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Abstract: 13 

The number of myonuclei within a muscle fiber is an important factor in muscle growth, but its 14 

regulation during muscle adaptation is not well understood. We aimed to elucidate the timecourse 15 

of myonuclear dynamics during endurance training, loaded and concentric resistance training, and 16 

nerve silencing-induced disuse atrophy with subsequent recovery. We modified tibialis anterior 17 

muscle activity in free-living rats with electrical stimulation from implantable pulse generators, or 18 

with implantable osmotic pumps delivering tetrodotoxin (TTX) to silence the motor nerve without 19 

transection. We used the updated, automated software MyoVision to measure fiber type-specific 20 

responses in whole tibialis anterior cross-sections (~8000 fibers each). Seven days of continuous low 21 

frequency stimulation (CLFS) reduced muscle mass (-12%), increased slower myosin isoforms and 22 

reduced IIX/IIB fibers (-32%) and substantially increased myonuclei especially in IIX/IIB fibers 23 

(55.5%). High load resistance training (Spillover), produced greater hypertrophy (~16%) in muscle 24 

mass and fiber cross-sectional area (CSA) than low load resistance training (concentric, ~6%) and was 25 

associated with myonuclear addition in all fiber types (35-46%). TTX-induced nerve silencing resulted 26 

in progressive loss in muscle mass, fiber CSA, and myonuclei per fiber cross-section (-50.7%, -53.7%, 27 

-40.7%, respectively at 14 days). Myonuclear loss occurred in a fiber type-independent manner, but 28 

subsequent recovery during voluntary habitual activity suggested that type IIX/IIB fibers contained 29 

more new myonuclei during recovery from severe atrophy. This study demonstrates the power and 30 
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accuracy provided by the updated MyoVision software and introduces new models for studying 31 

myonuclear dynamics in training, detraining, retraining, repeated disuse, and recovery. 32 

New & Noteworthy  33 

We introduce new models for studying fiber-type specific myonuclear dynamics in muscle training, 34 

detraining, retraining, disuse, and recovery. We show that the various fiber types do not respond 35 

identically, and that myonuclear number changes during adaptation. We also critically assess an 36 

updated version of MyoVision automated image analysis software, to quantify whole muscle 37 

immunofluorescent microscopical images in a faster and less computer intensive manner. MyoVision 38 

remains open source and freely available with more user-controlled features. 39 

Introduction: 40 

Skeletal muscle is highly responsive to changes in mechanical forces. Additional  load is a key 41 

regulator of muscle hypertrophy, and muscle unloading is a trigger for muscle atrophy (1). There are 42 

several potential adaptive mechanisms that may allow trained muscle to recover faster than 43 

untrained muscle from periods of catabolism including epigenetic modifications (2, 3) and/or miRNA 44 

levels and myonuclear shape (4). Myonuclear number itself has also been suggested as a potentially 45 

stable indicator of previous episodes of hypertrophy (5). Myonuclei can alter their transcriptional 46 

activity in response to mechanical cues, such as those caused by exercise, as well as to internal 47 

factors such as proximity to other myonuclei (6-9). Increase in synthetic activity following exercise 48 

probably reflects a shift in mRNA expression to reprogram cellular phenotype in response to the 49 

demands imposed on the muscle fiber, as well as increasing rRNA expression to increase 50 

translational efficiency and capacity (6, 10, 11). 51 

To support transcriptional demands during muscle remodelling, it may be necessary to increase the 52 

number of myonuclei per unit cell volume. Since muscle fibers are post-mitotic, this is achieved 53 

through muscle stem cells (satellite cells), which can proliferate and then fuse to myofibers adding 54 
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new myonuclei. The presence of satellite cells is not completely obligatory for short term load-55 

induced hypertrophy (12), or androgen-induced hypertrophy (13), but in adult skeletal muscle (14), 56 

their depletion alters the myonuclear transcriptome and blunts adaptation to exercise, 57 

proprioception and exercise capacity (15-17). Satellite cells also play an important role in muscle 58 

homeostasis by communicating with endothelial and fibroadipogenic progenitor cells in skeletal 59 

muscle, as well as with the myonuclei themselves (18-21). However, whether all nuclei or newly 60 

added myonuclei are permanent and able to act as a cellular memory (5), or whether they can be 61 

lost through caspase dependent and caspase-independent (Endonuclease G) mechanisms is yet to 62 

be fully confirmed (22). 63 

Training followed by subsequent ‘detraining’ has revealed that different individual muscles show a 64 

variety of responses. Six months of detraining after 2 months of progressive weighted wheel running 65 

(PoWeR) showed that the fiber type shifts, fiber hypertrophy and increases in myonuclear number 66 

caused by training were reversed after detraining in the gastrocnemius and plantaris muscles (4, 23). 67 

By contrast, the soleus muscle did not lose PoWeR adaptations following detraining and type I fibers 68 

showed higher myonuclear content with no increase in fiber size. Clearly, the loss or addition of 69 

myonuclei following training and detraining is a complicated phenomenon with the data indicating 70 

that there are large differences between responses according to training model, species, age, muscle 71 

group and muscle fiber type (24). How muscle disuse compares with detraining and whether 72 

recovery from disuse atrophy is comparable to training-induced hypertrophy in terms of myonuclear 73 

dynamics are currently unknown. The requirement for new myonuclei and whether those nuclei are 74 

retained may be controlled by a combination of motor activity, oxidative capacity, and tonic stretch. 75 

Currently, the most direct and accurate methods to assess myonuclei number are myonuclear 76 

counts in single extracted myofibers, or intravital imaging of the small number of myonuclei visible 77 

in superficial fibers (7, 25-28). However, these methods are labor intensive and may not represent 78 

the population of myonuclei within a muscle with typically thousands to tens of thousands of fibers 79 
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with complex architectural properties, different resting/working lengths, and differing activation 80 

patterns. Thus, assessing entire whole muscle cross-sections via immunohistochemical labelling as 81 

we have done here remains the most accessible and unbiased approach if performed by automatic, 82 

high throughput image analysis.  83 

In this investigation, we combined the improved capabilities of MyoVision automated histological 84 

analysis software to characterize adaptive changes in myonuclei number per fiber on whole cross-85 

sections of tibialis anterior, each containing between 6000 and 10,000 fibers, in 3 adaptive 86 

conditions: 1) A time course of programmed daily resistance exercise: high load contractions, 87 

achieved by a technique we call ‘Spillover stimulation’ because the supramaximal stimulation of the 88 

common peroneal nerve is adjusted to ‘spill over’ to activate some of the antagonistic motor units of 89 

the plantarflexors supplied by the tibial nerve) vs. unloaded contractions (concentric) to induce 90 

hypertrophy, 2) continuous low frequency stimulation (CLFS) to induce an endurance-trained 91 

phenotype and 3) disuse atrophy by means of reversible nerve silencing with subsequent recovery 92 

(29, 30). Our objective for each paradigm of muscle adaptation was to understand changes in cross 93 

sectional area for each fiber type and whether this correlated with myonuclear content. We 94 

hypothesized that following our exercise training protocols, as all muscle fibers are activated 95 

synchronously, the extent of growth and myonuclear accretion may reflect the total activity 96 

time/loading similarly in all fiber types. Furthermore, as our atrophy model prevents propagation of 97 

action potentials in all muscle fibers, myonuclei might be lost in a fiber type-independent manner, 98 

but the recovery by habitual voluntary activity might produce myonuclear accretion according to the 99 

normal graded recruitment of muscle fibers. 100 

Methods: 101 

Experimental Design 102 

The animal experiments were conducted under the provisions of the Animals (Scientific Procedures) 103 

Act 1986 and approved by the British Home Office (PPL 40/3280). Male Wistar rats were group-104 
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housed with 2-3 per cage maintaining an alternating 12 h light 12 h dark cycle. The mean age of all 105 

rats was 18 ± 2 weeks upon euthanasia. All animals survived their elected experimental timecourse. 106 

Pre-surgical and post experimental weights for each group can be found in Table 2. 107 

 108 

INSERT TABLE 2 HERE 109 

INSERT FIGURE 1 HERE 110 

Resistance Training Protocols & Pattern 111 

Animals received 1 session per day of high load (Spillover) or low load (concentric) resistance 112 

training (RT) in the left hind-limb via stimulation from an implanted pulse generator (IPG) as 113 

previously described (30), for 2 (n=4), 10 (n=6), 20 (n=6),  or 30 days (n=8),  or underwent sham 114 

surgery (n=6). Briefly, for high load (Spillover) exercise to elicit slight stretch under load, the 115 

dorsiflexor muscles, tibialis anterior (TA) and extensor digitorum longus (EDL), received 116 

supramaximal activation via a cathode placed underneath the common peroneal nerve (CPN), while 117 

the anode was positioned underneath the tibial nerve. Stimulation current was adjusted by remote 118 

programming, to recruit enough of the gastrocnemius, plantaris and soleus (plantarflexor muscles) 119 

to provide appropriate resistance against the contraction of the dorsiflexors. In an additional group 120 

(n=6), animals received 1 session per day of unresisted (concentric) contractions of the dorsiflexors 121 

for 30 days by placing both electrodes under the CPN during implantation so there was no activation 122 

of the plantarflexor muscles, and the dorsiflexors contracted against a low load.  123 

Daily training was delivered during the first hour of the inactive light phase automatically by the IPG 124 

and consisted of an initial 10 seconds of preparatory stimulation at a low frequency (F = 4Hz, phase 125 

width =258 µs, current = approximately 1 mA), followed by 5 sets of 10 tetanic contractions at 100 126 

Hz. Each contraction lasted for 2s with 2s rest between contractions and 2.5 minutes of rest 127 

between sets. The stimulation was delivered only in the left hind-limb, so muscles of the right hind-128 
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limb acted as unstimulated contralateral controls. Stimulation with these settings and the amplitude 129 

chosen to balance dorsiflexion and plantarflexion described above was well-tolerated by all animals 130 

without further anaesthesia or sedation. Regular observations during daily training across the time 131 

course revealed no adverse behavioural signs. 132 

Continuous Low Frequency Stimulation (CLFS) 133 

As previously described (29, 31), the ankle dorsiflexors of the left hind-limb were continuously 134 

stimulated (24 h per day), at 20Hz for 7 days (n=6). This pattern has previously been shown to induce 135 

a transformation from the control fast phenotype towards a slower more oxidative phenotype in the 136 

dorsiflexor muscles characteristic of endurance training (32).  137 

Electrical Stimulation Surgical Procedure 138 

Animals were anaesthetised during implant procedures by inhalation of a gaseous mixture of 139 

isoflurane in oxygen at approximately 3% for induction and 1-2% for maintenance. Once 140 

anaesthetised, a subcutaneous injection of Enrofloxacin (5mg/kg-1 body mass (Baytril®) and an 141 

intramuscular injection of Buprenorphine (0.05mg/kg-1 body mass) (Temgesic, Indivior, Slough, UK) 142 

into the right quadriceps was administered with strict asepsis maintained throughout the procedure. 143 

Nerve stimulation was delivered from silicone-encapsulated implanted pulse generators (IPGs) 144 

(MiniVStim 12B, Competence Team for Implanted Devices, Center for Medical Physics and 145 

Biomedical Engineering, Medical University Vienna, Austria) which could be programmed remotely 146 

by a radio frequency link. The devices were implanted into the abdominal cavity accessed by a 147 

lateral incision through the skin and peritoneum, between the rib cage and pelvis on the left side of 148 

the animal. A polyester mesh attached to the IPG was incorporated into the suture line closing the 149 

peritoneum, securing the device against the abdominal wall. Two PVC-insulated stainless-steel 150 

electrode leads (Cooner Sales Company, Chatsworth, California, U.S.A.) with terminal conductive 151 

loops, were fed through the peritoneal incision and tunnelled under the skin to the lateral side of the 152 

upper left hind-limb. A second incision was made through the skin and biceps femoris muscle to give 153 
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access to the CPN under which the cathode was placed (to stimulate the dorsiflexors). The anode 154 

was either placed alongside the cathode to stimulate the CPN alone and thus to produce unresisted 155 

(concentric) contractions or placed in the muscular tissue deep to the tibial nerve about 5mm distal 156 

to its bifurcation from the sciatic nerve to allow Spillover stimulation to produce additional partial 157 

activation of the plantarflexors to resist the contraction of the dorsiflexors, resulting in a loaded 158 

contraction. All incisions were closed in layers and 3-7 days were allowed for recovery from surgery 159 

before the start of the training protocol. Once programmed, the stimulators ran autonomously to 160 

provide the selected activation pattern over the course of the experiment. 161 

Nerve Silencing-Induced Disuse by Tetrodotoxin & Recovery Protocols 162 

INSERT FIGURE 2 HERE 163 

The CPN, the motor nerve responsible for contraction of the TA and EDL, was silenced with 164 

tetrodotoxin (TTX) for pre-set periods of 3 days (n=4), 7 days (n=6), or 14 days (n=6). Atrophy of the 165 

dorsiflexors was produced without signs of fiber necrosis or denervation assessed by H&E staining. A 166 

separate group was used to assess recovery after 14 days of tetrodotoxin (TTX) treatment. Osmotic 167 

pumps were appropriately loaded so that the TTX infusion was exhausted after 14 days, and nerve 168 

activity could resume during 7 days of muscle recovery via habitual physical activity (n=6). Pumps 169 

were weighed before implantation and again after explant to confirm that the expected volume of 170 

TTX had been delivered over the time course of the experiment. Muscle mass data from these 171 

groups has previously been reported (29). 172 

Tetrodotoxin Administration Surgical Procedure 173 

Animals were anaesthetised as previously described for the implantable stimulator surgeries. A 174 

miniosmotic pump (Mini Osmotic Pump 2002; Alzet, Cupertino, CA, USA) was implanted 175 

subcutaneously in the scapular region. Silicone tubing was tunnelled under the skin to the site of the 176 

CPN. A second incision was made laterally through the skin, just proximal to the knee joint and bicep 177 
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femoris muscle (posterior compartment of the thigh) in order to give access to the CPN responsible 178 

for action of the dorsiflexors. A silicone cuff extending from the silicone tubing was placed around 179 

the nerve. All incisions were closed in layers. The miniosmotic pump (Mini Osmotic Pump 2002; 180 

Alzet, Cupertino, CA, USA) delivered TTX, a sodium channel blocker that prevents generation and 181 

propagation of action potentials at the CPN of the left hind-limb. The osmotic pump successfully 182 

delivered 0.5μl/h TTX (350mg/ml in sterile 0.9% saline), continuously blocking ankle dorsiflexion, 183 

while maintaining normal voluntary plantarflexion via the tibial nerve. Disuse of the dorsiflexors by 184 

this means produces progressive atrophy (29). The welfare and mobility of the rats was checked 185 

daily by animal welfare staff. There was little disturbance to mobility, but sometimes ‘foot drop’ was 186 

observed, a gait abnormality characterised by dropping of the forefoot due to the inhibition of 187 

dorsiflexion.  188 

Rat muscle sampling and preservation 189 

Animals were humanely sacrificed using rising concentrations of carbon dioxide (at a displacement 190 

rate of 50% of the animals’ home cage volume per minute), followed by cervical dislocation. TA 191 

muscles from both hind limbs were immediately harvested, cleaned of excess connective tissue, and 192 

weighed. The mid-belly of the TA was cut out, placed on cork for transverse sectioning and frozen in 193 

melting isopentane above liquid nitrogen for later immunohistochemical analysis. 194 

Immunohistochemistry 195 

Muscle samples were sectioned at 10μm using an OTF5000 Cryostat (Bright Instruments, UK) onto 196 

Thermo Scientific™ SuperFrost Plus™ Adhesion slides (Thermo Fisher Scientific Inc, Waltham, USA). 197 

Muscle cross-sections were labelled with primary antibodies against dystrophin (MANDYS8-8H11 or 198 

a polyclonal dystrophin antibody (1:200)) to demarcate the inside of the sarcolemma for all the 199 

experimental samples. Fiber type analysis was performed on TA muscles within the 30 days loaded 200 

RT, 30 days concentric RT, 7 days 20Hz CLFS, 14 days atrophy and 14 days atrophy with 7 days 201 

recovery groups, through labelling of dystrophin, as well as BA-D5 (anti myosin type I) and SC-71 202 
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(anti myosin type IIA) hybridoma supernatants (1:100), diluted in immunobuffer (IB) overnight and 203 

then washed 3 x 10 minutes in IB. Unstained muscle fibers were later measured as IIX/IIB fibers. 204 

Appropriate secondary antibodies with specific Ig fragments were diluted in IB for 2 hours (1:500), 205 

followed by 3 x 10 minutes in IB. IB consists of 50mM glycine (Merck 1.02401_1000), 0.25% BSA, 206 

0.03% saponin (Sigma 100g S-7900), and 0.05% sodium azide in phosphate buffered saline (PBS, 207 

10mM phosphate pH 7.4, 150mM NaCl). 208 

For all cross-sections, following incubation with primary and secondary antibodies (Table 1), nuclei 209 

were labelled with DAPI (D1306, Thermofisher Scientific) at a concentration of 30nM diluted in PBS 210 

for 30 minutes, prior to 3 x 5-minute washes in PBS. Coverslips were then mounted onto cross-211 

sections with VECTASHIELD® Antifade Mounting Medium (Vector Laboratories, UK). Hematoxylin 212 

and Eosin (H&E) staining was also performed on serial or ‘near serial’ sections within ~10-60µm, to 213 

check for evidence of damage, de/regeneration and fiber loss by independent researchers. 214 

Table 1: Primary antibodies and appropriate corresponding secondary antibodies used. 215 

INSERT TABLE 1 HERE 216 

 217 

Imaging 218 

Once labelled, whole muscle cross-sections were imaged using a widefield fluorescent microscope 219 

(Leica DMB 6000, Wetzlar, Germany) with a 10x objective. Multiple images were automatically 220 

stitched together using the tilescan feature in the Leica Application Suite.  221 

MyoVision 2.0 Analysis: 222 

MyoVision 2.0 introduced major upgrades to the original MyoVision software, but the fundamental 223 

workflow including fiber detection, fiber type classification, and myonuclear counting remained 224 

essentially the same as described previously (33). For fiber detection, the software uses the single 225 
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channel intensity image of dystrophin labelling as an input as well as the pixel scale (µm/pixel) to 226 

allow for calculation of mean fiber cross-sectional area in units of square micrometres. Following 227 

fiber detection, a single channel intensity image of immuno-labelled myosin heavy chain or nuclei 228 

can be provided to the software to classify fiber type or quantify myonuclei number. For each 229 

myofiber cytoplasmic region excluding the periphery, the mean myosin heavy chain 230 

immunofluorescence intensity was quantified on a scale of 0 to 1, with 1 being maximum signal for 231 

the section. Only fibers with mean myosin heavy chain intensity greater than 0.5 were classified as 232 

true for that particular fiber type. When analysing multiple fiber types, the image corresponding to 233 

each fiber type staining was analysed independently. Thus, a fiber classified as “negative” would 234 

represent false for all fiber types included in the analysis whereas a “hybrid” classification would 235 

indicate co-expression of at least two different myosin heavy chain isoforms within the same fiber. 236 

The criteria for myonuclear classification remain the same as in the previous version; specifically, a 237 

nuclear region with its centroid inside the fiber dystrophin border and at least 50% of its total area 238 

within the fiber cytoplasm is counted as a myonucleus. 239 

A major upgrade to the software is the implementation of neural networks in fiber detection and 240 

fiber type classification steps. As summarized in Supplementary Figure 1, multiple steps in the 241 

previous MyoVision algorithm have been replaced with U-net models (34), which demonstrated 242 

superior performance in the segmentation of grayscale intensity based images of cells. The models 243 

were trained using annotated images of 256 by 256 pixels. Briefly, images of whole cross-sections 244 

were labelled as true for foreground (i.e. fiber boundary) and false for background (i.e. non-specific 245 

signals or staining artefacts). These images along with their ground truth label were separated into 246 

256x256 pixel regions. The same image and ground truth label were then reduced by two-fold in size 247 

sequentially, and 256X256 pixel regions were extracted from the smaller images in a similar fashion 248 

as the original image. Reducing the image size allows for the model to learn at different image 249 

resolutions and different magnifications. Images representing 1x, 0.5x, and 0.25x along with their 250 

ground truth labels were used to train the weights of a U-net model for up to 100 epochs at 300 251 
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steps per epoch using Keras (v2.2.4) and Tensorflow (v1.13.1). Models were similarly trained for 252 

each step in the algorithm to replace the corresponding steps in the previous version of the software 253 

(Supplementary Figure 1). Of note, the previous software included the active contour algorithm by 254 

default, which expands the fiber contour as close to the inner edge of the dystrophin border as 255 

possible to allow for myonuclear counting. The previous version included a step that separated 256 

(shrank) certain cytoplasmic regions that were probably connected; thus, the active contour 257 

algorithm was applied to every fiber outline to expand the contour of the cytoplasmic space to the 258 

inner edge of the dystrophin border. This step had been relocated to the nuclear counting analysis 259 

exclusively due to its resource intensiveness and the fact that general fiber detection does not 260 

require such stringent delineation of the inner edge of the sarcolemma. This modification led to the 261 

same fiber cross-sectional area values, but a reduction in the defined ‘cytoplasmic region’ which is 262 

now slightly smaller (~5%) than the value estimated by the previous version of the software. This 263 

modification was favorable not only from a computational resource perspective, but also resulted in 264 

values more in line with various other approaches in the literature that do not include any 265 

myonuclear analysis. The software will be made freely available to the research community and 266 

additional documentation for the current version can be found on 267 

www.myoanalytics.com/myovision2. Together these modifications make it possible to analyses 268 

much larger images than was possible on the previous version of MyoVision and improve the access 269 

for the user to the calculated data for every fiber recognised in the image. 270 

In addition, users now have control over circularity, solidity and eccentricity parameters for 271 

identifying fibers (Supplementary Figure 2), for analysis of different muscle phenotypes and extreme 272 

atrophic conditions. Other functionalities introduced in this upgrade include robust detection of 273 

whole cross-sections, batch processing of images for large projects, export of representative images 274 

from the software, exporting images from Olympus microscopes, adjusting images to control for 275 

background noise, and output of multiple shape descriptors for each fiber. 276 
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A total of 166 complete cross-sections of rat TA were generated by tile scanning and reconstructing 277 

to generate single image files for each muscle in our test and control groups. These were analyzed in 278 

the process of beta testing of the new software taking an average of 29.80 ± 4.87 minutes per cross-279 

section for detection and analysis of fiber CSA, three fiber types and myonuclear number on a PC 280 

Specialist laptop, equipped with an Intel® Core™ i7-6700K CPU 4.00GHz processor and 64GB of RAM. 281 

Use of a CUDA-capable GPU having a Compute Capability of greater than 3.5 and 8GB or more 282 

dedicated memory would further increase the speed of image processing and analysis. 283 

Manual Quantification versus Myovision 2.0 for assessing severely atrophied muscle fibers 284 

Hematoxylin and Eosin (H&E) stained cross-sections were used for manual quantification of fiber 285 

number, which was performed on 5 self-selected fields of view containing (~450-600) muscle fibers 286 

with the most severe atrophy after 14 days of TTX treatment. Using the multi-point tool in Image-Pro 287 

Plus 5.1 software (Media Cybernetics, MD, USA), fiber number was counted and then compared with 288 

analysis by Myovision of the serial immunohistochemically labelled field of view, identified by means 289 

of landmarks such as blood vessels or distinctive connective tissues. 290 

Statistics 291 

Data are presented as the % change between the left experimental hind-limb and right internal 292 

contralateral control hind-limb for overall muscle mass (mg/kg bodyweight), fiber CSA, myonuclei 293 

per fiber cross-section and myonuclear domain across all experimental models, that is, the absolute 294 

difference (positive or negative) expressed as a percentage of the control value. The resultant 295 

percentage changes were then compared via one-way ANOVA, followed by Tukey’s post-hoc analysis 296 

to confirm differences between groups. For fiber type-specific analysis, absolute values of fiber 297 

number, fiber type proportion, fiber CSA, myonuclei per fiber cross-section and myonuclear domain 298 

were compared between groups using one-way ANOVA’s, followed by Tukey’s post-hoc analysis to 299 

confirm differences between groups. Simple linear regression was also performed on % changes 300 

between muscle mass, fiber CSA, myonuclei per fiber cross-section and myonuclear domain size. For 301 
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the recovery group from TTX, co-efficient of variation was performed on values produced by 302 

expressing the 14 days TTX with 7-day recovery muscle values, as a percentage change from the 303 

mean 14-day TTX treatment values to show the extent of myonuclear addition as a % increase, 304 

rather than a % decrease from baseline. Significance was set at P < 0.05 for all statistical analyses, 305 

performed in GraphPad Prism 9.0 software. All data are presented as mean ± standard deviation 306 

(SD). 307 

Results: 308 

Tibialis anterior (TA) fiber type, number, size and myonuclear characteristics in control hind-limbs 309 

We first sought to assess the fiber type composition, fiber cross-sectional area (CSA) and 310 

myonuclear-related characteristics of the rat TA muscle in 32 untreated control hind-limbs across all 311 

our experimental conditions. Although the TA is a predominately fast-twitch muscle, we pay 312 

particular attention to the more oxidative, slower myosin isoform-containing muscle fibers as they 313 

still make up approximately 25% of all muscle fibers at the mid-belly and therefore have functional 314 

significance. We note that myosin heavy chain profiles can change across the length of a muscle, and 315 

we only study the mid-belly, other longitudinal regions should be considered dependent on the 316 

muscle. Our data (Figure 3A) confirms previous measurements of fiber type percentages in rat TA 317 

with IIX/IIB fibers (75.7 ± 8.4%) representing a significantly higher population than all other 318 

measured fiber types (P <0.00001). While IIA fibers represented a significantly lower proportion of 319 

the TA muscle (21.29 ± 7.1%), they represented a significantly higher proportion than type I/IIA 320 

hybrids (3.09 ± 2.4%, P = <0.0001) or pure type I fibers (2.04 ± 1.1%, P = <0.0001), respectively. There 321 

was no significant difference between the proportion of type I and type I/IIA hybrid fibers, P= 0.859. 322 

As well as being the predominant fiber types in the TA, type IIX/IIB fibers also possess significantly 323 

higher mean fiber CSA (2380 ± 327µm2) than all other fiber types measured (Figure 3B), P <0.00001. 324 

Type IIA mean fiber CSA (1399 ± 212µm2), was significantly larger than both type I/IIA hybrid fiber 325 

CSA (1158 ± 208 µm2, P = 0.0010) and type I fiber CSA (1180 ± 229 µm2, P =0.0053). Furthermore, 326 
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there was no significant difference between type I/IIA hybrids and type I fiber CSA. Interestingly, 327 

there was no significant difference between any of the fiber types for the number of myonuclei per 328 

fiber cross-section (Figure 3C), with type I, I/IIA hybrids, IIA, and IIX/IIB fibers containing 0.96 ± 0.2, 329 

1.01 ± 0.22, 1.09 ± 0.22, 1.03 ± 0.23 myonuclei per cross-section, respectively. As a result, 330 

myonuclear domain size, that is average cross-sectional area per nucleus, was significantly larger in 331 

type IIX/IIB fibers (2564 ± 1742µm2) than all other fiber types measured, P <0.0001 (Figure 3D). 332 

There was no significant difference between type I (1417 ± 620µm2), type I/IIA hybrids (1483 ± 333 

727µm2) and type IIA (1362 ± 544µm2) myonuclear domain sizes. The mean total fiber number 334 

detected across all control TAs (n=32) was 8060 ± 1078 per TA (Figure 3E). Despite a large sample 335 

size, co-efficient of variation (CV) was still 13.38% for total fiber number, demonstrating the need for 336 

an internal contralateral control measurement. The CV of the difference in fiber number between 337 

left and right hind-limbs is only 5.04% from 63 pairs of TAs in this study. Total fiber number was not 338 

significantly different between any group or between the left experimental TA and right internal 339 

contralateral control TA after any treatment (P >0.05) (Figure 3E). Some variation was present 340 

between left and right hind-limbs in the same animal which we believe is a combination of natural 341 

fiber number variation between contralateral limbs.  342 

INSERT FIGURE 3 HERE. 343 

Continuous low frequency stimulation (CLFS) of the TA induced a reduction in fiber CSA, an increase in 344 

myonuclear content and changes in myosin heavy chain isoform composition. 345 

As a model of endurance training, we applied CLFS to the TA unilaterally and used the contralateral 346 

leg as a control. To check that surgical intervention alone did not alter muscle mass, fiber CSA or 347 

myonuclear characteristics, sham IPGs and electrodes were implanted in the left hind-limb, and 348 

animals given 7 days to recover before euthanasia and muscle assessment. There were no significant 349 

differences in any characteristics studied between the operated and contralateral control TA in this 350 

sham group (Figure 4A-D). By contrast, 7 days of 24 hours per day 20Hz stimulation caused a 351 
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significant decrease in muscle mass (-12.6 ± 4.86%, P = 0.0026) (Figure 4A) in comparison to the 352 

unoperated control TA, concomitant with a similar decrease in muscle fiber CSA (-18.59 ± 11.41 %, P 353 

= 0.024), Figure 4B). Despite the loss in mass and fiber CSA, there was a highly variable yet significant 354 

increase in myonuclei per fiber (53.44 ± 44.87 %, P = 0.0328, Figure 4C) when assessed across the 355 

entire muscle cross-section, resulting in a significantly lower myonuclear domain size (-56.08 ± 27.87 356 

%, P = 0.0097, Figure 4D). 357 

When assessing fiber type-specific changes, there was a shift in fiber type proportion (Figure 4E-G) 358 

with a significant reduction in IIX/IIB fibers from 80.5 ± 8.4% to 62 ± 11.3%, P = 0.0003 after 7 days of 359 

CLFS. The percentage of type I (2.09 ± 1.6% vs. 4.95 ± 2.95%, P = 0.99) and IIA fibers (15.65 ± 6.75% 360 

vs. 15.53 ± 2.9%, P = 0.99) did not alter significantly between control and CLFS limbs respectively, 361 

although there was a substantial increase in Type I/IIA hybrids following CLFS (1.78 ± 1.8% to 17.52 ± 362 

8.2%, P = 0.0032) suggesting that IIX/IIB fibers had shifted to IIA and existing IIA fibers had shifted to 363 

a type I/IIA hybrid phenotype. Interestingly, there were no significant differences in fiber CSA (Type I 364 

Control, 1357 ± 225µm2 vs. Type I CLFS, 1252 ± 100µm2, P = 0.99. Type I/IIA hybrid control 1201 ± 365 

370µm2 vs. Type I/IIA hybrid CLFS 1061 ± 160µm2, P = 0.97. Type IIA Control 1370 ± 141µm2 vs. Type 366 

IIA CLFS 1316 ± 157µm2, P = 0.99. Type IIX/IIB control 2253 ± 371µm2 vs. Type IIX/IIB CLFS 1954 ± 367 

312µm2, P = 0.45 (Figure 4H-J), despite the overall significant decrease in muscle fiber CSA (-18.59 ± 368 

11.41%, P = 0.024). Therefore, the transformation of IIX/IIB to IIA myosin isoforms is probably the 369 

combined effect of insignificant decreases in fiber size, as well as a shift in fiber type proportion 370 

(Figure 4E-G). 371 

To further elucidate the significant increase in myonuclei per fiber across the entire muscle cross-372 

section following CLFS, we analysed myonuclei per fiber cross-section for each fiber type. While 373 

there were trends suggesting addition of myonuclei in Type I (0.88 ± 0.15 vs. 1.06 ± 0.16, P = 0.83, 374 

Figure 4K), Type I/IIA hybrid (0.94 ± 0.06 vs. 1.1 ± 0.16, P = 0.85, Supplementary Figure 3C), and Type 375 

IIA (0.94 ± 0.19 vs. 1.26 ± 0.23, P = 0.14, Figure 4L) fibers, the increase in the mean value only 376 
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reached significance in IIX/IIB fibers (0.85 ± 0.23 vs. 1.32 ± 0.31, P = 0.0044, Figure 4M). This was 377 

further reflected in the sizes of the myonuclear domain, which was significantly reduced only in the 378 

IIX/IIB fibers (3990 ± 2554µm2 vs. 1232 ± 394 µm2, P = 0.0007, Figure 4P). 379 

INSERT FIGURE 4 HERE 380 

Loaded resistance training (Spillover) produces a greater hypertrophic and myonuclear response than 381 

concentric resistance training. 382 

 383 

Loaded RT produced a 3.3 ± 1.6% change in muscle mass after just 2 days of stimulation (P = 0.1) and 384 

reached statistical significance after 10 days (13.6 ± 5.8%, P = < 0.0001), 20 days (16.7 ± 4.4%, P = 385 

<0.0001) and 30 days (15.9 ± 5.6%, P = < 0.0001), in comparison to both sham surgery (P < 0.001) 386 

and their contralateral internal controls (P < 0.001) (Figure 5A). There were no significant differences 387 

between 10, 20 and 30 days of loaded RT, illustrating that muscle mass had plateaued between 10 388 

and 20 days and thus, further daily training did not increase muscle mass. Thirty days of training with 389 

the identical daily activation but no active resistance from the plantar flexors produced a significant 390 

increase in muscle mass (6.2 ± 4.5%, P = 0.05), but was significantly lower than with 10, 20 or 30 391 

days of loaded RT (P = 0.0493, P = 0.0036 and P = 0.0037, Figure 5A). Analysing overall changes in 392 

muscle fiber CSA revealed a delayed increase compared to muscle mass (Figure 5B), with a trend 393 

suggesting an increase in fiber CSA after 20 days vs the sham control group (7.61 ± 1.58%, P = 0.316), 394 

which reached significance after 30 days vs. the sham control group (17.55 ± 8.56%, P = <0.0001). 395 

Concentric RT did not cause a significant increase in fiber CSA vs the sham control group (5.19 ± 396 

2.23%, P= 0.78), meaning that 30 days loaded RT showed significantly higher increases in CSA than 397 

30 days of concentric RT (P = 0.0019). Part of the early increases in mass may be due to muscle 398 

swelling, and the lack of a plateau in the CSA data suggests that fiber hypertrophy is ongoing even 399 

after 30 days of loaded RT. Similarly, myonuclei per fiber cross-section did not significantly increase 400 

after 2 and 10 days but showed a trend to increase after 20 days (35.29 ± 21.18%, P = 0.1948, Figure 401 
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5C) and reached significance after 30 days of loaded RT (54.59 ± 42.64%, P = 0.0041), which was also 402 

significantly higher than the 30-day concentric RT group (11.89 ± 10.06%, P = 0.0255, Figure 5C).  403 

 404 

After identifying significant increases in both muscle mass, fiber CSA and myonuclei per fiber cross-405 

section after 30 days of loaded RT, but no significant changes in anything but muscle mass after 30 406 

days of concentric RT, we sought to identify any potential fiber type-specific adaptations at the 30 407 

days timepoint. There were no significant changes in fiber type proportion, but we note fiber-type 408 

specific changes in size in response to loaded and concentric RT modalities, despite identical activity 409 

patterns and activation of all fibers simultaneously during stimulation. 30 days of loaded RT 410 

produced a significant increase in type I fiber CSA above the control group (1507 ± 261µm2 vs. 1105 ± 411 

241µm2, P = 0.0031), whereas 30 days of concentric RT was not significantly different between the 412 

control and 30-day loaded RT group. (1273 ± 73.9µm2, P > 0.907), (Figure 5H). While fiber CSA 413 

seemed to be observably higher in some animals, large variation in the training groups meant there 414 

were no significant differences between Type I/IIA hybrid fibers between control (1149 ± 188µm2) 415 

and both 30 days of loaded (1359 ± 307µm2, P = 0.558), or 30 days of concentric RT (1302 ± 95µm2, P 416 

= 0.9474, Supplementary Figure 4B). Although modest trends appeared, no significant differences 417 

were detected in Type IIA fibers between control fiber CSA (1392 ± 154µm2), and both 30 days of 418 

loaded (1650 ± 265µm2, P =0.236), or 30 days of concentric RT (1522 ± 135µm2, P =0.984), (Figure 419 

5I). By contrast, a robust increase in Type IIX/IIB fiber CSA was observed between the control and 30 420 

days of loaded RT (2481 ± 222 vs. 2969 ± 268µm2, P <0.0001), which was not observed after 30 days 421 

of concentric RT (2673 ± 176µm2, P = 0.795, Figure 5J). 422 

 423 

Myonuclei per fiber cross-section was significantly higher across all fiber types studied after 30 days 424 

of loaded RT vs control: Type I (1.43 ± 0.26 vs.  1.023 ± 0.16, P = 0.0078, Figure 5K); Type I/IIA hybrids 425 

(1.28 ± 0.35 vs. 0.93 ± 0.14, P = 0.023, Supplementary Figure 4C); Type IIA (1.5 ± 0.31 vs. 1.047 ± 426 

0.17, P = 0.0015, Figure 5L); and Type IIX/IIB (1.448 ± 0.36 vs. 1.062 ±0.24, P = 0.0161, Figure 5M). By 427 
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contrast, with concentric training, we only observed modest trends suggesting that myonuclei were 428 

added after 30 days but none reached significance (Type I, 1.23 ± 0.16, P = 0.823. Type I/IIA Hybrids, 429 

1.28 ± 0.18, P = 0.11. Type IIA, 1.31 ± 0.22, P = 0.46. Type IIX/IIB, 1.39 ± 0.21, P = 0.18), (Figure 5M-430 

P). Despite this, there were no significant differences between myonuclei per fiber after 30 days 431 

loaded and 30 days concentric RT (Type I, P = 0.89. Type I/IIA Hybrids, P = 0.98 Type IIA, P = 0.93. 432 

Type IIX/IIB, P =0.98). Furthermore, there were no significant differences in myonuclear domain size 433 

across any of the fiber types investigated between the control and both loaded and concentric 30-434 

day training groups (Figure 5N-P), suggesting that myonuclei were added in proportion to the 435 

increase in fiber CSA. 436 

 437 

Using simple linear regression analysis to assess the relationships between measured variables 438 

across our timecourse of RT, we found significant positive correlations between percent changes in 439 

muscle mass and percent changes in fiber CSA (R2 = 0.2324, P = <0.007) and myonuclei per fiber 440 

cross-section (R2 = 0.1568, P = 0.0303, Figure 7A-B). The co-efficient of variation between percent 441 

changes in muscle mass and percent change in myonuclear domain size was not significant, (R2 = 442 

0.08682, P = 0.114, Figure 7C). Percent change in fiber CSA had a significant positive correlation with 443 

percent change in myonuclei per fiber cross-section (R2 = 0.3826, P = 0.0003) and had a positive 444 

trend toward significance with the percent change in myonuclear domain size (R2 = 0.1214, P = 445 

0.0592, Figure 7D-E). As expected, the co-efficient of variation for percent change in myonuclear 446 

domain size and percent change in myonuclei per fiber cross-section reached significance (R2 = 447 

0.8137, P = <0.0001, Figure 7F).  448 

INSERT FIGURE 5 HERE 449 

TTX-induced skeletal muscle disuse atrophy causes a loss of myonuclei, and subsequent recovery of 450 

muscle mass is associated with substantial myonuclear addition.  451 

INSERT FIGURE 6 HERE 452 
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As previously reported (29), exposure to TTX produced a progressive loss in TA muscle mass of -6.98 453 

± 2.5% at 3 days, -29.4 ± 5% at 7 days and -50.7 ± 2.9% after 14 days. The changes were significant at 454 

all time points vs. the sham operated group, -0.03 ± 2.5 (P < 0.0001), (Figure 6A). After 14 days of 455 

TTX exposure, followed by 7 days of recovery by habitual activity, muscle mass significantly 456 

recovered by 51.7% vs. 14 days of TTX exposure (P < 0.001). Seven days of recovery did not 457 

completely restore muscle mass, as muscle mass was still significantly lower than the sham group (P 458 

< 0.001), although muscle mass was not significantly different to the 7 days of TTX administration 459 

group (P = 0.56), which suggests that the rate of loss over 7 days is similar to the rate of recovery. 460 

We made a completely new immunohistochemical analysis for this paper, cutting new sections from 461 

the same frozen muscles for analysis of whole muscle cross-sections with the updated MyoVision 462 

software. A trend was observed, suggesting a loss in detected fibers after 14 days atrophy of -19.5 ± 463 

7.8%, (P=0.052). However, when fiber number was manually counted on hematoxylin and eosin 464 

(H&E) stained tissue sections from 14-day TTX treatment, looking specifically at the most severely 465 

atrophied fibers, there was good agreement with the automatic detection in the most challenging 466 

fields of view, (87.7 ± 4.3%), where ~13% of the fibers had become too small or squashed to be 467 

successfully identified by MyoVision as a muscle fiber as opposed to interstitial tissue. With 468 

MyoVision 2.0, we added a feature for users to change the myofiber identification parameters in 469 

relation to circularity, solidity, and eccentricity to allow for adjustment to muscle phenotypes where 470 

cross-sectioned fibers become less round (more pennate architecture) and may be not identified 471 

based on default parameters (Supplementary Figure 2). However, for our analyses we kept the 472 

default parameters the same for consistency across experimental groups (0.6 circularity, 0.85 473 

solidity, 0.95 eccentricity). 474 

H&E staining showed no evidence of fiber loss, splitting or newly formed fibers in any of our multiple 475 

endpoints as previously reported (29, 30). Muscle fiber CSA progressively declined vs. the sham 476 

operated group, reaching significance at 7 days (-33.7 ± 9.2%, P < 0.0001) and further declining at 14 477 

days (-53.7 ± 10.8%, (P < 0.0001). After cessation of TTX delivery and 7 days recovery, muscle fiber 478 
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CSA was still significantly lower than the sham operated group (P = 0.012), despite significantly 479 

increasing (-20.4 ± 11.1%) vs. the 14-day atrophy timepoint. Much like muscle mass, fiber CSA losses 480 

were not significantly different to the 7 days atrophy timepoint (P = 0.293), suggesting CSA 481 

recovered at the same rate as CSA loss (Figure 6B). 482 

Measurements of myonuclei per fiber cross-sectional area revealed a trend suggesting myonuclei 483 

were being progressively lost after only 7 days of atrophy (-26.2 ± 21%, P = 0.45), later reaching 484 

significance after 14 days of atrophy (-40.72 ± 21%, P = 0.0489). From the substantial loss of 485 

myonuclei per fiber cross-section observed after 14 days of atrophy (-40.72 ± 21%), 7 days of 486 

recovery allowed for myonuclei per fiber cross-section to significantly increase by 38.67 ± 33.08% vs. 487 

their internal contralateral controls (P= 0.049). This suggests that myonuclei are added in substantial 488 

numbers above baseline values to aid in the regrowth of muscle following atrophy, (Figure 6C). 489 

Myonuclear domain size % changes did not differ significantly between any of the time points, 490 

(Figure 6D).  491 

 492 

To identify whether the changes in myonuclear content varied between fiber types, we conducted 493 

further analyses on the 14-day atrophy group and 14-day atrophy with 7 days recovery group. 494 

Analysis of fiber type proportions at both timepoints revealed no significant differences in overall 495 

fiber type percentage, though a trend was observed for an increase in type IIA fibers after 14 days of 496 

atrophy (32.72 ± 8.07%, P = 0.357) and 14 days of atrophy with 7 days recovery (34 ± 12.04%, P = 497 

0.118) vs. the control limbs (24.43 ± 6.12%), (Figure 6E-G). This was concomitant with trends 498 

suggesting a reduction in type IIX/IIB fibers after 14 days atrophy (60.86 ± 10.14%, P = 0.2153), and 499 

following subsequent recovery (59.04 ± 13.44%, P = 0.0575) versus the control group (70.01 ± 6.19%) 500 

(Figure 6G).  501 

 502 

With no clear shifts in fiber type, we assessed fiber CSA to determine whether atrophy was similar 503 

across fiber types. The shape of the bar charts looks similar for each fiber type, but significant 504 
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differences were only noted in type IIA and IIX/B fibers. In comparison to the control type I fibers 505 

(1179 ± 178µm2), 14 days of TTX treatment did not cause a significant decrease in fiber CSA (796 ± 506 

170µm2, P = 0.14), nor a significant change in the recovery group (988 ± 155µm2), from either the 507 

control (P = 0.94), or atrophied muscles (P = 0.98, Figure 6H). Similarly, type I/IIA hybrids (1148 ± 508 

130µm2) showed no significant decline following atrophy (796 ± 125µm2, P = 0.24), or recovery from 509 

atrophy (1009 ± 72µm2, P = 0.957, Supplementary Figure 5B). However, there was a significant 510 

decrease in type IIA fiber CSA after 14 days (1423 ± 298µm2 vs. 968 ± 89µm2, P = 0.035), which had 511 

recovered back to the mean control CSA after recovery (1368 ± 77µm2, P = 0.99, Figure 6I). By 512 

contrast, while type IIX/IIB fiber CSA was reduced by 56.6% in the atrophy group (2325 ± 394µm2 vs. 513 

1010 ± 228µm2, P <0.0001), fiber CSA was not able to recover completely to the level of the control 514 

muscle after 7 days of recovery (1746 ± 601µm2, P = 0.0016), although this was significantly higher 515 

than the 14 days of atrophy timepoint (P = <0.0001, Figure 6J).  516 

 517 

Assessment of myonuclei per fiber cross-section in type I fibers revealed no differences between the 518 

control TA (0.93 ± 0.25) and the 14-day atrophy group (1.11 ± 0.24, P = 0.96), or the 14-day atrophy 519 

with 7 days of recovery group (0.86 ± 0.29, P = 0.99), (Figure 6K). Myonuclei per fiber cross-section in 520 

type I/IIA hybrid fibers revealed a significant reduction in myonuclei (1.16 ± 0.24 vs. 0.71 ± 0.17, P = 521 

0.0219), but recovered back to control levels after just 7 days (1.23 ± 0.31, P = 0.99), and was 522 

significantly higher than the 14-day atrophy timepoint (P = 0.0239) for this fiber type 523 

(Supplementary Figure 5C). A similar trend was observed in type IIA fibers which lost myonuclei after 524 

14 days of atrophy (1.2 ± 0.26 vs. 0.68 ± 0.26, P = 0.0046), but recovered after 7 days (1.16 ± 0.3, P = 525 

0.05) to the extent that there was no significant difference from the control group (P = 0.99), (Figure 526 

6L). While myonuclei number in the type IIX/IIB fiber was significantly reduced after the atrophy 527 

period compared to the control group (1.09 ± 0.18 vs. 0.61 ± 0.08, P = 0.01), myonuclei number per 528 

fiber cross-section significantly increased in the recovery group (1.68 ± 0.34), both above the 14 days 529 

atrophy group (P = <0.0001) and surprisingly further beyond the control group (P = 0.0005), (Figure 530 
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6M). We then assessed whether the myonuclear domain size was therefore altered following 531 

substantial atrophy and found no significant differences in type I (P >0.3), type I/IIA hybrid (P >0.98), 532 

or type IIA (P >0.90) fibers, between the control, atrophy, and atrophy with recovery groups, (Figure 533 

6N-P). However, a trend was detected in type IIX/IIB fibers, suggesting a decrease in domain size 534 

between the control and 14-day atrophy group (2232 ± 731µm2 vs. 1664 ± 310µm2, P = 0.285). A 535 

significantly lower myonuclear domain size was detected between the control TAs and the 14-day 536 

atrophy with 7-day recovery group (970 ± 241µm2, P <0.0001), (Figure 6P).  537 

 538 

Linear regression analysis revealed a significant positive correlation between percent change in 539 

muscle mass and percent change in fiber CSA (R2 = 0.8589, P = <0.0001), percent change in 540 

myonuclei per fiber cross-section (R2 = 0.8589, P = <0.0001) and percent change in myonuclear 541 

domain size (R2 = 0.4550, P = 0.0008, Figure 7G-I). There were also significant positive correlations 542 

between percent change in fiber CSA and both percent change in myonuclei per fiber cross-section 543 

(R2 = 0.8079, P = <0.0001) and percent change in myonuclear domain size (R2 = 0.5439, P = 0.0001, 544 

Figure 7J-K). The co-efficient of variation between the percent change in myonuclei per fiber cross-545 

section and percent change in myonuclear domain size was also significant (R2 = 0.2468, P = 0.022, 546 

Figure 7L). 547 

Discussion: 548 

In both developing and adult mammalian skeletal muscle, myonuclei number, often referred to as 549 

DNA content, varies with muscle fiber size although this relationship is not completely linear, nor is it 550 

fully understood in all contexts of muscle plasticity (7, 24, 35). Our objective was to understand the 551 

fiber type specific changes in cross-sectional area and whether this correlated with changes in 552 

myonuclear content in our models of growth, endurance training, atrophy and recovery. We 553 

developed MyoVision as the first unbiased, fully automatic software that is freely available to the 554 

muscle research community, and since then, there has been significant interest in such analytical 555 
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packages for muscle cross-sections (36-41). Despite the overall interest, MyoVision remains one of 556 

only two freely available programs that include myonuclear quantification and the only one for 557 

which this function is validated. A major limitation of MyoVision was its computational inefficiency 558 

that precluded analysis of large cross-sections, such as the whole rat TA, taken at high magnification. 559 

In most instances, the previous version of the software would not successfully analyse such large 560 

images, but the new software provides this capability through improved computational speed and 561 

efficiency. Additionally, MyoVision analysis was previously sensitive to background noise, which 562 

increased the requirement on microscope image quality. To address these shortcomings, we have 563 

updated MyoVision and optimized the software to allow for rapid and unsupervised quantification of 564 

hundreds of thousands of individual myofibers and millions of nuclei on histological cross-sections 565 

(www.myoanalytics.com/myovision2).  566 

CLFS for 7 days which mimics endurance training caused a significant reduction in mean muscle mass 567 

(-12.6 ± 4.9%, P = 0.0026), mean fiber CSA (-18.6 ± 11.4 %, P = 0.024) and a shift from glycolytic to 568 

smaller, more oxidative fibers (type IIX/IIB fiber percentage fell from 81% to 62%). There were no 569 

changes in fiber CSA when assessed at the fiber type level (Figure 4H-J), suggesting that the larger 570 

IIX/IIB fibers that shifted myosin heavy chain content also reduced their fiber area which may be an 571 

adaptation to reduce the diffusion distance to allow increased respiratory gas exchange associated 572 

with a shift to oxidative metabolism (42-46). Myonuclear addition is generally considered to be a 573 

feature of resistance exercise-induced hypertrophy, as a mechanism to support both repair of 574 

damaged muscle fibers unaccustomed to exercise (4, 47) and to support transcription across a larger 575 

area of cytoplasm (35, 48, 49). However, we found significant increases in myonuclei per fiber cross-576 

section especially in type IIX/IIB glycolytic fibers in response to CLFS. As mean fiber area did not 577 

change, IIX/IIB myofiber cytoplasm became hypernucleated per fiber cross-section, so that there was 578 

a significant reduction in myonuclear domain size (-69%, P = 0.0007), which was closer to the value 579 

for oxidative fibers in control muscle.  580 
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We then studied the fiber type specific effects of RT using spillover (loaded) contractions and high-581 

frequency concentric contractions. While loading from the antagonistic muscle group differs 582 

between our RT modalities, our model avoids the complication of variable recruitment among fiber 583 

types during the exercise intervention. This allowed us to directly compare the differences in loading 584 

on fiber type specific adaptations so that the total volume of activation can be excluded as a factor 585 

for differences between fiber types in terms of exercise induced myonuclear accretion. Thirty days 586 

of loaded RT caused significantly larger increases in muscle mass, fiber CSA and myonuclear 587 

accretion than 30 days of concentric RT, similarly to Eftestøl and colleagues who used a non-surgical 588 

model to exercise rat dorsiflexor muscles using transcutaneous electrical stimulation with external 589 

load applied through the use of a resisting footplate (50). They reported that higher load was 590 

associated with greater fiber hypertrophy and greater myonuclear accretion but did not assess fiber 591 

type specific effects. In our loaded RT model after 30 days, fiber area increased significantly in type I 592 

fibers by a mean of 36% (Figure 5H) and by a mean of only 19% in type IIX/IIB fibers (Figure 5J). 593 

While this increase is somewhat larger in the slow muscle fibers, the relatively small proportion of 594 

type I fibers (<6%) and large proportion of IIX/IIB fibers means that IIX/IIB contribute more to whole 595 

muscle fiber hypertrophy. However, this is an interesting observation of the potential functional 596 

significance of hypertrophy of small populations of slow fibers in a predominantly fast twitch muscle 597 

during hypertrophy. Furthermore, myonuclear accretion was similar across all fiber types (Figure 5K-598 

M), suggesting that the accretion of myonuclei is strongly associated with load and activity in this 599 

instance. It has previously been argued that slower fibers are more susceptible to exercise-induced 600 

damage but this can often be explained by their greater activation in voluntary movement, being 601 

recruited to a larger extent than fast oxidative and fast glycolytic fibers (51, 52). Despite this, a 602 

recent study in mice using a voluntary exercise on a high load resistance wheel, produced 603 

myonuclear accretion in a load dependent manner in the plantarflexor muscles of mice, and the 604 

addition of myonuclei occurred similarly across all fiber types (53). In contrast, progressive weighted 605 

wheel running (PoWeR) in mice results in both fiber type-specific and fiber type-independent 606 
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adaptations that differ based on the muscle studied (4). This probably reflects differences in 607 

activation and load during voluntary exercise, as well as early damage-related fusion of satellite cells 608 

which has previously been reported after unaccustomed exercise (47, 54, 55).  609 

Myonuclear loss or maintenance during muscle disuse is of particular interest since the signals 610 

related to exercise and load are reduced. Previously, the relationship between muscle loss during 611 

disuse in rodents has been performed using injury to the nerve/denervation (25, 56, 57) and hind-612 

limb unloading (22, 58, 59), although the latter model does not control for motor activity, and in 613 

some instances it can even be increased, while the load is reduced (60, 61). The use of TTX to study 614 

muscle atrophy has been less widely adopted (25, 29, 62, 63). However, TTX nerve treatment causes 615 

muscle atrophy through prevention of generation or propagation of action potentials in the nerve, 616 

without axonal damage so disuse can be followed by a period of recovery. Trophic factors 617 

dependent on axon integrity may continue to have influence on their associated muscle fibers, while 618 

substantial sarcoplasm is lost within the muscle fibers (29, 64, 65). 619 

As we have previously reported (29), onset of TTX treatment causes a progressive loss in muscle 620 

mass and mean fiber CSA reaching significance after 7 days and further declining at 14 days (Figure 621 

6A-B). Our new fiber-type specific analysis shows that this is mainly attributed to significant loss of 622 

CSA in type IIA (-47%) and IIX/IIB fibers (-56%) (Figure 6I-J) while simultaneously reducing myonuclei 623 

per fiber cross-section in both IIA and IIX/IIB fibers (43%), therefore maintaining myonuclear domain 624 

size. Intriguingly, type I fibers did not atrophy significantly, and they maintained their myonuclei 625 

number. Similar treatment involving the entire sciatic nerve for 2 weeks found that type IIA muscle 626 

fibers atrophied less (29%) than type IIB fibers (43%) in the TA of rats (63). Sciatic nerve block also 627 

prevents activity of the plantarflexors; it was observed that the lateral gastrocnemius IIB and IIA 628 

fibers showed less atrophy (23-26%) than the resident type I fibers (44%), but in the soleus, both fast 629 

and slow fibers atrophied to the same extent (39% versus 43%). Differences in the rates and total 630 

extent of muscle atrophy have been reported between different muscles and different fiber types 631 
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which may be related to oxidative capacity, protein synthetic/degradation rates and the resting 632 

length of the muscle (63, 66, 67). Only one study to our knowledge has measured myonuclei number 633 

in response to TTX treatment, although this was performed in mice. Intravital imaging showed no 634 

decrease in myonuclei with intravital imaging after 3 weeks in the EDL muscle which may be related 635 

to species differences or the fact that the EDL crosses two joints and therefore has a higher level of 636 

passive tension, perhaps enough to prevent loss of myonuclei. 637 

During the 7-days recovery post TTX treatment, muscle mass significantly recovered by 51.7% versus 638 

14 days of TTX exposure (P < 0.001). Type IIA fibers recovered fiber CSA and myonuclei per fiber 639 

cross-section measurements in line with control levels during this period. This recovery was not 640 

matched in the less oxidative type IIX/IIB fibers which had only partially recovered their CSA from 14 641 

days of nerve silencing (P = 0.003). Remarkably, myonuclei per fiber cross-section was higher in 642 

comparison to both the atrophied muscle (P = <0.0001) and the control muscle (P = 0.0005) in IIX/IIB 643 

fibers, suggesting that myonuclear populations did not only recover back to the point of baseline, 644 

but were also added past homeostatic levels to support the substantial recovery of muscle mass and 645 

fiber CSA from severe atrophy, somewhat like resistance exercise-induced myonuclear accretion. 646 

This resulted in hypernucleated type IIX/IIB fibers, versus their control counterparts. We also 647 

observed this characteristic in our CLFS model, suggesting that due to type IIX/IIB fibers having larger 648 

myonuclear domains than their slower, more oxidative counterparts under control conditions, they 649 

may be more dependent on myonuclear accretion to support the changes in activity or periods of 650 

regrowth. It is of significant interest whether type IIX/IIB fibers retain the extra myonuclei added 651 

during the recovery from TTX-induced atrophy or whether they are lost as muscle returns to basal 652 

mass, so that they act as ‘temporary’ myonuclei to support the rapid growth. Or, if they are retained 653 

how this would affect subsequent periods of unloading and future periods of growth. 654 

Future Considerations: 655 
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The use of IPGs allows for programming and control over both endurance and resistance exercise so 656 

that training duration, contraction modality, repetitions, sets, rest and the timing of exercise within 657 

the circadian cycle can all be prescribed. IPGs can be easily programmed to switch on or off allowing 658 

for periods of detraining and subsequent retraining with minimal intervention or use of 659 

supraphysiological methods. Analogously, the careful planning and loading of osmotic pumps to 660 

deliver TTX to a motor nerve allows for periods of disuse induced atrophy and subsequent recovery. 661 

The replacement of the osmotic pump or use of programmable infusion pumps would also allow for 662 

continuous cycling of nerve block and recovery to simulate repeated bed rest in humans. Further 663 

functions are continually being added to the automated image analysis program, MyoVision 664 

www.myoanalytics.com/myovision2, including guidance on supported image file types and minimum 665 

recommended computer requirements. 666 

Conclusion: 667 

We propose that the number of myonuclei is not fixed, probably reflects the changes in activity 668 

requirements of the muscle fiber and does not always correlate with fiber size. The myonuclear 669 

domain appears highly flexible and adaptations often differ by fiber type. High load RT resulted in 670 

increased muscle size associated with higher myonuclear content per muscle fiber, whereas low-671 

load continuous stimulation increased myonuclear content but reduced muscle fiber size. TTX-672 

induced nerve silencing caused atrophy and myonuclear loss, but both were restored with recovery 673 

of activity. The recovery in type IIX/IIB fibers includes an over compensatory addition of myonuclei 674 

to the muscle fiber. Overall, our models of high load short duration and low load continuous 675 

stimulation, and recovery after disuse all resulted in substantial increases in myonuclei without 676 

histological signs of muscle damage as assessed by histology.  677 

Supplementary Figures 1-5 678 

https://doi.org/10.6084/m9.figshare.17904347 (Supplementary File 1, Supplementary Figures 1-2). 679 
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Figure Legends: 885 

Figure 1: Schematic representation of electrical stimulation experimental time courses studied and timepoints of 886 

euthanasia and muscle harvest. For electrical stimulation experiments, an implantable pulse generator (IPG) was placed 887 

within the abdomen with electrodes leading subcutaneously to the left hindlimb with one of two electrode placements. 888 

Either with the anode placed under the tibial nerve and the cathode under the common peroneal nerve (CPN) to produce 889 

Spillover (loaded) resistance exercise of the tibialis anterior or with both electrodes under the CPN to elicit concentric 890 

(unloaded) resistance exercise or continuous low frequency stimulation to elicit endurance training). 891 

Figure 2: An overview of the in-situ placement of the osmotic pump loaded with a pre-determined volume of tetrodotoxin 892 

(TTX), placed in the scapula region with silicone tubing leading to the left hind-limb and the silicone cuff that encircled the 893 

common peroneal nerve (CPN) to selectively block the ankle dorsiflexors, while maintaining normal plantarflexion. 894 

Figure 3: Control tibialis anterior (TA) muscles. (A) Fiber type distribution, (B) Muscle fiber cross-sectional area, (C) 895 

Myonuclei per fiber cross-section, (D) Myonuclear domain size. n = 32. (E) Total number of muscle fibers detected per mid-896 

belly transverse cross-section. n = 64. (F) Total number of muscle fibers detected between experimental condition groups 897 

and their contralateral control limb. Note spread of control values in each group and small differences between left and 898 

right limbs. *P ≤ 0.05. **P ≤ 0.01. ***P ≤ 0.001. ****P ≤ 0.0001. Mean ± Standard Deviation. (G) Example hematoxylin and 899 

eosin staining of TA mid-belly cross-section following 14 days of TTX treatment for assessment of damage, degeneration, 900 

and denervation. (H) Serial immunofluorescence section of G, depicting the deep oxidative portion toward the top right of 901 

the transverse section (More green and red fibers). (Magenta = Dystrophin, Blue = Nuclei, Green = Type 1, Red = Type IIA, 902 

Black Fibers = Type IIX/IIB). Scale bar = 2000µm. (I) Higher magnification of muscle fiber staining from deep oxidative 903 

portion. Scale bar = 40µm. 904 

Figure 4: changes in response to 7 days low frequency continuous stimulation: (A) Percentage change in muscle mass 905 

between the left experimental tibialis anterior (TA) and right contralateral control TA, 7 days after sham surgery or after 7 906 

days of continuous 24-hour low-frequency stimulation (CLFS). (B-D) Fiber CSA, myonuclei per fiber cross-section and 907 

myonuclear domain size assessed across all muscle fibers, expressed as percentage change between left experimental TA 908 

and right contralateral control TA for the same groups as in (A). (E-G) Fiber type proportions in control and after 7 days of 909 

low frequency stimulation. (H-J) Fiber type-specific fiber CSA. (K-M) Fiber type specific myonuclei per fiber cross-section 910 

measurements. (N-P) Fiber type specific myonuclear domain sizes. *P ≤ 0.05. **P ≤ 0.01. ***P ≤ 0.001. ****P ≤ 0.0001. 911 

Mean ± Standard Deviation.  912 

Figure 5: (A) Percentage change in muscle mass relative to body mass between the left experimental tibialis anterior (TA) 913 

and right contralateral control TA, over a time course (2d, 10d, 20d, 30d) of Spillover(loaded) training or 30d of unloaded 914 
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resistance training. (B-D) Fiber CSA, myonuclei per fiber cross-section and myonuclear domain size assessed across all 915 

muscle fibers, expressed as percentage change between left experimental TA and right contralateral control TA. (E-G) Fiber 916 

type proportions in control, 30 days loaded resistance training and 30 days unloaded training. (H-J) Fiber type specific fiber 917 

CSA. (K-M) Fiber type specific myonuclei per fiber cross-section measurements. (N-P) Fiber type-specific myonuclear 918 

domain sizes. *P ≤ 0.05. **P ≤ 0.01. ***P ≤ 0.001. ****P ≤ 0.0001. Mean ± Standard Deviation.  919 

Figure 6: (A) Percentage change in muscle mass between the left experimental tibialis anterior (TA) and right contralateral 920 

control TA, over a time course (3d, 7d, 14d) of tetrodotoxin (TTX)-induced nerve silencing atrophy and subsequent 921 

recovery through 7d habitual activity. (B-D) Fiber CSA, myonuclei per fiber cross-section and myonuclear domain size 922 

assessed across all muscle fibers, expressed as percentage change between left experimental TA and right contralateral 923 

control TA. (E-G) Fiber type proportions in control, following 14 days atrophy and following 14 days of atrophy with 7 days 924 

of subsequent recovery. (H-J) Fiber type-specific fiber CSA. (K-M) Fiber type-specific myonuclei per fiber cross-section 925 

measurements. (N-P) Fiber type-specific myonuclear domain sizes. *P ≤ 0.05. **P ≤ 0.01. ***P ≤ 0.001. ****P ≤ 0.0001. 926 

Mean ± Standard Deviation.  927 

Figure 7: (A-F) Correlations between percentage changes in muscle mass, muscle fiber CSA, myonuclei per fiber cross-928 

section and myonuclear domain size following a time course of loaded and unloaded resistance training. (G-L) Correlations 929 

between percentage changes in muscle mass, muscle fiber CSA, myonuclei per fiber cross-section and myonuclear domain 930 

size following a time course of TTX-induced atrophy. The subsequent 7-day recovery following 14 days of TTX induced 931 

atrophy is expressed as the difference between the mean 14 days TTX value versus the individual 7-day recovery values. 932 
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Response to 7 days continuous, low frequency stimulation (20Hz) 
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Time course response to loaded & unloaded resistance training 

Fiber type percentages following 30 days of loaded and unloaded resistance training 

Fiber area following 30 days of loaded and unloaded resistance training 

Myonuclei per fiber cross-section following 30 days of loaded and unloaded resistance training 

Myonuclear domain size following 30 days of loaded and unloaded resistance training 
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Time course response to TTX-induced atrophy and recovery 

Fiber type percentages in disuse atrophy and recovery 

Fiber area in disuse atrophy and recovery 

Myonuclei per fiber cross-section in disuse atrophy and recovery 

Myonuclear domain size in disuse atrophy and recovery 
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Correlations between adaptive responses to TTX induced atrophy and subsequent recovery 

Correlations between adaptive responses to electrical stimulation-induced resistance training 
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Table 1: Primary antibodies and appropriate corresponding secondary antibodies used. 

 

Table 2: Body weight pre‐surgery and post intervention for each experimental group. 

Condition 
Pre‐Surgical 

Weight (M ± SD)

Post‐
Intervention 

Weight (M ± SD) 

Sham Operated  443 ± 31  484 ± 78 

CLFS 7 Days  397 ± 17  400 ± 20 

2 Days Spillover  419 ± 58  411 ± 55 

10 Days Spillover  382 ± 47  401 ± 52 

20 Days Spillover  372 ± 34  416 ± 30 

30 Days Spillover  413 ± 38  472 ± 52 

30 Days 
Concentric  396 ± 33  415 ± 31   

3 Days TTX  390 ± 12  416 ± 14 

7 Days TTX  387 ± 22  420 ± 18 

14 Days TTX  378 ± 11  417 ± 25 

14 Days TTX + 7 
Days Recovery 

403 ± 35  452 ± 25   

Mean  398  428 

SD  20  27 
 

Primary Ab  Secondary Ab

MANDYS8(8H11) (Anti‐dystrophin) DSHB 

Supernatant. Morris, G.E. (Developmental Studies 

Hybridoma Bank (DSHB) Hybridoma Product) 

Goat  anti‐mouse  IgG  H&L  (AlexaFluor®  594) 

preadsorbed Abcam (Cambridge, UK) (ab150120) 

Dystrophin Polyclonal Antibody. Catalog #PA5‐

32388. (Thermofisher Scientific) 

Goat  anti‐Rabbit  IgG  (H+L)  Cross‐Adsorbed  Secondary 

Antibody, Alexa Fluor 633. A‐21070 

(Thermofisher Scientific) 

BA‐D5 (anti type I myosin) DSHB Supernatant. 

Schiaffino, S.  

(DSHB Hybridoma Product) 

Goat  anti‐Mouse  IgG2b  Cross‐Adsorbed  Secondary 

Antibody, Alexa Fluor 488. A‐21141  

(Thermofisher Scientific) 

SC‐71 (anti type IIA myosin) DSHB Supernatant. 

Schiaffino, S.  

(DSHB Hybridoma Product) 

Goat  anti‐Mouse  IgG1  Cross‐Adsorbed  Secondary 

Antibody, Alexa Fluor 546. A‐21123 

(Thermofisher Scientific) 
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Automated cross-sectional analysis of trained, 

severely atrophied and recovering rat skeletal muscles 

using MyoVision 2.0 

Free-living rats.  

Daily resistance and continuous 

endurance training with 

implantable electrical stimulators. 

Free-living rats. 

TTX-induced disuse atrophy and 

reversible nerve silencing with 

implantable osmotic pumps. 

Control 
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Control 
 
 
 

Severely Atrophied 
 
 

Recovering from Atrophy 
 

Fiber area hypertrophy (14%) 

with myonuclear addition  

(55%). 

Fiber type shift & fiber area 

reduction (-18%) with 

myonuclear addition (53%). 

CONCLUSION: Myonuclei number per unit fiber length is not fixed and does not always correlate with fiber size. 

Myonuclear density appears to reflect the changes in activation and loading of the muscle fiber. Type IIX/IIB fibers show 

greater plasticity than slower types. 

Reduction in fiber area (-54%) 

with a loss of myonuclei  

(-40%). 

Substantial myonuclear 

addition (39%) observed with 

recovery of fiber area (73%) in 

type IIX/IIB fibers. 
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