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ABSTRACT Many cells display considerable functional plasticity and depend on the regula-
tion of numerous organelles and macromolecules for their maintenance. In large cells, organ-
elles also need to be carefully distributed to supply the cell with essential resources and
regulate intracellular activities. Having multiple copies of the largest eukaryotic organelle, the
nucleus, epitomizes the importance of scaling gene products to large cytoplasmic volumes in
skeletal muscle fibers. Scaling of intracellular constituents within mammalian muscle fibers is,
however, poorly understood, but according to the myonuclear domain hypothesis, a single
nucleus supports a finite amount of cytoplasm and is thus postulated to act autonomously,
causing the nuclear number to be commensurate with fiber volume. In addition, the orderly
peripheral distribution of myonuclei is a hallmark of normal cell physiology, as nuclear mispo-
sitioning is associated with impaired muscle function. Because underlying structures of com-
plex cell behaviors are commonly formalized by scaling laws and thus emphasize emerging
principles of size regulation, the work presented herein offers more of a unified conceptual
platform based on principles from physics, chemistry, geometry, and biology to explore cell
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size—dependent correlations of the largest mammalian cell by means of scaling.

INTRODUCTION

Size is a quantitative variable in biology that influences life on every
scale. One such principal scale is the size of cells that in humans
spans an extraordinary seven orders of magnitude in cell volume
(Gillooly et al., 2015).

Skeletal muscle cells are by far the largest mammalian cells, as
human muscle fibers can have cross-sectional diameters of up to
100 pm (Kann, 1957) and span 45 cm in length (Harris et al., 2005).
Muscle fibers are syncytial cells, as they have a continuous cyto-
plasm that can contain many thousands of postmitotic nuclei dis-
persed along the surface within human muscle fibers (Hansson
et al., 2020a,b). Given these numbers, a typical human muscle cell
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has cytoplasmic volumes dimensionally equal to a spherical cell hav-
ing a 1 mm radius and is thus twice the size of a frog cocyte (Wallace
et al, 1981) and 20 times larger than the approximately 0.05 mm
human ovum (Xiao et al., 2015), which is often incorrectly referenced
for being the largest cell type in the human body. Herein, we discuss
how these muscle cell-specific features adhere to the same scaling
rules as mononucleated cells, establishing the boundaries for mole-
cular dynamics and muscle fiber size regulation.

All cells need to distribute and transport molecular cargo within
the cytoplasm by either diffusion or active transport, for which the
diffusion time (1) scales to the cytoplasmic distance (L) approximately
as to< L2 (Luby-Phelps, 2013), while active transport scales linearly as
te L (Soh et al., 2013) (Figure 1). Therefore, the diffusion of a mac-
romolecule to its target site is more strongly dependent on the cel-
lular dimensions in comparison to active transport, causing mole-
cules within a large cell to acquire unproportionally longer transport
times relative to the increase in intracellular distances. Consequently,
differences in intracellular dimensions cause small and large cells to
work at different timescales (Cadart et al.,, 2019; Hansson et al.,
2020b), which must be accommodated by numerically scaling net-
works of organelles and macromolecules according to the cell size
for the purpose of maintaining its function at a given timescale.
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FIGURE 1: Intracellular transportation of macromolecules. Active
transport along the cytoskeleton relies on the molecular motor
protein transporting the cargo. Kinesins moving along microtubules
typically move at a speed of 1 um/s (Pilling et al., 2006), while myosin
V moves at a speed of 3 pm/s (Schott et al., 2002). Diffusion time
scales to the square of the distance traveled, causing diffusive
transport of myoglobin within a fiber of the EDL muscle to be faster
than actin-mediated transport for distances less than 25 ym and less
than 75 pum relative to transportation along microtubules (Hansson
et al., 2020b).

A major tenet in muscle biology has been concerning synthetic
capacity and transportation within muscle fibers (Cheek, 1985;
Bruusgaard et al., 2003; Manhart et al., 2018). The multinucleation
of muscle cells inspired Cheek and coworkers to conceptualize the
theory of a DNA unit (Cheek et al., 1971), which is also identified as
a myonuclear domain (Hall and Ralston, 1989; Pavlath et al., 1989;
Allen et al., 1999), defining the theoretical amount of cytoplasm
supported by a single nucleus. Muscle fibers are made up of many
myonuclear domains, and their number and size may thus be a
proxy for physical limitations of transport and biosynthetic capacity
within domain boundaries. A more detailed investigation of myo-
nuclear domain properties and their relation to cellular transport
limitations through a scaling perspective may therefore aid in our
understanding of how muscle fiber size is regulated.

SCALING CELLULAR QUANTITIES WITH SIZE

Scaling relationships quantitatively describe how measurable prop-
erties of the cell scale with size. The underlying manifestation of size
stems from the numerous growth pathways that convey extracellular
cues and intracellular signals to balance the rate of synthesis and
degradation of proteins (Gundersen, 2011; Schiaffino and Reggiani,
2011; Kafri et al.,, 2016; Lin and Amir, 2018; Cadart et al., 2019),
while the integration of the numerous subunits of macromolecules
and organelles is required to supply the cell with metabolic sub-
strates and regulate activity according to size. For a cell to accom-
modate the greater functional need caused by its increase in size, it
must therefore scale its number of organelles and macromolecules
with its size to maintain function (Li et al., 2014; Cadart et al., 2019;
Bertaux et al., 2020; Hansson et al., 2020a). The type of scaling can
be reported by analyzing correlates of size by reporting the scaling
parameter b in a power function of the form y = ax®, causing the
relationship to be either constant (b = 0), linear (b = 1), sublinear (0 <
b < 1), or superlinear (b > 1). Recognizing the type of relationship
may thus formalize underlying metabolic requirements and cellular
pathways of size regulation, which have turned out to be instrumen-
tal in shaping our understanding of cell size regulation and homeo-
stasis in many cell types (Mitchison, 2003; Chan and Marshall, 2010;
Goehring and Hyman, 2012; Marguerat and Bahler, 2012; Niklas,
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2015; Amodeo and Skotheim, 2016; Cadart et al., 2018, 2019;
Bertaux et al., 2020; Hansson et al., 2020a; Lanz et al., 2022).

The domain volume of muscle fibers from the human v. lateralis
muscle is volumetrically similar to that of megakaryocytes, but
megakaryocytes are additionally supported by six times the DNA
content (Ishibashi et al., 1986), rendering human muscle fibers
rather DNA scarce in comparison to the polyploid megakaryocyte
(Hansson et al., 2020a). The vast cytoplasmic volume within skeletal
muscle fibers is therefore orchestrated by a relatively small number
of DNA molecules, perhaps related to slower turnover rates com-
pared with megakaryocytes. In large cells, like the skeletal muscle
fiber, these organelles therefore need to be rather homogeneously
distributed to efficiently supply the cytoplasm with metabolic sub-
strates in mammals (Bruusgaard et al., 2003; Hansson et al., 2020a,b)
and arthropods (Manhart et al., 2018; Windner et al., 2019).

The use of nuclei as the heuristic origin of a transportation net-
work and their domain sizes may therefore represent underlying
physical constraints on the synthetic capacity and intracellular trans-
port efficiency. Connecting the correlates of size (e.g., mRNA and
protein content) with the scaling of skeletal muscle networks (i.e.,
the distribution and number of organelles) may thus represent un-
derlying mechanisms of size regulation.

DNA CONTENT SCALES IN DIRECT PROPORTION TO
FIBER SURFACE AREA

A long-standing scaling law is that DNA content is linearly propor-
tional to “size” for cells that contain more than two sets of chromo-
somes (polyploid). Hence, a diploid cell is twice the size of a smaller
haploid cell, while a tetraploid cell is four times the size of a haploid
cell (Rhind, 2021). The type of scaling, however, depends on the
definition of “size” itself, which could be measured geometrically as
length, area, and volume or as more indirect measures, such as total
cell mass and transcription and protein content. One of the main
reasons for this is that the composition and shape of cells can
change independently of each other, so that associations between,
for example, geometrical parameters and DNA content can signifi-
cantly revise interpretations of size-related correlations (Miettinen
etal., 2017).

For most living systems, the scaling between an object’s surface
area and volume is expected to scale as a power law with an expo-
nent of two-thirds (McMahon and Bonner, 1983; Schmidt-Nielsen,
1984), axiomatically causing the nuclear number regressed on fiber
volume to display a nonlinear relationship if there is a linear relation-
ship between the nuclear number and the fiber's surface area. Cells
may, however, adopt a different geometric scaling that changes
their shape. Such geometric dissimilitude may occur through elon-
gation, flattening, or fattening of the cell, causing the scaling expo-
nent to take on numbers larger or smaller than the expected two-
thirds power from Euclidean scaling (Okie, 2013). For example,
much information about the relationship between DNA content and
cell size control has been based on studies performed using fission
yeast (Cantwell and Nurse, 2019), which have shapes like a prolate
spheroid that grows only by elongation along their longitudinal axis
while keeping their girth fixed, causing their volume to be linearly
related to their surface area (Chan and Marshall, 2010). Further-
more, more recently, DNA content and ploidy within the muscle fi-
bers of the Drosophila larvae were found to scale in direct propor-
tion to cytoplasmic volume (Windner et al., 2019). However, the
muscle fibers of Drosophila larvae are flat rectangular cells (Windner
et al., 2019), and their size adjusts merely in two dimensions (the
width and the length) (Kim and O’Connor, 2021) while keeping the
height of their fibers fixed, causing their surface area and volume to
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FIGURE 2: Nuclear number scales in direct proportion to the surface
area. (Ai) DNA content (nuclear number) regressed on fiber volume
displays a sublinear relationship with a scaling parameter close to two-
thirds. This results in a scaling where the fiber volume per nucleus
increases sublinearly as the fiber grows larger (Aii). (B) On the
contrary, there is a linear relationship between the fiber surface area
and DNA content (nuclear number), causing the surface area per
nucleus to be constant as the volume of the fiber increases (Bii), which
may signify an interdependence between the plasma membrane and
myonuclear productivity (see text for further information).

be size proportional. Therefore, plotting the total amount of DNA
against either the surface area or the cell volume would produce a
linear relationship. On the other hand, when analyzing the relation-
ship between cell size and genome content using the cell volume
for 19 different human cell types, the genome content did not in-
crease linearly but sublinearly with cell volume (Gillooly et al., 2015),
as expected if DNA content scaled in direct proportion with the
surface area of a spherical cell. This also holds true for the multinu-
cleated skeletal muscle fiber, as the number of diploid cell nuclei
scales sublinearly with fiber volume but linearly with the fiber surface
area (Hansson et al., 2020a) (Figure 2).

It seems reasonable to explain size restrictions on the basis of
cytoplasmic volume, because molecules and organelles occupy a
three-dimensional space. Therefore, it has been suggested that
DNA content can restrict size, which implies a mechanism present
to measure cell size by the amount of DNA per volume (Padovan-
Merhar et al., 2015). In terms of scaling, one such mechanism would
be if the amount of DNA and cell volume fail to keep a one-to-one
pace, causing the DNA itself to become limiting to sustain transcrip-
tion following cytoplasmic dilution (Demidenko and Blagosklonny,
2008; Miettinen and Bjorklund, 2016; Neurohr et al., 2019).

However, because the ability of a fiber to exchange metabolic
resources across the membrane is a function of a fiber's surface area,
whereas the requirement for chemical energy is proportional to the
cytoplasmic volume being metabolically maintained, one might as-
sume that the transport rate of metabolic resources across the cell
membrane is limited by the total surface area. Therefore, the supply
of nutrients to fuel transcription and translation as fibers increase in
size scales in direct proportion to the fiber perimeter for a muscle
fiber of constant length, while the demand scales commensurate
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with the cross-sectional area. Hence, a large fiber is more con-
strained by its ability to acquire essential resources across the
plasma membrane compared with a small fiber. In addition, one
might further assume that the maximal and minimal fluxes of essen-
tial resources across the fiber surface set the upper and lower limits
to myonuclear production rates. The constraints exerted by the fiber
surface area on the myonuclear production capacity also impact the
ability of each myonucleus to produce content for the plasma mem-
brane, which may indicate that the nuclear production rate for sub-
stances being allocated toward the plasma membrane is narrowly
tuned. This kind of reciprocity may be the physiological manifesta-
tion causing the nuclear number and fiber surface area to scale lin-
early with each other.

SPATIAL SCALING OF MUSCLE FIBER NETWORKS
AND MYONUCLEI
From ecological communities to cities, designing spatial distribution
networks to minimize mean distances between, for example,
schools, parks, gas stations, and supermarkets is implicated in re-
ducing the overall cost to maintain and build the networks, but also
by effectively reducing the traveling distance for the citizens to
reach their destination (Gilarranz, 2020). In biological terms, cellular
networks emanate as a consequence of the functional hierarchy be-
tween DNA, RNA, protein, and smaller molecules within distribution
pathways and their subsequent multifarious interactions, giving rise
to cellular behavior (Albert, 2005). The diffusive transport distance
and thus time depend on the structure and size of the molecule, for
which mRNAs and proteins differ, causing the diffusion rate of the
larger precursor polymer-like mRNA to be much slower than that of
the translated protein. For example, the 45 kDa large ovalbumin
injected within muscle fibers from the rat soleus muscle displays a
diffusion coefficient of about 5 pm?/s (Papadopoulos et al., 2001).
On the contrary, the 380 kDa-sized B-actin mRNA has a diffusion
coefficient measured to be 0.1-0.4 um?/s within mouse embryonic
fibroblasts (Katz et al., 2016). Interestingly, ovalbumin and the B-
actin protein (47 kDa) are size equivalent, theoretically causing the
B-actin protein to travel the same diffusion distance 17 times faster
compared with its mRNA precursor. The reason for this is that it
takes three nucleotides to code for a single amino acid, while the
approximately 330 Da nucleotides of the RNA (Dolezel et al., 2003)
have on average a mass three times heavier than the mass of an
average 110 Da amino acid (Spahr, 1962), which causes the protein
molecule to be one-ninth the size of the coding mMRNA precursor.
Physical differences between mRNAs and proteins influencing
their diffusion properties might explain why mRNAs are typically
found close to the transcribing nucleus within muscle fibers (Merlie
and Sanes, 1985; Hall and Ralston, 1989; Pavlath et al., 1989,
Ralston and Hall, 1992; Nevalainen et al., 2013). In addition to the
relative difference in size between mRNA and proteins, the aggre-
gation of ribosomes and complexes of MRNA binding proteins with
transcripts causes a further hindrance in mRNA transport rates due
to the total increase in size (Katz et al., 2016), plausibly causing the
subcellular distribution of MRNA within muscle fibers to depend on
microtubule-based transport in addition to diffusion (Denes et al.,
2021; Pinheiro et al., 2021). On the contrary, proteins are spread
over a greater distance within the fiber (Mishra et al., 2015; Taylor-
Weiner et al., 2020), but the dense mesh of myofibrils impedes the
diffusion of larger proteins as well (Papadopoulos et al., 2000). It is
therefore suggested that diffusive flux limits fiber size, partially be-
cause intracellular diffusion distances increase with fiber size, as the
average myonuclear domain volume was recently shown to increase
with fiber size (Hansson et al., 2020a).
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In addition, the peripheral localization of myonuclei per se
causes the average cytoplasmic transport distances of gene prod-
ucts to the center of the fiber inevitably to increase with fiber size.
However, the peripheral multinucleation of fibers also enables the
nuclei to be close to the plasma membrane, the site that needs to
be sustained at the fastest pace. For instance, the numerous pro-
teins in the plasma membrane have a relatively short half-life, about
2-8 h (Beardslee et al., 1998; Egger et al., 2005; Di Biase et al.,
2011). On the contrary, sarcomeric proteins have half-lives ranging
from 3 to 10 d (Zak et al., 1977; Isaacs et al., 1989; da Silva Lopes
et al., 2011), whereas the skeletal muscle myosin heavy-chain
(MyHC) has a half-life of up to 30 d (Kay, 1978). Hence, essential
structures within the fiber must be nurtured at different rates based
on protein species and their turnover rates. Therefore, adequately
distributing myonuclei spatially along the fiber surface becomes in-
creasingly important with increasing fiber size, as nuclear misposi-
tioning is associated with impaired muscle function (Cristea et al.,
2010; Folker and Baylies, 2013; Roman and Gomes, 2018).

Spatial Arrangement of Myonuclei to Optimize the
Allocation of Cell Resources

For simplification, the measurement of nuclear spacing could be
addressed in terms of a two-dimensional space, with reference to
the fiber’s surface area (Bruusgaard et al., 2003; Hansson et al.,
2020b). The distance from an individual nucleus to its nearest neigh-
bor provides one basis for measuring nuclear spacing. Theories
about similar patterns arising in population ecology have been pre-
viously derived (Clark and Evans, 1954) and are herein adapted with
suitable modifications to be applicable to investigate spatial rela-
tionships of nuclei within muscle fibers. Hence, if the nuclei were
randomly distributed along the fiber surface, the expected mean
distance (d) between nuclei could be approximated based on the
average cell membrane surface area per nucleus (Dg) according to
the expression d=0.5,/Ds. On the other hand, nuclei become maxi-
mally spaced if they were arranged in a hexagonal pattern, resulting
in a mean distance equal to d = 1.075\/Ds, causing myonuclei
evenly spaced to have internuclear distances being 2.15 times as
large compared with the average distance observed when nuclei
are arbitrarily placed along the surface of the fiber plasma mem-
brane. Although the distance between nuclei is maximized under
conditions that make them adapt to a theoretical hexagonal pat-
tern, this in fact minimizes the mean transport distance to points
along the surface when viewing every single nucleus as the origin of
a transportation network within skeletal muscle fibers of mice (Hans-
son et al., 2020b).

When spatial relationships were measured within fibers of the
extensor digitorum longus (EDL) and soleus muscle of mice, the nu-
clei in the EDL were distributed close to optimally, while the posi-
tioning of the nuclei in the soleus fibers resembled more of a ran-
dom distribution (Hansson et al., 2020b). Overall, soleus fibers
exhibited smaller domain sizes and shorter transport distances com-
pared with EDL fibers and we found minimal improvement in reduc-
ing transport distances when placing nuclei optimally in the soleus
fibers.

Different nuclear arrangements may thus suggest fiber size—de-
pendent adaptations related to, for example, fiber type and meta-
bolic rate, allowing both sufficient cross-talk between nuclei and
transportation of molecules to all parts of the fiber. This is in tune
with a recent study by Taylor-Weiner et al. (2020), where a model to
create myotubes that contained exactly one nucleus expressing a
fluorescent nuclear reporter showed that neighboring nuclei were
able to import nuclear proteins up to a distance of 50 pm from the
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transfected nucleus, about twice the size of the average surface
transport distances observed in the mature EDL muscle (Hansson
et al., 2020b). Transport distance was highly influenced by neigh-
boring nuclear import rates that functioned as molecular sinks (Tay-
lor-Weiner et al., 2020), constraining the traveling distance of mole-
cules. Another recent study using reporter mice in which dystrophin
was tagged with EGFP in a subset of myonuclei showed that the
distribution of dystrophin was defined as sarcolemmal domains of
about 80 pm from the nucleus of origin (Morin et al., 2023). Func-
tionally, the spatial arrangement of myonuclei may be a combina-
tion of their ability to support muscle fibers with essential products
and to reduce the time required for the exchange of gene products
between nuclei.

Likewise, one might expect that nuclei are arranged according to
the size of the fiber they occupy to accommodate for the greater
transport distance observed as the fiber size increases. Similar prob-
lems have been addressed to scale the number of facilities, such as
schools, hospitals, and supermarkets, according to differences in
population density. Gastner and Newman (2006) found that the
ideal solution to this problem is not to scale the number of facilities
in direct proportion but to the two-thirds power of population den-
sity. In contrast, Hansson et al. (2020a) found that the nuclear num-
ber increased in direct proportion to the area of the fiber plasma
membrane, causing each nucleus to serve a constant proportion of
the surface area between fibers of various sizes. This metric also
portrays that the average transport distances along the surface were
fixed, invariably occurring both during muscle development and in
muscle from adult mice, as well as in adult human muscle (Hansson
et al., 2020a). Nuclei thus seem to be positioned to minimize trans-
port distances along the fiber surface, but the linear relationship
between the nuclear number and the surface area translates into a
scaling relationship that causes the nuclear number to scale sublin-
early with fiber volume (Hansson et al., 2020a). The effect of this is
twofold. First, cytoplasmic transportation distances increase with fi-
ber size, and second, each nucleus must produce a larger number of
molecules to accommodate the larger myonuclear domain volumes,
and as is discussed further below, this might be specifically related
to regulation of the DNA content and growth rates.

GROWTH RATES ARE PROPORTIONAL TO THE DNA
CONTENT PRESENT IN SKELETAL MUSCLE FIBERS
Most studies on cell growth investigate cells that typically divide,
and therefore their average size and growth rate are determined
by how much they grow between two division events (Chan and
Marshall, 2010; Goehring and Hyman, 2012; Amodeo and Skotheim,
2016; Cadart et al., 2018). Cell division thus offers an opportunity for
size adjustment, for which nondividing cells cannot rely on. Instead,
the relative rate of synthesis to degradation of proteins is therefore
a key determinant of fiber size. The consequence of this type of
regulation is that there could be significant size gains even when
protein synthesis is reduced if there is an even more noticeable
reduction in protein degradation (Miettinen and Bjorklund, 2015).
It has long been known that muscle fiber growth can be pre-
vented by inhibiting RNA synthesis (Goldspink, 1977), and because
about 80% of the cell's total RNA is rRNA, the total RNA represents
a proxy for the de novo synthesis of ribosomes, mirroring the fiber’s
total production capacity (Figueiredo and McCarthy, 2019; von
Walden, 2019). Additionally, skeletal muscles respond rapidly to
new functional requirements at the transcriptional level, whereas the
response to synthesize and accumulate protein is slower (Andersen
and Schiaffino, 1997; Andersen et al., 1999). This seems to parallel
the behavior in yeast strains caused by the delay between mRNA
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FIGURE 3: Myonuclear plasticity space. The protein content for each gene can be achieved by
combining the transcription and translation rates of mRNA and proteins, respectively, as well as
their corresponding decay rates. The decay rates for mRNA (D,,) and protein (DP
their degradation rates and the dilution at a rate of h' during the growth of muscle fibers.
Activation and signaling of growth pathways from the extracellular space can modulate each of
these microstates, causing an unlimited number of ways to cross-combine the four microstates
coupled to each of the numerous proteins to maintain steady-state fiber size (grand macrostate).
For example, signaling via myostatin leads to activation of the Smad2/3 pathway, causing overall
proteolysis within muscle fibers (Sartori et al., 2009), and thus influences D, while Sp and D, are
regulated by the extracellular cues mediated by the IGF-1 that leads to intracellular activation of
the Akt/mTOR pathway that causes a net protein accumulation by promoting protein synthesis

and inhibiting proteolysis (Schiaffino and Mammucari, 2011).

maturation and subsequent protein translation (Lee et al., 2011). In
other words, there is a positive correlation between the mRNA copy
number, translation rate, and protein content (Marguerat and Bahler,
2012).

It is important to note that the protein copy number observed in
steady-state is balanced between the transcription and translation
rates and counterbalanced by the two rates of degradation as well
as dilution of mRNAs and proteins (Hargrove and Schmidt, 1989).
Consequently, the physical manifestation of each protein is regu-
lated by a four-dimensional rate space, which herein is conveniently
defined, on a per-nucleus basis, as the myonuclear plasticity space.
The abundance of each protein (the macrostate) could thus be
achieved in numerous ways by combining different rates (the four
microstates). Mathematically, we may express the content of a single
protein species P; as follows:

DmXxDp
where the synthesis rate (S) of transcription and translation is given
by S =mRNA min~" and S, = protein min™, respectively. The decay
(D) of MRNA and protein is given by the dilution and degradation of
mRNA (D,,, = mRNA min~") and protein (D = protein min 1.

The skeletal muscle MyHC, which in muscle cell culture is esti-
mated to be produced at rates of about 24,000 molecules min
nucleus” (Young and Schneible, 1984), can thus be made, for ex-
ample, by either transcribing 24 mRNAs and translating 1000 pro-
teins per MRNA each minute or translating the astonishing 24,000
proteins from a single mRNA every minute (Figure 3).

Supporting the notion that the translation and saturation of ribo-
somes on the mRNAs become limiting to increase more abundant
proteins in the cell (Schwanhausser et al., 2011), it has also been
pointed out that it is much more expensive for cells, based on an
energy cost per protein, to up-regulate the synthesis of proteins of
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Dm,p = Ddegradation = D) tiars

mRNA content (m) per time:

Protein content (p) per time:

Translation rate (Sp)

high abundance, relative to proteins of
lower abundance (Liu et al., 2016). This is in
part because cells that transcribe highly ex-
pressed genes do so at close to maximal
rates, leaving the burden and energy cost of
optimizing the high protein content for cel-
lular function at the level of ribosomal trans-
lation (Metzl-Raz et al., 2020; Zur et al.,
2020).

In muscle fibers, the myofibrillar protein
content accounts for the larger proportion
of the total abundance of proteins, while the
remaining proportion of proteins are sarco-
plasmic (Fiorotto et al., 2000). It could there-
fore be envisaged that it is less expensive
for the fiber to globally increase the abun-
dance of myofibrillary proteins and their
precursors by allocating the synthetical bur-
den between the nuclei in a supernumerary
fiber, contrary to forcing individual nuclei to
exceed their optimal production rate. Do-
nating nuclei from muscle stem cells during
overload-induced muscle growth before hy-
pertrophy (Bruusgaard et al., 2010) thus pro-
vides the cell with an additional biosynthetic
capacity. Myonuclear accrual is also required
for de novo hypertrophy (Egner et al., 2016,
2017; Goh and Millay, 2017) in order to pre-
serve muscle function (Goh et al., 2019; Englund et al., 2020b;
Masschelein et al., 2020). For example, a study by Goh et al. (2019)
demonstrated that inhibition of myoblast fusogenicity caused exer-
cise intolerance that abrogated hypertrophy, which has also been
shown to disrupt transcriptional coordination within muscle fibers
during exercise (Englund et al., 2020a), pointing toward an obliga-
tory requirement of nuclear donation via muscle stem cells for nor-
mal muscle growth.

Fusion and accretion of muscle stem cells also occur during
developmental growth (White et al., 2010; Yin et al., 2013), and for
the developing muscle fibers analyzed in Hansson et al. (2020a),
maximal growth rates were proportional to DNA content but in-
versely proportional to the growing fiber volume, allowing fibers
with more nuclei to grow faster than fibers with fewer nuclei. This
even seems to be the case in animals that were genetically engi-
neered to have fewer nuclei, although they did not reach the same
absolute sizes (Cramer et al., 2020; Hansson et al., 2020a). Similar
findings by Neurohr et al. (2019) demonstrate that maximal growth
rates are related to ploidy levels in yeast strains (triploid > diploid
> haploid). Because fibers at the very beginning of postnatal
growth start with the same size (White et al., 2010; Hansson et al.,
2020a), a fiber with a higher nuclear density can at least theoreti-
cally produce a system more concentrated in macromolecules due
to the higher biosynthetic capacity. A system more concentrated in
macromolecules may thus allow for faster assembly rates of intra-
cellular structures (Goehring and Hyman, 2012). However, as each
fiber grows, the pool of macromolecules is diminished in propor-
tion to the growth rate and the increased cell volume adds to the
effect of cytoplasmic dilution that may cause fibers to display
growth rates that are inversely proportional to cytoplasmic vol-
umes (Figure 4).

At the same time, this causes larger fibers to have, relative to
their volume, fewer nuclei than smaller fibers and consequently
must nurture a larger proportion of the cytoplasm.

m
— =S,

d
dt - [Dme]

dp
o Sp— [Dpo]

Protein decay rate (D))

R%

) are the sum of
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FIGURE 4: Growth rates in muscle fibers are inversely proportional to
the cytoplasmic volume. The growth rates within muscle fibers during
development or overload-induced hypertrophy are proportional to
the nuclear number, causing the fiber with greater DNA content
(green) to reach larger sizes compared with the fiber with lesser DNA
content (orange). Theoretically, fibers stop growing when certain
growth factors become too diluted.

Interestingly, the same growth pattern was also observed for
muscle fibers that have excessively large myonuclear domain vol-
umes after ablating myonuclear accretion (Cramer et al., 2020), al-
though the mice harboring these muscles underperformed physio-
logically. Why muscle fibers display this type of nonlinear growth is
hitherto unknown, although as their size increases it is mechanisti-
cally paralleled by a decline in the abundance of the nucleolar tran-
scription factor UBF and the concomitant decrease in RNA concen-
tration during muscle maturation (Fiorotto et al., 2014), both of
which are imperative for regulating rRNA synthesis, protein content,
and cell size (Hannan et al., 2003; von Walden et al., 2012). Thus,
having large fiber domain volumes may result in a disproportionate
cytoplasmic dilution that in proliferative cells has been associated
with impaired cell function (Miettinen and Bjorklund, 2016; Miettinen
et al., 2017; Neurohr et al., 2019). Below, we therefore elaborate on
the physical constraints for which biological scaling is feasible dur-
ing more detrimental conditions.

SCALING OF MUSCLE FIBERS DURING DISEASE

AND AGING

Disturbance of myonuclear placement impairs muscle function, for
instance, after mutations in the Drosophila larvae (Metzger et al.,
2012; Folker and Baylies, 2013) as well as during aging in mice
(Bruusgaard et al., 2006) and humans (Brack et al., 2005; Cristea et al.,
2010). The study of myonuclear organization within muscle fibers of
old mice (23 mo) by Bruusgaard et al. (2006) found that the myonu-
clear shape changed with age, from a more circular to more elon-
gated shape, and that the myonuclei were distributed less regularly
along the fiber. Age-related differences in the shape of human myo-
nuclei have also been reported, as the nuclear envelope is typically
more elongated with increased indentations at advanced age (Cristea
et al., 2010). Similarly, myonuclear distribution is disturbed in several
myopathies, which leads to grave atrophy that is accompanied by
myonuclear clustering. This might play a causative role in impairing
function (Romero, 2010), as it may cause lacunas, regions within the
muscle fiber having long transport distances (Hansson et al., 2020b).
Hence, the aggregation of myonuclei increases the severity of issues
related to the transportation and distribution of macromolecules
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within the muscle fibers, which are exacerbated in large muscle fibers
due to their larger myonuclear domain volumes (Omairi et al., 2016).
For example, regional differences in myonuclear domain sizes along
the length of the fiber may be linked to irregular mitochondrial dys-
function and oxidative stress that occurs locally within muscle fibers
(Wanagat et al., 2001; Oldfors et al., 2006), ultimately affecting the
ability of muscles to generate force (D'Antona et al., 2003).

As was pointed out previously, the total fiber surface area may
constrain myonuclear productivity, as nutrients, oxygen, and growth
factors all rely on the interaction with the fiber membrane to supply
the cell with essential resources and activate cellular pathways. In
terms of the supply, a fiber’s capillary network plays a crucial role. A
metric to determine the capillary supply area is to delineate a capil-
lary domain area by portioning an area based on the equidistant
boundaries between neighboring capillaries. Using capillary do-
mains, as well as other methods as a proxy for a supply area (Kano
et al., 2002; Janacek et al., 2009), it has been shown that the supply
depends more heavily on the fiber size than on fiber type and oxida-
tive capacity (Ahmed et al., 1997; Wust et al., 2009a,b; Bosutti et al.,
2015). Indeed, fiber growth and capillary supply are closely linked,
because angiogenesis occurs simultaneously with overload-induced
hypertrophy (Egginton et al., 2011), while during age-related fiber
atrophy of the human v. lateralis muscle, the number of capillaries per
muscle fiber decreases (Frontera et al., 2000; Croley et al., 2005; Ryan
et al., 2006). This type of capillary rarefaction also occurs during dis-
use atrophy of the muscle fibers (Tyml and Mathieu-Costello, 2001).

The mitogenic vascular endothelial growth factor (VEGF) seems
to bridge the communication between endothelial cells and satellite
cells, as neutralizing VEGF with antibodies causes the proliferation
of satellite cells to be reduced by at least 40% and up to 90% in
some cases (Christov et al., 2007; Abou-Khalil et al., 2010). The
study by Christov et al. (2007) also revealed that activated satellite
cells could orstimulate endothelial cells to induce angiogenesis,
while endothelial cells in return could stimulate myogenesis. Not
only are satellite cells found in close vicinity of the capillaries
(Christov et al., 2007; Nederveen et al., 2016) but the distance be-
tween the two cell types also increases in the old muscle (Nederveen
et al., 2016). Therefore, disorganization of myonuclei within fibers
together with large cytoplasmic volumes per nucleus can influence
transcriptional activity and protein synthesis, causing muscle fibers
to deteriorate physiologically, while the natural decrease in satellite
cell number during aging can hinder myonuclear replacement and
support of the muscle fibers (Brack and Munoz-Canoves, 2016).

CONCLUDING REMARKS

Muscle biologists have long sought to understand size regulation in
the highly malleable multinucleated skeletal muscle fiber. The more
common reductionistic approach is without a doubt warranted to
understand the molecular behavior of these cells, yet a more gener-
alized approach can be important to obtain insights into details that
eventually become too complex without a theorized holistic explana-
tion. Herein we have combined current knowledge about myonu-
clear domains and muscle fiber size regulation with universal scaling
laws originating from mononucleated cells and put it in a theorized
framework as an approach to understand more about cell size regu-
lation in multinucleated skeletal muscle fibers. We show with this
framework that multinucleated muscle fibers adhere to the same
general rules for size constraints as mononucleated cells. We pro-
pose that such a framework should be considered when investigat-
ing fiber size regulation under different circumstances such as during
exercise, inactivity, disease, and age-related muscle loss, as this
might aid the search for remedies against circumstances negatively
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impacting muscle size and function. Importantly, the word “scaling”
has been used to describe a size-related relationship more superfi-
cially in muscle biology, and by overlooking the scaling exponent,
studies often fail to address whether the scaling behavior is linear,
sublinear, or superlinear. Naively assuming the scaling of DNA con-
tent to fiber size to be linear may have profound effects on the inter-
pretation of the data and its biological relevance to “size,” which
may further impact the design of therapeutic strategies to preserve
muscle mass and function.
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