

Soares et al., 2007; Spletter et al., 2018). 556 

 The 13% FL increase we observed with weighted downhill running training appears to 557 

have been driven by increases in both SSN (+8%) and SL (+4-5%).  This may be interpreted in 558 

two ways.  First, as optimal SL is generally believed to be constant within a species (Gokhin et al., 559 

2014; Walker and Schrodt, 1974), the roles of increased SL and SSN in increasing FL are likely 560 

not mutually exclusive, but rather depend on the time course of adaptations (Herzog and Fontana, 561 

2021; Zöllner et al., 2012).  This perspective is illustrated by Barnett et al. (1980), who stretched 562 

the patagialis muscle of chickens for 10 days.  At 24 hours, the researchers observed a 40% 563 
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increase in biceps brachii SL, however, SL decreased back to normal by 72 hours, with instead an 564 

increase in SSN.  Jahromi and Charlton (1979) explained this phenomenon by transverse myofibril 565 

splitting, whereby an overstretched sarcomere eventually splits at its H-zone, then two new 566 

sarcomeres develop from the split halves.  It is therefore possible in the present study that at the 4-567 

week mark, some sarcomeres were at the point of stretching (i.e., increasing SL), while others had 568 

separated such that new sarcomeres could be added (i.e., increasing SSN).   569 

On the other hand, as we measured SL at LO, we may have observed an increase in optimal 570 

SL, which could imply elongation of the myofilaments within the sarcomere (Gokhin et al., 2014).  571 

In this regard, it is difficult to compare to previous studies on sarcomerogenesis, as most fixed 572 

their muscles in formalin at a set joint angle rather than at LO (Roy et al., 1982; Salzano et al., 573 

2018; Tabary et al., 1972; Williams and Goldspink, 1978).  These studies reported on average 574 

approximately the same or shorter SLs in the experimental compared to control muscles.  575 

Therefore, it is hypothetically possible that, had they fixed the muscles at LO (i.e., a longer length 576 

compared to the control muscle), they would have observed a longer optimal SL.  This perspective 577 

is somewhat supported by other studies that fixed muscles at LO.  Shrager et al. (2002) induced 578 

emphysema in the lungs of rats, then 5 months later performed lung volume reduction surgery to 579 

treat the emphysema.  Another 5 months later, the diaphragms of rats who received lung volume 580 

reduction surgery had a 14% higher SSN and a 2% longer optimal SL than untreated rats (2.95 µm 581 

versus 2.88 µm).  Coutinho et al. (2004) fixed the rat soleus at resting length, which they assumed 582 

to be LO, following 3 weeks of immobilization in a shortened position with intermittent stretching.  583 

Although they observed a decrease in SSN (due to being immobilized in a shortened position), 584 

they observed a ~2% increase in SL compared to controls (2.2 µm versus 1.9 µm).  Lastly, Chen 585 

et al. (2020) fixed the rat soleus at a measured LO and observed on average a greater SL in downhill 586 
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running rats than controls (2.77 ± 0.09 µm versus 2.75 ± 0.11 µm).  Future research might aim to 587 

assess the time course of SL and SSN adaptations during training, or single-fiber testing to confirm 588 

optimal SLs to better understand these observations. 589 

 590 

Did weighted downhill running training induce muscle hypertrophy? 591 

 The rat soleus wet weight and PCSA values we observed are within the range of previous 592 

reports (Honda et al., 2018; Roy et al., 2002; Widrick et al., 2008).  Increases in muscle wet weight 593 

and PCSA are believed to reflect muscle hypertrophy, and have been observed following 594 

mechanical loading in rats of similar age to those in the present study (Ochi et al., 2007; Roy et 595 

al., 1982; Wong and Booth, 1988).  We, however, observed no difference in soleus wet weight or 596 

PCSA between trained and control rats, possibly because there was still a strong endurance 597 

component to our training program.  Indeed, while the present study aimed to design a more 598 

resistance training-style program via the addition of weighted vests, rats still ran for a total of 35 599 

minutes/session.  Endurance training has been shown in humans to not alter anatomical CSA, 600 

which may provide insight into PCSA (Farup et al., 2012).  If attempting to employ resistance 601 

training in rodents, future research might choose to investigate training programs closer to that of 602 

Zhu et al. (2021), in which mice pulled progressively overloaded carts down a track to failure, 603 

inducing large increases in muscle wet weight. 604 

Muscle PCSA is believed to reflect parallel sarcomere number, and thus be proportional to 605 

maximum isometric force production (Haun et al., 2019; Narici et al., 2016).  We observed ~50% 606 

greater maximum isometric force normalized to PCSA at LO and 3 other muscle lengths in trained 607 

compared to control rats.  These data imply training improved characteristics associated with the 608 

intrinsic force-generating capacity of the muscle, such as calcium handling, force produced per 609 
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crossbridge, or myosin density (i.e., number of crossbridges), which may improve with physical 610 

activity (Fitts et al., 1991; Xu et al., 2018) and resistance training (Łochyński et al., 2021). 611 

 612 

Did sarcomerogenesis impact force-length relations? 613 

 Although statistically insignificant, we observed on average a 4% (~1 mm) greater LO in 614 

trained than control rats.  With an increase in SSN, LO is expected to shift to a muscle length 615 

previously on the descending limb (Davis et al., 2020; Koh, 1995).  Rightward shifts in LO of 5-616 

12% have been observed alongside 7-20% increases in SSN in studies on animals via 617 

immobilization in a stretched position, high-acceleration training, isokinetic eccentric training, and 618 

downhill running training (Butterfield and Herzog, 2006; Lynn et al., 1998; Salzano et al., 2018; 619 

Williams and Goldspink, 1978).  The downhill running study (Lynn et al., 1998) assessed the joint 620 

torque-angle (i.e., not muscle force-length) relationship of the knee extensors, so is difficult to 621 

compare to the present study.  Chen et al. (2020), though, employed downhill running training and 622 

observed no difference in rat soleus LO compared to controls, and on average a 1.5% (also 623 

insignificant) greater LO compared to uphill running rats.  Like with SSN, the present study’s 624 

addition of weighted vests and extra rest days between training sessions may have amounted to a 625 

greater shift in rat soleus LO compared to unweighted downhill running training. 626 

 Changes to the passive force-length relationship were more noticeable than changes to the 627 

active force-length relationship.  Specifically, trained rats generated 45-62% less passive force at 628 

~23.7, 24.7, 25.7, and 26.7-mm muscle lengths.  With a greater SSN, individual sarcomeres may 629 

stretch less during muscle displacement, leading to less passive force generated by sarcomeric 630 

proteins such as titin (Herbert and Gandevia, 2019).  Noonan et al. (2020) demonstrated this with 631 

lower passive stress and passive elastic modulus at longer SLs in soleus single fibers of rats that 632 
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ran downhill compared to uphill.  Noonan et al. (2020) used the same rats as Chen et al. (2020), 633 

therefore the lower passive stress and elastic modulus appeared to be due to a 6% greater SSN.   634 

The influence of sarcomerogenesis on the passive length-tension relationship is not always 635 

predictable due to the concurrent involvement of intramuscular collagen in passive force 636 

generation (Gillies and Lieber, 2011).  For example, in studies on animals with sarcomerogenesis 637 

induced via surgically stretching a muscle, the passive force-length relationship steepens compared 638 

to controls due to concurrent increases in collagen content (Herbert and Balnave, 1993; Takahashi 639 

et al., 2012).  Age-related increases in passive muscles stiffness are also related to increased 640 

collagen crosslinking in mice (Brashear et al., 2020).  We observed no differences in collagen 641 

content or crosslinking in trained compared to control rats, with our values of hydroxyproline 642 

concentration falling into ranges of previous studies for the rat soleus (Karpakka et al., 1992; 643 

Sugama et al., 1999).  Han et al. (1999) observed no change in collagen content in the rat soleus 644 

following downhill running, but also observed increases in some mRNAs and enzymes related to 645 

collagen synthesis; however, these were following only a single bout of exercise.  Perhaps more 646 

comparable to the present study, Zimmerman et al. (1993) observed no changes in soleus collagen 647 

content or crosslinking in 20-week-old rats following 10 weeks of uphill running training.  A 648 

rightward shift in the passive force-length relationship alongside increased SSN and no change in 649 

collagen content was also observed following passive stretch training of the rabbit soleus (De 650 

Jaeger et al., 2015).  Altogether, the present study’s training-induced sarcomerogenesis appeared 651 

to reduce passive tension at longer muscle lengths. 652 

 653 

Is the work loop data comparable to previous studies on the rat soleus?  654 
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The present study’s active work loops employed stimulation duty cycles of 0.7, which is 655 

longer than optimal for all the cycle frequencies used (optimal = ~0.6 at 1.5 Hz, ~0.55 at 2 Hz, and 656 

~0.45 at 3 Hz (Swoap et al. 1997)).  Consequently, full relaxation did not occur prior the 657 

lengthening phase in many of the active work loops, leading to some active lengthening force 658 

development and partly, if not fully (i.e., at 3 Hz), clockwise work loops (Figure 7).  While we did 659 

not collect the most optimal possible work loops, stimulation parameters were consistent between 660 

control and trained rats, and as force was measured during muscle displacement, the data can be 661 

interpreted in the context of muscle architecture to address our research question.  Furthermore, to 662 

bolster comparisons with prior studies, we estimated what net work output might have been under 663 

better stimulation conditions by subtracting work of lengthening in the passive work loops from 664 

work of shortening in the active work loops (Figure S3).  When graphing these values of estimated 665 

optimal net work output across strain and cycle frequency, the graph is similar in shape to previous 666 

reports for the rat soleus (Caiozzo and Baldwin, 1997; Swoap et al., 1997).  Additionally, the work 667 

loops we obtained that were counter-clockwise (e.g., Figure 7: Training, 2 Hz, 5 mm) were similar 668 

in  shape to previous representative traces for the rat soleus (Swoap et al., 1997). 669 

 Net work output decreased with increasing cycle frequency and on either side of the 670 

optimal strain.  At shorter strains, there is mathematically lower mechanical work, as work is the 671 

product of force and length change.  At longer strains, the muscle undergoes greater stretch, 672 

thereby increasing passive force development in addition to active force development, and 673 

bringing the work of lengthening closer to or above work of shortening (Josephson, 1999; Swoap 674 

et al., 1997).  Since work of shortening decreased with increasing cycle frequency while work of 675 

lengthening did not change, the decreased net work output with increasing cycle frequency can be 676 

attributed to the force-velocity relationship (i.e., force decreases with increasing shortening 677 
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velocity due to less opportunity for crossbridge formation (Alcazar et al., 2019; Josephson, 1999)).  678 

Shorter muscle strain allows greater work at a faster cycle frequency because the shortening 679 

velocity (length change / time) is mathematically slower (James et al., 1995; Josephson and Stokes, 680 

1989).  The ability to perform at faster cycle frequencies can also depend on sarcoplasmic 681 

reticulum volume density (Lindstedt et al., 1998; Schaeffer and Lindstedt, 2013), and muscle fiber 682 

type (Swoap et al., 1997).  Since the rat soleus is primarily a slow-twitch muscle (Armstrong and 683 

Phelps, 1984), it is understandable that net work output decreased considerably past a cycle 684 

frequency as slow as 1.5 Hz; this is consistent with previous work loops for the rat soleus (Caiozzo 685 

and Baldwin, 1997; Swoap et al., 1997). 686 

One notable difference from Swoap et al. (1997) is they determined optimal strain for the 687 

rat soleus at 1.5 Hz to be 5 mm, while in the present study it was 1 to 3 mm.  This may be because 688 

Swoap et al. (1997) tied the muscle at the distal end of the Achilles tendon, while we tied at the 689 

musculotendinous junctions.  Incorporating tendon into work loops can improve net work output 690 

by adding forces generated by elastic recoil (Roberts, 2016), allowing muscle fibers to shorten at 691 

closer to optimal speeds (Lichtwark and Barclay, 2010), and buffering muscle damage during 692 

stretch (Griffiths, 1991).  Swoap et al. (1997) also used a higher temperature (30°C versus 26°C), 693 

which can enhance force production in higher velocity/length change combinations (Ranatunga, 694 

2018; Roots and Ranatunga, 2008).  Altogether, while not perfect, our work loops still provide 695 

insight into how the rat soleus functions during cyclic contractions of various speeds and strains. 696 

 697 

Did sarcomerogenesis relate to improvements in work loop performance? 698 

 Our hypothesis that a longer FL and greater SSN induced by weighted downhill running 699 

would improve work loop performance, particularly at faster cycle frequencies and longer strains, 700 
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was partly correct.  An effect of group showed that trained rats produced overall greater net work 701 

output in the active work loops, with the most pronounced increases occurring in the 1.5-Hz loops 702 

at 1, 3, and 5 mm (Figure 8C).  These improvements in net work seemed to be due to increases in 703 

work of shortening (i.e., active force during shortening) rather than decreases in work of 704 

lengthening (Figure 8A and B).  Our hypothesis may only stand if optimal SL remained the same 705 

between control and trained rats.  With increased SSN but the same SL, sarcomeres would stay in 706 

closer range to optimal SL, and shortening velocity of individual sarcomeres would be reduced for 707 

a given muscle excursion, improving active force production and thereby the mechanical work 708 

(Baxter et al., 2018; Drazan et al., 2019).  We observed a 4-5% increase in optimal SL with 709 

training, so it is possible the sarcomere shortening velocities and operating ranges with respect to 710 

optimal SL did not change.   711 

As shown in Table 1, we estimated the sarcomere operating ranges and shortening 712 

velocities in the 1.5-Hz work loops at strains of 1, 3, and 5 mm in trained and control rats.  To do 713 

this, we first determined the fraction of the measured FLs compared to the whole-muscle LO’s 714 

(trained = 0.68, control = 0.63).  By doing this, we can estimate what FL would be at a given 715 

muscle length with respect to LO (e.g., in trained rats for a 3-mm strain: LO + 1.5 mm = 25.72 mm 716 

+ 1.5 mm = 27.22 mm; FL = 27.22 mm × 0.68 = 18.51 mm; LO – 1.5 mm = 25.72 mm – 1.5 mm 717 

= 24.22 mm; FL = 24.22 mm × 0.68 = 16.47 mm).  Subsequently, we can estimate the SL at that 718 

muscle length by dividing FL by the SSN (e.g., at LO + 1.5 mm, 18.51 mm / 6024 = 3.07 μm; at 719 

LO – 1.5 mm, 16.47 mm / 6024 = 2.73 μm).  Assuming the width of the sarcomere force-length 720 

relationship changed proportionately to SL, we can calculate the percentage that SL deviated from 721 

optimal SL during the whole-muscle excursion (e.g. [{3.07 – 2.93} / 2.93] × 100% = ±4.78%).  722 

We can also estimate the sarcomere shortening velocity in an excursion by multiplying the 723 
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sarcomere displacement by 2 times the cycle frequency (e.g., [3.07 μm – 2.73 μm] × (1.5 Hz × 2) 724 

= 1.02 μm/s).  Because optimal SL is different between groups, these velocities should also be 725 

expressed as SL/s for comparisons (e.g., 1.02 μm/s / 2.93 μm = 0.11 SL/s). 726 

 727 

Table 1: Estimated sarcomere operating ranges and shortening velocities in the work loops that 728 

improved with training 729 

 Control (measured resting length at LO: 2.81 
μm) 

Trained (measured resting length at LO: 2.93 
μm) 

Strain  SL 
range 

Excursion from 
optimal SL 

Shortening 
velocity at 1.5 Hz 

SL 
range 

Excursion from 
optimal SL 

Shortening 
velocity at 1.5 Hz 

1 mm 2.73-
2.85 μm 

±1.42% 0.13 SL/s 2.85-
2.96 μm 

±1.02% 0.11 SL/s 

3 mm 2.62-
2.96 μm 

±5.34% 0.36 SL/s 2.73-
3.07 μm 

±4.78% 0.35 SL/s 

5 mm 2.51-
3.07 μm 

±9.25% 0.66 SL/s 2.62-
3.19 μm 

±8.87% 0.58 SL/s 

LO: optimal muscle length; SL: sarcomere length 730 

 731 

 From the estimations in Table 1, it appears that the sarcomeres of trained rats indeed 732 

shortened/lengthened relatively less from optimal SL and operated at relatively slower shortening 733 

velocities than controls at a 1.5-Hz cycle frequency with 1, 3, and 5-mm strains.  Therefore, it is 734 

possible that at these cycle frequency/strain combinations, the increased SSN placed sarcomeres 735 

at more advantageous positions on the force-length and force-velocity relationships, increasing 736 

force production throughout the range of motion and contributing to greater net work output.  The 737 

results from the regression analyses support these estimations.  There were significant relationships 738 

between net work output and both FL and SL in only these work loops, suggesting the training-739 

induced increases in FL and SL indeed contributed to the improved work loop performance.  It 740 

appears that the increased specific maximum isometric force (i.e., improvements in force-741 

generating capacity independent of PCSA) also contributed to the improved work loop 742 
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performance, at least at the 1 and 3-mm strains, but FL and SL adaptations were more important 743 

for improved net work output at the 3 and 5-mm strains (Figure 9). 744 

 To our knowledge, one other study on animals has assessed the impact of sarcomerogenesis 745 

on work loop performance (Cox et al., 2000).  After incrementally surgically stretching the rabbit 746 

latissimus dorsi for 3 weeks, they observed a 25% increase in SSN compared to controls, however, 747 

maximum work loop power output decreased by 40%, and the optimal cycle frequency shifted 748 

from 5-7 Hz to 2-3 Hz, indicating favouring for slower velocity contractions.  They determined 749 

this detriment to work loop performance was related to energy loss (i.e., more negative work in 750 

passive work loops) caused by collagen accumulation, because after an additional 3 weeks of 751 

maintained stretch, collagen content decreased back toward control values, SSN increased another 752 

5%, and work loop power output returned to normal.  As the present study observed no changes in 753 

collagen content or crosslinking per unit volume of muscle, we were able to demonstrate 754 

improvements in work loop performance alongside sarcomerogenesis in the absence of 755 

intramuscular collagen accumulation. 756 

Some studies on humans have also connected increased FL to improved mechanical work 757 

or power output.  In the ankle plantar flexors, Beck et al. (2021, preprint) observed lower metabolic 758 

costs of cyclic force production in longer compared to shorter fascicle operating lengths under the 759 

same mechanical work and shortening velocity.  Hinks et al. (2020) and Davidson et al. (2022) 760 

observed a 4% increase in tibialis anterior FL following 8 weeks of isometric training at a long 761 

muscle-tendon unit length, and an 11% increase in work of shortening, and 25% and 33% increases 762 

in isotonic power at loads of 10% and 50% maximum, respectively.  However, they also observed 763 

increased isometric strength, pennation angle, and muscle thickness, so we can only speculate that 764 

those improvements in work and power were due to increased FL rather than strength and 765 
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hypertrophy.  Lastly, a computational model by Drazan et al. (2019) showed longer medial 766 

gastrocnemius fascicles produce greater force throughout the range of motion, increasing work of 767 

shortening.  Further work in animals is required to elucidate whether increased FL and SSN, with 768 

constant SL, can improve net work output in cyclic contractions. 769 

 770 

Conclusion 771 

 The purpose of this study was to assess muscle architecture and work loop performance of 772 

the rat soleus following 4 weeks of progressively loaded weighted downhill running training.  773 

Aligning with our hypotheses, longitudinal muscle growth occurred, with a 13% increase in FL 774 

which appeared to stem from an 8% increase in SSN and a 4-5% increase in optimal SL.  This 775 

longitudinal muscle growth corresponded to rightward shifts in the active and passive force-length 776 

relationships.  Work loop performance improved most in the slowest cycle frequency at the 3 777 

shortest strains.  Based on regression analyses and mathematical estimations, it is feasible that 778 

these improvements in work loop performance were due to the observed longitudinal muscle 779 

growth, alongside (and to a lesser extent) improvements in force generating capacity independent 780 

of PCSA.  Future research should assess the time course of SL and SSN adaptations with training, 781 

and the accompanying influence on dynamic contractile function. 782 

  783 
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Body weight.  Figure S1 shows body weight from the start of the training period to sacrifice.  

In control and trained rats, body weight increased up to 17 weeks of age (week 4 of training) (all 

comparisons P < 0.01), then plateaued from 17 to 18 weeks of age (control: P = 0.74, trained: P = 

0.09).  While visually it appears that trained rats tended to weigh increasingly less than controls 

across the training period, there were no differences in body weight between trained and control 

rats at any weeks (P = 0.20-0.50).  This observation strengthens comparability between the training 

and control groups, as it discounts differences in body weight as a confounding variable. 

 

Figure S1: Changes in rat body weight from the start of the training period (age ~14 weeks) to 

the day of sacrifice (age ~18 weeks) (n = 18 control, n = 14 training).  Data are reported as mean 

± standard error.  *Significant difference between time points.  
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Figure S2: Representative passive (i.e., no stimulation) work loop traces for 1 control and 1 trained 

rat across cycle frequencies of 1.5, 2, and 3 Hz, and strains of 1, 3, 5, and 7 mm.  S indicates the 

start of the cycle.  Arrows indicate the direction of the cycle. 
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Figure S3: Estimated optimal net work output (i.e., work of shortening (positive) from the active 

work loops plus work of lengthening (negative) from the passive work loops) in control and trained 

rats.  Data are reported as mean ± standard error (n = 16 control, n = 12 training).  *Significant 

difference (P < 0.05) between control and training at the colour-coded cycle frequency.  

#Significant difference across cycle frequencies.  †Significant difference across strains. 

 

Across both groups, the estimated optimal net work output was greater than the measured 

(i.e., suboptimal) net work output in the 1.5-Hz loops at 1, 3, and 5-mm strains, 2-Hz loops at 1, 

3, 5, and 7-mm strains, and 3-Hz loops at 1, 3, and 5-mm strains (all P < 0.01), but not the 1.5-Hz 

loop at a 7-mm strain (P = 0.19).  Unlike in the measured work loops, estimated optimal net work 

output occurred on average in the 1.5-Hz loop at a 3-mm strain in both trained and control rats.  

Like the suboptimal net work output, there was a group effect on estimated optimal net work output 

(F(1,304) = 18.51, P < 0.01, ηp2 = 0.06) with trained rats producing on average 1.30 J/cm2 (95% 
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CI [0.73, 1.88] more net work than controls across all work loops.  There were no interactions of 

group × cycle frequency × strain (F(5,304) = 0.28, P = 0.93), group × cycle frequency (F(2,304) 

= 2.27, P = 0.11), or group × strain (F(3,304) = 0.68, P = 0.56), suggesting differences between 

groups did not depend on cycle frequency or strain.  Post-hoc tests indicated specifically estimated 

optimal net work output was 92% greater in trained than control rats in in the 2-Hz, 3-mm work 

loop (F(1,26) = 4.35, P < 0.05, d = 0.83) (Figure S3). 

For estimated optimal net work output, there was an effect of cycle frequency (F(2,304) = 

30.56, P < 0.01, ηp2 = 0.18), and strain (F(2,304) = 52.13, P < 0.01, ηp2 = 0.36).  Specifically, 

estimated optimal net work output also decreased with increasing cycle frequency expect for 

between 2 and 3 Hz (P = 0.40; all other comparisons P < 0.01), and increased with strain except 

for between 1 and 3 mm (P = 1.00; all other comparisons P < 0.01) (Figure S3). 
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