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Abstract

Skeletal muscle cells are noteworthy for their syncytial nature, with each myofiber accumulating 

hundreds or thousands of nuclei derived from resident muscle stem cells (MuSCs). These nuclei 

are accrued through cell fusion, which is controlled by the two essential fusogens Myomaker 

and Myomerger that are transiently expressed within the myogenic lineage. While the absolute 

requirement of fusion for muscle development has been known for decades, the underlying 

need for the magnitude of multinucleation in muscle remains mysterious. Possible advantages 

of multinucleation include the potential it affords for transcriptional diversity within these massive 

cells, and as a means of increasing DNA content to support optimal cell size and function. 

In this article, we review recent advances that elucidate the relationship between myonuclear 

numbers and establishment of myofiber size, and discuss how this new information refines our 

understanding of the concept of myonuclear domains (MND), the cytoplasmic volumes that each 

resident myonucleus can support. Finally, we explore the potential consequences and costs of 

multinucleation and its impacts on myonuclear transcriptional reserve capacity, growth potential, 

myofiber size regulation, and muscle adaptability. We anticipate this report will not only serve 

to highlight the latest advances in the basic biology of syncytial muscle cells but also provide 

information to help design the next generation of therapeutic strategies to maintain muscle mass 

and function.
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1. Introduction

Skeletal myofibers, which grow to become amongst the largest cells of the body attaining 

sizes ranging between 4.9-42 cm in the human hindlimb [1], are also unique for their 

level of multinucleation. Between several hundred and thousands of nuclei are acquired 
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and accumulated per myofiber primarily during development, but also upon adaptation 

to increased workload, or in response to chronic injury as encountered in the muscular 

dystrophies. The exclusive source of these myonuclei are fusogenic myoblasts, the 

mononuclear muscle progenitor cells derived from resident muscle stem cells (MuSCs) [2], 

which can fuse with myofibers to contribute nuclei [3]. Fusion of myoblasts proceeds by 

a unique stepwise mechanism, where the membrane remodeling activities typically driven 

by a single fusogen are divided between the two myogenic fusogens Myomaker (gene 

symbol Mymk) and Myomerger/Myomixer/Minion (gene symbol Mymx) [4–9]. Myomaker, 

a seven transmembrane protein, is necessary for the formation of membrane hemifusion 

connections, the initial step that allows for exchange of membrane lipids between fusing 

cells without mixing of cytosolic contents [10]. Co-expression of Myomerger, drives the 

reaction beyond the hemifusion step to fusion completion [9]. While the reason for such 

a divided fusion reaction remains to be ascertained, it is possible a binary system of this 

nature ensures fidelity between fusing partners, providing a regulatory checkpoint that is 

particularly important in a tissue that has a lifelong reliance on fusion and myonuclear 

accrual for optimal maintenance and function. We will not discuss in detail molecular 

mechanisms underlying myoblast fusion and instead refer readers to recent excellent reviews 

that explore membrane events associated with the fusion reaction [11–13].

Within myofibers, resident myonuclei share a common cytoplasm and under normal, 

homeostatic conditions occupy a peripheral, subsarcolemmal position. Resident nuclei are 

uniformly distributed along the length of the myofibers [14] except at the neuromuscular 

junctions (NMJs) and myotendinous junctions (MTJs) where they tend to cluster. Each 

myonucleus is thought to transcriptionally regulate a finite volume of cytoplasm in its 

immediate vicinity called its myonuclear domain (MND), which forms the basis of the 

MND theory [15–17]. Derived from Strassburger’s concept of a “sphere of influence”, at the 

practical level, the concept of an MND reflects the limits of biosynthetic support a single 

myonucleus can provide, and therefore, serves as a metric of myofiber size. Indeed, MND 

volume sizes, which tend to be smaller in type I (slow,oxidative) compared to type II (fast, 

glycolytic) myofibers [18], correlate with myofiber size in both fiber types [19].

In addition to the MND, which is analogous to DNA:cytoplasm ratios in non-muscle 

cells and is viewed at least partially as a quantitative metric predicated on transcriptional 

output, there can also be qualitative differences between the resident myonuclei within 

each myofiber that go beyond fiber-type differences; the strongest evidence of such 

transcriptional specialization within myofibers is the NMJ, where myonuclei that cluster 

below the endplate have distinct transcriptional profiles [20–22]. Whether broader 

transcriptional diversity exists within myofibers, and how such heterogeneity might be 

related to myonuclear numbers is incipiently understood. Overall, we are only just beginning 

to elucidate why skeletal myofibers need to both accrue as many nuclei as they do during 

development, and continue to add more nuclei in the adult through fusion of MuSC 

descendants; how that accrual and accumulation might be regulated during development 

and adaptation; and, what the relationship is between myonuclear numbers and myofiber 

size regulation to optimize growth, function and adaptability. It is these recent and revealing 

advances that will be reviewed in this article.
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2. DNA content as a determinant of cell size

The conventional explanation for multinucleation is based on the long-standing evidence 

of a correlation between DNA content and cell size in many cell types. This relationship 

appears to be evolutionarily conserved as revealed by experiments from the early 1900s 

in sea urchin embryos where size of larval cells varied proportionally with the amount 

of DNA received [23, 24]. Similarly, in both S. cerevisiae and the green alga Eudorina, 
cell size scales linearly with DNA content [25, 26]. In mammals, megakaryocytes and 

trophoblast giant cells increase in size during differentiation with polyploidization [27, 

28], while across different human cell-types, nuclear DNA content varies with cell size 

[29]. In mammalian cardiomyocytes, which can be multinucleated and/or polyploid through 

endoreplication, growth and volume may correlate with DNA content [30]. Growth in cell 

size is fundamental to normal development and function of organ systems and organisms, 

and this is especially true for skeletal muscle, where postnatal increases in muscle size 

and mass occur predominantly through longitudinal and radial enlargement of existing 

myofibers. Mirroring findings in rodents, average fiber (Types I and II) cross-sectional area 

in humans increases from 147.5 μm2 at 1 week after birth, to 7586 μm2 at 18 years of age 

[31]; consistent with previous quantitative analyses of myofiber size and myonuclear content 

[32, 33], this growth was found to be associated with a concomitant increase in myonuclear 

content.

It is important to note that accumulating nuclei through cell fusion is not a common 

mechanism to increase DNA content. Somatic cells typically increase DNA content and 

gene copy number through endomitosis or endoreplication, where cycles of DNA re-

synthesis occur without accompanying karyokinesis or cytokinesis. In fact, in Drosophila 
larval body wall muscle, after initial myoblast fusion establishes myonuclear numbers in 

myofibers, further increases in DNA content, which scale with myofiber size, occur via 

endoreplication [34, 35]. However, in vertebrate skeletal myofibers resident myonuclei are 

incapable of DNA synthesis [36, 37]. Therefore, the only mechanism by which vertebrate 

myofibers can increase DNA content is by accretion of additional nuclei through cell fusion 

with myoblasts [3].

A causal relationship between MuSC-derived myonuclear accrual and developmental growth 

in myofiber size was recently tested using novel genetic mouse-models. When myonuclear 

accretion was blocked in neonates by deleting Myomaker expression exclusively in MuSCs 

at various neonatal time points, myofiber volume was reduced by 33%-54% when compared 

to controls [38]. Using a model in which MuSCs were deleted in prepubertal mice, Bachman 

et al. [39] demonstrated that blocking even relatively modest levels of myonuclear accrual 

(between 10%-15%) during developmental growth significantly reduced (by 15%-19%) 

myofiber CSA. These findings confirm that myonuclear (DNA) content is the ultimate 

determinant of optimal developmental growth and size in skeletal myofibers.

3. Transcriptional diversity within myofibers

An additional reason why myofibers require multinucleation could be that global 

transcriptional activity within these syncytial cells is allocated between resident nuclei; 
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given the size of these cells, such a division of transcriptional labor would require the 

accumulation of nuclei in greater numbers, with different cohorts within the same myofiber 

being assigned divergent and specific transcriptional functions. Alternatively, evidence 

from lower organisms such as the syncytial filamentous fungus Ashbya gossypii indicates 

that despite occupying a common cytoplasm, sister nuclei can demonstrate variable and 

asynchronous behaviours [40, 41]. This raises the possibility that nuclei in syncytial cells, 

including resident myonuclei, may not be amenable to global regulation and instead act 

independently, necessitating accrual of large numbers of nuclei for sufficient order to emerge 

from the incident transcriptional noise.

Whether such transcriptional diversity even exists within myofibers remained unexplored 

until recently when three groups independently addressed the question by subjecting mouse 

hindlimb muscles to single-nucleus RNA-sequencing. Unlike single-cell RNA-sequencing, 

this approach allowed inclusion of syncytial nuclei in the RNA-sequencing analyses [42–

44]. Petrany et al. [43], and Kim et al. [44] confirmed strong spatial transcriptional 

heterogeneity in myofibers with identification of unique transcriptional profiles in 

myonuclei localized to the post-synaptic NMJs and terminal MTJs. Beyond such functional 

compartmentalization, Petrany et al. [43] also reported existence of distinct myonuclear 

populations during postnatal development and in aging muscle. In homeostatic healthy adult 

muscle though, the transcriptional heterogeneity detected indicated modest variations in 

gene expression rather than sharply divergent transcriptional profiles. Additional myonuclear 

sub-types were characterized by Kim et al. [44], which included clusters enriched for 

transcripts targeting expression of nuclear-encoded mitochondrial genes or endoplasmic 

reticulum (ER)-associated protein processing genes. It is unclear if this reflected a level 

of functional compartmentalization that could independently account for the magnitude of 

multinucleation observed in normal skeletal myofibers. In addition, using a combination 

of single-nucleus RNA-sequencing and single-nucleus ATAC-sequencing, Dos Santos et 

al. [42] reported that a majority of the myonuclei within a given myofiber type are 

synchronized in terms of myosin isoform being expressed. This synchronization of gene 

expression was coordinated early during development, potentially discounting the likelihood 

that resident myonuclei within adult myofibers pursue distinct transcriptional profiles, 

independent of each other. It remains to be ascertained however if this coordination also 

entails temporal synchronization of gene expression, where expression of a given gene is 

always turned on and off at the same time across all resident myonuclei; results in Newlands 

et al. [45] suggest this might not be the case, with the observed transcriptional oscillatory 

activity indicating some temporal independence between myonuclei, with frequency of such 

active loci also reflecting developmental maturation of myofibers.

Also, there is evidence that MuSC activation and myonuclear accrual are necessary for 

NMJ maintenance and regeneration upon injury. When Liu et al. [46] depleted MuSCs, 

age-related NMJ degeneration was accelerated and occurred at a younger age, with loss of 

function. Denervation, which causes NMJ disruption, leads to MuSC activation and fusion, 

with the majority of MuSC-derived myonuclear activity occurring proximal to NMJs, and 

furthermore, MuSC deletion impaired NMJ regeneration [47, 48]. There is early evidence 

that at the MTJ, there are myonuclei derived from fibroblasts that have adopted a myogenic 

fate [49, 50], which raises the intriguing possibility that cells other than MuSC-derived 
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myoblasts contribute to the myonuclear population at the MTJ. Whether the numbers of 

such non-MuSC-derived myonuclei are also regulated and impact broader transcriptional 

profiles and myofiber growth remains to be elucidated. Taken together though, excluding 

the functionally distinct compartments of NMJ and MTJ, current data indicate that a need 

for transcriptional diversity is unlikely to be primary driver of myonuclear accrual and 

multinucleation.

3. Myonuclear domain theory

The MND theory described earlier would appear to provide a simple and sufficient 

explanation for the observed reliance of developmental growth on myonuclear accrual; 

if the cytoplasmic volume supported by a given myonucleus is limited, the only way a 

myofiber can grow in size is by adding additional MNDs, which requires nuclear numbers 

to also increase. On closer scrutiny though, there is a great deal about the theory that 

remains unclear and is only now being tested and explored. Firstly, it is unknown to 

what extent MND limits are determined by myonuclear transcriptional output or if other 

contributory factors also exist. One factor is the ability, or lack thereof, to transport anabolic 

products over large intracellular distances within myofibers; this might be especially 

challenging in muscle cells, which are densely and almost entirely packed with sarcomeric 

myofibrillar content and lack the kind of specialized axonal transport mechanisms found in 

neurons. Indeed, mRNA diffusion appears to get increasingly restricted as sarcomerogenesis 

progresses, and becomes dependent on microtubule-based transport in myofibers [51]. 

Existence of such restrictions on and requirements for cellular transport in myofibers 

and more broadly in striated muscle cells [51, 52] might explain why other contractile 

and organellar gene products have also been reported to be confined to a limited area 

around originating myonuclei [53–55], and could also account for the relatively uniform 

placement of myonuclei along the length of skeletal myofibers. Geometric and statistical 

analyses of their spatial distribution indicate that myonuclei are optimally positioned to 

minimize transport distances [14, 56]. Perturbations in the normal spatial distribution of 

myonuclei therefore have the potential to disrupt MNDs and compromise myofiber health, 

with accumulating evidence indicating that misplacement of nuclei can be pathogenic [57–

59] and may also contribute to age-related diminution of function [19]. Besides potential 

disruption in the transport of transcripts from such misplaced myonuclei, another factor to 

consider is the evidence that syncytial nuclei are responsive to local cytoplasmic differences 

on very small scales; findings in an Ashbya mutant, where syncytial nuclei get clustered, 

show that transcriptional activity varies with nuclear position even within such nuclear 

clusters, revealing a sensitivity to cytoplasmic environments on submicrometer scales [60]. 

Mislocalization of myonuclei from their normal positions might therefore disrupt their 

ability to respond to MND-specific transcriptional demands or place them in locations where 

they receive aberrant signals. Indeed, this might be one the reasons why myonuclei are 

peripherally positioned, where removed from the dense sarcomeric architecture they can 

efficiently receive signals that modulate their transcriptional output. Other potential factors 

contributing to MND maintenance include translational efficiency, and protein and RNA 

turnover rates [61].
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Secondly, the MND theory is premised on the assumption that resident myonuclei support 

a constant volume of cytoplasm. If true, this would mean that MND volumes should be 

relatively uniform and myonuclei numbers should scale linearly with cell volume for all 

myofibers, irrespective of their size and myonuclear content. We already know this not to be 

the case given the well documented differences in MND volumes between type I and type II 

myofibers [18]. Furthermore, Bruusgaard et al. [14] and more recently, Hansson et al. [62], 

have shown in myofibers isolated from both mouse EDL and human vastus lateralis samples, 

that nuclear numbers in fact scale sub-linearly with volume. What this reveals is that in 

myofibers with higher numbers of nuclei, each myonucleus supports a larger MND when 

compared to a nucleus from myofibers that harbor fewer nuclei. This scaling relationship 

between nuclei numbers and volume was accentuated upon denervation, showing that even 

under experimental conditions that promote atrophy, myonuclei in myofibers with more 

nuclei continue to maintain larger MNDs when compared to myofibers with fewer nuclei. 

The reasons why MND volumes are different between larger and smaller fibers are not 

definitively known and this is discussed later in the article. Even with the caveats that 

transcriptional activity could not be assessed in these studies, and that MND volumes are 

unlikely to be precisely synonymous with myonuclear transcriptional output, these findings 

confirm that cytoplasmic volumes supported by myonuclei are not uniform, even within the 

same fiber-type.

It might be telling though, that the same studies also revealed that, at least in type II fibers, 

myonuclear numbers unfailingly scale linearly with myofiber surface (sarcolemmal) area 

both during development and in adult muscle [14, 62]. This linear relationship between 

myonuclear numbers and myofiber surface area raises the intriguing possibility that a metric 

involving sarcolemmal area, such as surface area to volume (SA:V) ratio, might be an 

important, yet commonly ignored, determinant that links myonuclear numbers with MND 

size and myofiber volume. Interestingly, Johnston et al. [63] have proposed that there 

is an optimal myofiber size, where myofibers try to achieve the largest volume possible 

for a given surface area, with limits being dictated primarily by diffusion constraints. 

This hypothesis therefore predicts a bias towards lowering SA:V ratios because doing so 

affords a metabolic advantage to the animal by minimizing costs of maintaining ionic 

homeostasis across the sarcolemma. While this was originally proposed based on work in 

cold-water fishes [63, 64], Jimenez et al. [65] analyzed absolute and fractional ATP costs 

across a broad range of fiber sizes spanning 16-species to find that there indeed may be a 

metabolic advantage for fibers to achieve the largest volume possible for a given surface 

area. Even though experimental evidence of a similar paradigm in mammals is pending, 

the fact that in rats there is a linear dependence of skeletal muscle oxygen consumption 

on Na+-K+-ATPase activity [66], which is the primary regulator of membrane potential, 

supports such a likelihood. Importantly, given the strong evidence that myofiber surface area 

scales linearly with nuclear numbers [14, 62], a defining role for SA:V ratio in establishing 

MND sizes only re-emphasizes that myonuclear numbers are the primary determinants of 

myofiber size. It would however be premature to assume that this regulation occurs purely 

through modulation of myonuclear transcriptional output; while the focus of this review is 

mostly limited to the role of nuclei and DNA content in establishment of myofiber size, 

protein turnover rates [67], and modulation of the non-linear interaction between metabolic 
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rates and diffusion distances within myofibers [65, 68, 69] are just some additional potential 

mechanisms by which MND volumes might be regulated.

Even if diffusion capabilities are a limiting factor in MND size, the biosynthetic capacity of 

a myonucleus remains key, because the extent and efficiency of diffusion of an anabolic 

product are ultimately determined by the amount of that product synthesized. In fact, 

the magnitude of transcript dispersion from myonuclei has been found to correlate with 

transcriptional output levels rather than transcript length or encoded protein activity [51]. 

The idea of a finite MND volume has been commonly interpreted to mean that the intrinsic 

biosynthetic capacity of a myonucleus in healthy adult myofibers is fully utilized, and 

limiting [15, 62]. We will explore this assumption as it is directly salient to concepts related 

to myofiber size regulation and adaptability that have been subject to an intense and lively 

debate in the field [70–74]. Skeletal myofibers even after fully attaining adult size, retain 

a lifelong ability to respond to elevated workloads by gaining in volume and myofibrillar 

content. The generation of such physiological hypertrophy to optimally and sustainably meet 

functional demands we call “adaptive growth.” This definition encompasses both a potential 

reliance on the recruitment of additional myonuclei through fusion to augment volume by 

increasing the number of MNDs (Fig. 1A), and/or the harnessing of any available residual 

plasticity in pre-existing myonuclei to increase MND volumes (Fig. 1B). So defined, 

adaptive growth is understood to be distinct from the normal variability observed in both 

non-pathological MND volumes within and between fiber types [14, 18, 62] and upon 

pathology or aging [19, 75]. And importantly, it does not conflate an ability to enlarge MND 

through pharmacological or genetic interventions, with the capacity to develop sustained, 

physiological hypertrophy [71, 74].

The recent development of various exercise models that elicit physiological hypertrophy in 

mice [76] has finally made possible the targeted interrogation of the role of MuSCs, fusion 

and myonuclear accrual in adaptive growth. These models should prove superior to the 

supraphysiologic stimulus of synergist ablation [70, 71, 77, 78]. Subjecting mice deficient 

in MuSCs to their progressive weighted wheel running (PoWeR) protocol, Englund et al. 

[79] report blunting of both muscle hypertrophy and myofiber cross-sectional area (CSA) 

enlargement. Abrogation of PoWeR-induced myonuclear accrual also elicited aberrant 

adaptive responses with impairment in muscle function, therefore closely mirroring findings 

previously reported by Goh et al. [80]. When mice were subjected to a high-intensity 

interval treadmill protocol (HIIT) where the amount of work progressively increased during 

each week of the eight week regimen, muscle weights, myofiber CSA, and strength 

were augmented, and these enhancements were associated with ~30% increase in total 

myonuclear numbers [80]. While myonuclei were progressively accrued over the entire 

duration of the regimen, growth in CSA and mass occurred principally during the latter four-

week duration of the protocol. Blocking accrual via abrogation of myoblast fusogenicity 

elicited exercise intolerance, loss of hypertrophy and maladaptive remodelling in hind-limb 

muscle. Taken together, these studies provided strong evidence of an obligatory requirement 

of MuSC activation, myoblast fusion, and myonuclear accrual for adaptive growth to support 

optimal exercise-induced functional remodeling.
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It has been suggested that the myonuclear accrual typically observed during such exercise 

regimens is more a response to exercise-induced myofiber damage and not for growth 

[74]. This is indeed a possibility, and practically, it may be nearly impossible to separate 

exercise-induced muscle injury from increased workload when utilizing exercise models 

such as PoWeR or HIIT. Nevertheless, when fusogenicity was abrogated four weeks into 

the HIIT protocol, so that myonuclear accrual was blocked specifically during the period 

growth occurred but after majority of the HIIT-induced increase in myonuclear numbers 

(68% of total) had taken place, hypertrophy continued to be blocked [80]. This absence of 

growth could not be dismissed as secondary to impaired running or maladaptive remodeling, 

because blocking fusogenicity at 4-week time point of HIIT caused neither exercise 

intolerance nor detectable fibrotic remodeling. Rather, the continued absence of hypertrophy 

revealed that simply harboring additional nuclei in the context of an exercise stimulus does 

not necessarily cause adaptive growth, and that continued accrual of myonuclei is likely 

essential for a physiological hypertrophic response to occur.

However, the argument put forth by Murach et al. [74] coupled with findings in the HIIT 

study [80], where substantial myonuclear accrual occurred during the initial four-weeks 

of the regimen without detectable growth, highlights an important point that myonuclear 

accrual and accumulation may not occur exclusively for purposes of growth [81]. Amongst 

other things, accrual might occur as a reparative response to myofiber injury, or alternatively, 

myonuclei might indeed be elicited for growth, which however does not manifest until their 

numbers reach a threshold where the effects of injury can be circumvented, if not mitigated. 

Future work will likely clarify this intriguing question. However, when results from the 

synergistic ablation surgical model of overload, where attenuation of hypertrophy upon 

abrogation of myonuclear accrual has been reported by four independent groups [73, 82–84] 

are reviewed in conjunction with several independent human studies [85–89] it is clear that 

the vast majority of evidence confirms a definitive link between myonuclear accrual and 

adaptive growth in response to increased workload.

4. MND plasticity and growth

Does this mean that increases in MND volumes in individual myofibers can never occur 

during functional hypertrophy? On the contrary, much of the developmental radial growth in 

the mouse, accounting for a 3-fold expansion of the MND, occurs in myofibers between 

post-natal day 21 and adulthood after robust myonuclear accrual has ceased [90, 91]. 

This demonstrates that systemic growth signals can drive enlargement of MND volumes 

in support of functional hypertrophy. It is possible that the well documented effects 

of various genetic and pharmacological interventions on MND and myofiber size elicit 

similar responses [71, 92–96], although confirmatory mechanistic understanding remains 

rudimentary. However, simply the fact that MND volumes are responsive to pharmacological 

agents and expand without myonuclear accrual does not in itself implicate a role for accrual 

independent expansion in adaptive growth. So, is there any evidence that MND plasticity, 

in the absence of myonuclear accretion, contributes to exercise-induced growth? The answer 

may lie in the concept of the “myonuclear domain ceiling”, an upper threshold for MND 

volume, which is thought to correlate with maximal myonuclear transcriptional output; any 

additional enlargement of the MND beyond this ceiling or threshold is thought to require 
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accrual of additional nuclei (Fig. 1A). This theoretical ceiling is believed to be met in the 

biggest myofibers, which also typically harbor the largest MND volumes as described above 

[14, 62] (Fig. 1A), whereas in smaller myofibers with relatively smaller MND volumes, 

potential for enlargement remains available without the requirement of myonuclear accretion 

(Fig. 1B). The existence of such myofibers with disproportionately smaller MNDs has been 

described primarily in the context of aging-related atrophy [75, 97], but are likely also found 

in normal, healthy muscle [97].

The paradigm that baseline MND volumes determine the reliance on myonuclear accrual for 

adaptive growth, was recently tested by Snijders et al. [98], who hypothesized that exercise 

training in older adults would promote a decline in the proportion of smaller myofibers 

principally by eliciting residual plasticity rather than myonuclear content to increase MND 

sizes. Their cluster analysis approach indicated that after subjecting healthy older adults 

to 12-weeks of resistance training, resident myonuclei were able to support hypertrophic 

growth in the smallest myofibers without requiring an increase in myonuclear numbers, 

whereas in the largest myofibers (where MND size has met the ceiling and therefore, no 

residual plasticity exists) growth was best predicted by an increase in myonuclear content 

rather than domain size. Replication of findings in younger individuals and in mouse 

models, where sampling is less of an issue, would help exclude the possibility that results 

seen in smaller fibers are not just a case of atrophied fibers in older individuals regaining 

previously held volumes without requiring myonuclear accrual because they already harbor 

adequate number of nuclei to achieve that size [99, 100]. Another obvious unknown is 

the reason for the existence of such smaller myofibers with MNDs, which may, as shown 

in Fig. 1B, be maintained below the “threshold ceiling” in normal muscle. Specifically, if 

potential for enlargement is available, why do such myofibers not grow until that threshold 

is met? Reasons could include a positional effect, where the location of such fibers within 

the larger muscle alleviates growth demands. Alternatively, there is the intriguing possibility 

that the linear relationship between myonuclear numbers and surface area serves to limit 

developmental growth and myofiber size [101], even when transcriptional potential to 

achieve larger sizes exists. Despite such unknowns, the data discussed above probably 

best showcase that an obligatory requirement of myonuclear accrual need not preclude a 

contribution, even if limited, of MND plasticity to optimal adaptive growth. Such a role 

for residual MND plasticity in adaptive growth is consistent with the evidence that resident 

myonuclei have some reserve capacity to increase transcription during workload-induced 

hypertrophy [102]. It would be interesting to determine what fraction of this increased 

transcriptional output is related to rRNA synthesis and ribosomal biogenesis, which correlate 

with translational capacity that is known to be augmented during both developmental and 

adaptive growth [103–105].

Taken together, a balanced review of our current knowledge base establishes that both an 

absolute requirement of myonuclear accrual for adaptive growth and MND plasticity can and 

do coexist; indeed, baseline MND sizes may determine both the extent of MND plasticity, 

and reliance on myonuclear accrual for adaptive hypertrophic growth [Figures 1A and 1B]. 

This reveals the lingering controversy, that has posited the existence of one to negate or 

disprove the other, to be more about an incorrectly framed question rather than antagonistic 

data; the fact that MND plasticity exists does not discount the overwhelming evidence 
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that optimal adaptive growth in response to increased workload requires fusion-mediated 

myonuclear accrual. At the same time, an obligatory role for myonuclear accrual in adaptive 

growth does not obviate the evidence that myonuclei/MNDs in some fibers possess residual 

transcriptional plasticity that facilitates increases in MND volumes to support such adaptive 

growth. Resolution of this controversy should provide an opportunity for the field to turn its 

attention to more salient questions regarding regulation of MND volume, myonuclear and 

MND plasticity, and myofiber size establishment and adaptive remodeling.

One such fascinating question that emerges from our current knowledge base is what might 

determine the intrinsic transcriptional capacities of myonuclei within syncytial myofibers? 

Clues that nuclear numbers themselves play a key role in determining the range of 

transcriptional output and therefore, the potential for MND plasticity have begun to emerge 

from studies in mice [38, 106] and zebrafish [107]. When Cramer et al. [38] lowered 

myonuclear numbers during neonatal development by rendering MuSCs non-fusogenic at 

different time-points after birth, the resultant myofibers that had fewer resident myonuclei 

developed to form functionally normal, albeit smaller, muscle with enlarged MNDs [38, 

62]. Similarly, when myoblast fusion was impaired in zebrafish by deletion of myogenin, 

the resultant mutant fish were smaller with reduced muscle content, but functionally 

normal and viable [108]. Despite a 90% reduction in myonuclei numbers, myogenin-null 

myofibers developed normal sarcomere lengths, with enlargement of MNDs [107]. While 

a deeper analysis of MND regulation in the zebrafish model is unavailable, the evidence 

of a reserve capacity to generate and sustain larger MNDs during development in two 

independent models highlights the likelihood that the molecular paradigms revealed in mice 

are evolutionarily conserved.

The myonuclear titration study carried out in mice by the Millay group [38] revealed a 

previously unknown correlation between MND sizes and mRNA concentrations, as assessed 

by the relative contribution of mRNA to total RNA content [109]. Besides providing a 

potentially novel metric for MND size, the same results also revealed existence of a 

reserve capacity in myonuclei accrued during postnatal development to support higher 

mRNA transcript content and larger MNDs. Notably, the magnitude of this reserve capacity 

elicited (mRNA concentration) was found to have an inverse relationship with the number 

of resident myonuclei, consistent with the evidence that it does not appear to be elicited 

when a full complement of myonuclei is accrued (Fig. 1C). In the mouse line named 

Δ2w, where myonuclei numbers were reduced by approximately half, MND volumes were 

increased nearly 1.5-fold with a ~4-fold increase in transcript content normalized to nuclei 

numbers. In contrast, in the mouse line named Δ3w, where myonuclei numbers were 

reduced by just 25%, the increase in relative transcript content was far more modest, with 

no detectable increase in MNDs. Therefore, while multinucleation is clearly essential for 

normal development and growth, we speculate that these results indicate there is a cost paid 

at the level of individual nuclei where, as their numbers increase, a progressive diminution 

in their ability to utilize their reserve transcriptional capacities occurs. We should stress that 

this does not mean that myofibers with more nuclei will have smaller MNDs compared 

to myofibers with fewer nuclei and, as explained above, in fact the opposite is true. As 

demonstrated in the scaling analysis by Hansson et al. [62], even within the Δ2w model, 
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myofibers with higher number of nuclei had larger MNDs compared to Δ2w myofibers with 

fewer nuclei, indicating that general scaling trends were preserved.

The cost of multinucleation should therefore be conceived not in terms of an overall 

reduction in transcriptional output per se, but rather the progressive limitation of the 

myonuclear reserve transcriptional capacities, which ultimately defines the range of 

transcriptional mRNA output a resident myonucleus can support. Based on this idea, one 

might predict that myonuclei within smaller fibers, which typically have fewer nuclei, 

retain some access to their transcriptional reserve capacities; is this then the reason why, as 

described above [97, 98], smaller myofibers seem to harbor some residual MND plasticity 

that is elicited during adaptive growth? Clearly, this paradigm about how myonuclear 

numbers act to define their own range of transcriptional output and might therefore have a 

role in determining the myonuclear domain “ceiling” needs to be further developed through 

analysis of single myofibers, and the molecular circuitry underlying this regulation also 

remains to be determined. One exciting possibility is that the nuclei influence one another in 

a manner akin to quorum-sensing between bacteria [110] that could involve production 

of auto inhibitory transcripts that accumulate as myonuclei numbers increase, which 

once a certain threshold concentration is achieved results in feedback that limits access 

to reserve transcriptional capacities. Alternatively, the concentration of certain essential 

transcription factors might be limiting within myofibers, leading to a competitive diminution 

of transcriptional output as myonuclear numbers increase. Whatever the mechanism, 

establishment of such a range of mRNA output on a per nuclear basis during development 

would explain the key properties of MNDs that determine size, plasticity, and adaptive 

growth in myofibers.

6. Conclusion

The progress reviewed thus far bodes well for the field to make significant advances in 

deciphering the phenomenon and mechanisms regulating multinucleation and associated 

growth and maintenance of skeletal myofibers. Some specific goals that now seem 

achievable include deciphering how myofiber surface area scales with resident myonuclear 

numbers at the molecular level; identifying the ancillary factors that may cooperate with 

myonuclear numbers and transcriptional output to determine MND volumes; molecularly 

defining the decision by adapting myofibers to elicit and accrue new myonuclei; and, 

characterizing potential transcriptional diversity within myofibers when adapting to diverse 

workload demands. In addition to broadening and deepening our knowledge base, future 

work towards these goals will have the potential to help design novel therapeutic strategies 

to address challenges in the areas of aging, cachexia, and other muscle wasting pathologies.
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Fig. 1. Relationship between myonuclear content, myonuclear domain and growth in syncytial 
myofibers.
Each resident myonucleus supports a finite volume of cellular content called its myonuclear 

domain (MND), which reflects its biosynthetic capacity. The sum total of all MND volumes 

within a myofiber dictates a theoretical ceiling on the size it can potentially achieve, termed 

baseline MND ceiling (dashed red line). (A) In myofibers with large MNDs myofiber 

baseline size (left panel) approximates this ceiling with resident myonuclear biosynthetic 

capacity posited to be fully utilized. Adaptive growth in response to increased workload 

(right panel) in such myofibers requires accrual of new myonuclei (blue nuclei) and is 

therefore generated by increasing MND numbers. The baseline MND ceiling gets reset 

at a higher level (not depicted). (B) In myofibers with smaller MNDs, baseline size (left 

panel) is maintained below the MND ceiling, which leaves reserve potential (red arrows) 

to be utilized for growth during increased workload. In these fibers, myonuclear accrual 

is therefore not essential for adaptive growth, which is generated, at least initially, by 

increasing pre-existing MND sizes and not MND numbers. (C) Titration of myonuclear 

numbers in mice has revealed the existence of a myonuclear transcriptional reserve 
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capacity to support MNDs much larger than typically generated in normal adult myofibers. 

The magnitude of reserve capacity elicited correlates with mRNA concentrations and is 

inversely related to myonuclear content. It progressively diminishes as myonuclear numbers 

approach normal, control levels. This inverse relationship could explain limits in myonuclear 

biosynthetic capacities and the roles of MND volumes, ceilings, and plasticity in the 

generation of adaptive growth in adult myofibers.
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