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Summary

A fundamental principle of physiology is that cells are
small in order to minimize diffusion distances for O, and
intracellular metabolites. In skeletal muscle, it has long
been recognized that aerobic fibers that are used for steady
state locomotion tend to be smaller than anaerobic fibers
that are used for burst movements. This tendency reflects
the interaction between diffusion distances and aerobic
ATP turnover rates, since maximal intracellular diffusion
distances are ultimately limited by fiber size. The effect of
diffusion distance on O, flux in muscle has been the subject
of quantitative analyses for a century, but the influence of
ATP diffusion from mitochondria to cellular ATPases on
aerobic metabolism has received much less attention. The
application of reaction—diffusion mathematical models to
experimental measurements of aerobic metabolic processes

has revealed that the extreme diffusion distances between
mitochondria found in some muscle fibers do not
necessarily limit the rates of aerobic processes per se, as
long as the metabolic process is sufficiently slow. However,
skeletal muscle fibers from a variety of animals appear to
have intracellular diffusion distances and/or fiber sizes that
put them on the brink of diffusion limitation. Thus,
intracellular metabolite diffusion likely influences the
evolution of muscle design and places limits on muscle
function.

Key words: muscle fiber, fiber growth, diffusion, metabolic modeling,
reaction-diffusion, exercise, metabolism, scaling, crustacean, fish,
phosphagen, arginine phosphate, arginine kinase, creatine phosphate,
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Introduction

Intracellular reaction rates are dependent both on the catalytic
properties of enzymes and on the diffusive transport of substrates
to enzyme active sites. However, most metabolic studies have
focused only on reaction kinetics, neglecting potential effects of
diffusion. This simplified approach has arisen because cells are
generally considered to be small, meaning that maximal
intracellular diffusion distances are short and diffusion of
metabolites is therefore very fast relative to the rate of metabolic
processes. In mammalian skeletal muscle, this view is supported
by the close matching of purely kinetic models to experimental
data for some of the major pathways of energy metabolism (e.g.
Vicini and Kushmerick, 2000; Lambeth and Kushmerick, 2002;
Korzeniewski, 2003). However, diffusion will exert greater
influence over cellular metabolism as either the intracellular
diffusion distances increase or the rate of metabolic processes
increase (Weisz, 1973).

The maximal aerobic metabolic rate in muscle is largely
dependent on the mitochondrial content. For example, very low
rates of aerobic metabolism are observed in some fish white
muscles, which may devote <1% of fiber volume to
mitochondria, whereas extremely high metabolic rates are

observed in insect flight muscle, where dense clusters of
mitochondria may exceed 40% of the fiber volume. Thus, the
diversity of muscle structure and function found in nature
encompasses an aerobic ATP demand that can range from <0.1
to >2000 wmol ¢! min~!, and intracellular diffusion distances
between mitochondria that range from <1 to several hundred
pm. Quantitative analyses of some skeletal muscle types
indicate that the extent to which metabolite diffusion limits
aerobic flux is variable (e.g. Mainwood and Rakusan, 1982;
Meyer et al., 1984; Tyler and Sidell, 1984; Egginton and Sidell,
1989; Hubley et al., 1997; Kemp et al., 1998; Kinsey et al.,
2005; Hardy et al., 2006; Nyack et al., 2007), but a broad
analysis that encompasses diffusion effects over the full
spectrum of muscle fiber designs is lacking. Thus, the extent to
which intracellular transport processes govern rates of energy
metabolism and influence the evolution of muscle metabolic
structure remains unresolved.

Energy transport in muscle fibers
Aerobic metabolic processes rely on the transport of ATP
from mitochondria to sites of utilization in the cytoplasm, and
the spacing between mitochondria dictates the distance over
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Fig. 1. A schematic of a muscle fiber in cross
section shows the influence of mitochondrial
distribution on diffusion distance. While
mitochondrial distribution can be complex,
shown here are two idealized patterns where
mitochondria may be distributed throughout the
fiber, leading to short diffusion distances (A;
intermyofibrillar mitochondria), or clustered
exclusively at the sarcolemmal membrane,
leading to longer diffusion distances (B;
subsarcolemmal mitochondria). More commonly,
a combination of both subsarcolemmal and
intermyofibrillar mitochondria are observed. ATP
must be transported via diffusion (black arrows)
from sites of production in the mitochondria
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(colored green) to cellular ATPases throughout the cytoplasm. Likewise, ADP must be transported back to the mitochondria (not shown). In some
fibers the mitochondrial distribution changes during fiber growth from primarily intermyofibrillar to primarily subsarcolemmal, meaning the
diffusion distance between mitochondria may change dramatically as muscle fibers increase in size (see text).

which diffusion must occur. Mitochondria are generally
classified into one of two types: those distributed throughout the
muscle fiber are called intermyofibrillar mitochondria, and
those clustered at the periphery of the fiber adjacent to the
sarcolemmal membrane are called subsarcolemmal
mitochondria (Fig. 1). While most fibers have both kinds of
mitochondria in various proportions, it is clear from Fig. 1 that
the arrangement and density of mitochondria can greatly affect
the diffusion distance for ATP.

In skeletal muscle and other tissues, the utilization of ATP
produced by mitochondria is mediated by phosphagen kinases,
such as creatine kinase (CK) and arginine kinase (AK).
Phosphagen kinases are found in vertebrates and invertebrates,
and are prevalent in tissues such as muscle that have high or
variable rates of ATP demand (Ellington, 2001). These enzymes
catalyze the reversible transfer of a phosphoryl group from a
phosphagen, which for CK is phosphocreatine (PCr) and for AK
is arginine phosphate (AP), to ADP, forming ATP:

PC1/AP + ADP + H* « Creatine/Arginine + ATP .

Thus, a primary function of phosphagen kinases is to preserve
ATP concentration (at the expense of PCt/AP concentration)
during fluctuations in ATP demand, such as during rest to work
transitions. This role of phosphagen kinases is known as
temporal buffering of ATP concentration.

In addition, PCr and AP facilitate transport of ATP from
mitochondria to sites of demand by virtue of the fact that both
of these molecules freely diffuse, offering a parallel pathway of
high-energy phosphate diffusive flux (Meyer et al., 1984;

ADP <

Ellington, 2001). That is, since the high-energy phosphate on
PCr or AP is rapidly exchanged with that on ATP, these
phosphagens can be thought of as carriers of high energy
phosphates that supplement the direct diffusion of ATP (Fig. 2).
In fact, since PCr and AP occur in higher concentrations and
have higher diffusion coefficients than ATP, the vast majority
of high-energy phosphate transport from mitochondria to
cellular ATPases in muscle occurs by the diffusion of
phosphagen, rather than directly as ATP (Fig. 2) (Meyer et al.,
1984; Ellington and Kinsey, 1998).

The view of energy transport in muscle described above may
not fully characterize all systems. For instance, there are
multiple isoenzymes of phosphagen kinases that are localized
to different subcellular regions, and more complex ATP
delivery pathways have been proposed (reviewed in Ellington,
2001). However, a full discussion of phosphagen kinase
function is beyond the scope of this paper, and our purpose is
to focus more generally on the rules of cellular energy transport
as they apply to both traditional model systems, for which there
is a wealth of detailed metabolic data, and non-traditional model
systems, for which there is not.

Metabolite diffusion in muscle
The cytoplasm is a complex and crowded medium consisting
of soluble and bound macromolecules, fibrous elements and an
array of membrane-bound organelles (reviewed in Luby-Phelps,
2000). In skeletal muscle from a diversity of organisms, the
diffusion coefficient (D) of phosphagens, ATP and other
metabolites is both time-dependent and anisotropic, meaning
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Fig. 2. Phosphagen kinases (AK or CK) mediate most diffusive flux of ATP in muscle. The red arrows indicate enzymatic catalysis and the black
arrows net diffusive flux. The relatively thick black arrows for phosphagen kinase mediated diffusion indicates that the vast majority of net high-
energy phosphate diffusion occurs in the form of phosphagen (AP or PCr), rather than directly as ATP (thin black arrows).
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diffusion is faster in one direction than another (Fig.3).
Mathematical analyses of the time dependence of D in muscle
indicate that it arises from intracellular structures that hinder
molecular diffusion (Kinsey et al., 1999; de Graaf et al., 2000;
Kinsey and Moerland, 2002). Therefore, since there is a greater
likelihood of encountering a structure as the diffusing molecule
travels over larger distances, D decreases as diffusion time
increases until a lower, steady-state D is reached after about
100 ms (Fig. 3). This pattern is typical of diffusion through a
porous medium, where the lower steady-state D is reached when
the diffusion distance substantially exceeds the spacing between
the structural barriers to diffusion in the medium [see Kinsey et
al. (Kinsey et al., 1999) and references therein].

The time-dependent decrease in D is much more striking for
radial diffusion across the fiber than for axial diffusion along
the fiber length (anisotropy), indicating that intracellular
barriers such as the myofibrillar array and the sarcoplasmic
reticululum (SR) hinder radial diffusion in muscle to a greater
extent than axial diffusion (Fig. 3). The anisotropic nature of
diffusion has important implications, since it is radial diffusion
(rather than axial diffusion) that is generally considered to be
most relevant to energy metabolism in skeletal muscle. To
evaluate the effect of the pattern of diffusion in muscle, it is
instructive to evaluate the distance a diffusing molecule can
traverse in a cell in a given amount of time. The average
movement of a molecule (\), termed the one-dimensional root-
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mean square displacement, can be calculated as )\:‘/Z—Dt, where
t is the diffusion time. As D declines with increasing #, the
distance covered by the molecule per unit time will decline. This
can be seen in Fig. 3C,D for PCr diffusion in fish white muscle,
where at short diffusion distances of a few pm, there is little
effect of intracellular structures on net molecular transport.
However, at diffusion distances above about 8 wm, there is a
140% increase in the time required to traverse a given distance.
Thus, as diffusion distances between mitochondria increase, not
only do molecules have a greater distance to travel, but they are
moving at about half the rate as over short distances. This may
contribute to diffusion limitation of metabolism even if
diffusion distances are relatively short.

Muscle fiber size diversity

The prevalence of studies on mammalian systems has led to
the commonly held notion that muscle fibers are small, usually
ranging from 10 pwm to much less than 100 wm in diameter.
Presumably, cells are limited in size to promote short maximal
intracellular diffusion distances. Short diffusion distances are
necessary to facilitate both rapid O, flux to mitochondria and
ATP flux from mitochondria to sites of ATP demand. Thus, a
likely functional consequence of excessive cell size is a reduced
capacity for critical oxidative metabolic processes (Egginton
and Sidell, 1989; Egginton et al., 2000; Boyle et al., 2003;
Johnston et al., 2003a; Johnston et al., 2004; Kinsey et al., 2005;
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Fig. 3. The diffusion coefficient (D) is time- and
orientation-dependent in muscle. (A) A 3-
dimensional schematic of a muscle fiber shows the
major barriers to diffusion, where radial diffusion
(red arrow) is hindered both by the sarcoplasmic
reticulum (blue shading), which is a partial
membrane that surrounds myofibrils (small
cylinders), and by the thick and thin filament lattice
(thin black lines). In contrast, there are
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comparatively few barriers to axial diffusion (blue
arrow), and elements that potentially limit axial
diffusion, such as Z-disks (not shown), have little
effect on D. Green spheroids represent
mitochondria. (B) D of PCr in white muscle of
goldfish is reduced from the value in solution (D of
PCr in solution is shown at a diffusion time of zero)
(Ellington and Kinsey, 1998), and declines to a
steady state value that is lower for radial diffusion,
due to the presence of intracellular barriers such as
the sarcoplasmic reticulum [data from Kinsey et al.
(Kinsey et al., 1999) ©1999, John Wiley and Sons,
Ltd, reproduced with permission]. (C) Hindered
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over the short intracellular diffusion distances that
characterize most cells. Therefore, below a
threshold diffusion distance of about 8§ pm (time-
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Fig. 4. Examples of fiber size diversity in crustaceans and fishes in
anaerobic (white symbols) and aerobic muscle (red symbols). In some
cases, body mass was estimated from length measurements using
species-specific regression analysis. Data are from the published
literature (Jahromi and Atwood, 1971; Johnston and Lucking, 1978;
Weatherley et al., 1979; Silverman and Charlton, 1980; Weatherley and
Gill, 1987; Johnston, 1982; Jones and Sidell, 1982; Tse et al., 1983;
Hoyle et al., 1986; Hoyle, 1987; Egginton and Sidell, 1989; Londraville
and Sidell, 1990; Archer and Johnston, 1991; Stokes and Josephson,
1992; Egginton et al., 2000; Boyle et al., 2003; Johnston et al., 2003a;
Johnston et al., 2003b; Johnston et al., 2004; Nyack et al., 2007) and
personal observations (S.T.K., unpublished results).

Hardy et al., 2006; Nyack et al., 2007). In addition, the pattern
of diffusion in muscle described above indicates that even small
fibers are likely to encompass diffusion distances that are long
enough to lead to a dramatic reduction in D (Fig. 3).

Across the animal kingdom muscle fibers may greatly exceed
the typical mammalian size range, and in crustaceans and fishes
alone, fiber size spans >3 orders of magnitude (Fig.4).
Moreover, since the increase in skeletal muscle mass during
development often occurs through an increase in fiber diameter
and length (hypertrophy), rather than an increase in fiber
number (hyperplasia), maximal intracellular diffusion distances
often increase during development, and in some cases the
increase may be dramatic. For instance, white muscle fibers
from crustaceans and fishes are generally <30 wm in diameter
in juvenile animals, while in some species fiber sizes in adult
animals may be hundreds of pm (e.g. Jahromi and Atwood,
1971; Hoyle, 1987; Weatherley and Gill, 1987; Boyle et al.,
2003; Johnston et al., 2003a; Johnston et al., 2003b; Johnston
et al., 2004; Nyack et al., 2007). This is particularly prevalent
in species that undergo a many-fold increase in body mass
during development, such as the blue crab Callinectes sapidus
(Boyle et al., 2003), or the black sea bass Centropristis striata
(Nyack et al., 2007). Thus, aerobic metabolism in muscle may
become increasingly constrained as the animals grow.

Solutions to ‘big’ problems
How then is function preserved during growth in organisms
with muscle fibers that undergo a large increase in size? One
strategy, which has been observed both in burst swimming
muscle of blue crab (Boyle et al., 2003) and black sea bass
(Nyack et al., 2007), entails the redistribution of intracellular
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metabolic machinery over the course of development. In the
small fibers from juvenile animals of both species, mitochondria
are predominantly distributed evenly throughout the fiber
(intermyofibrillar mitochondria). However, as the animals grow
and fiber diameter increases to several hundred pm, the
mitochondria become increasingly clustered at the periphery of
the cell (subsarcolemmal mitochondria) and are much less dense
in the fiber interior. This ontogenetic redistribution of
mitochondria reduces diffusion distances between blood and
mitochondria, presumably to enhance O, flux into the cell.
However, it comes at the expense of increased intracellular
diffusive distances between mitochondrial clusters, which may
greatly slow ATP diffusive flux (Boyle et al., 2003; Nyack et
al., 2007). Kayar et al. (Kayar et al., 1986) argued that the
predominance of mitochondria near the periphery of
mammalian skeletal muscle fibers reflects the importance of
short path lengths for O, and other blood-borne substrates from
capillaries to mitochondria, relative to the path lengths for
intracellular diffusion of high energy phosphate molecules
between mitochondria and myofibrils. The large fibers of some
crustaceans and fishes appear to be a more extreme example of
this trade-off.

The impact of the shift in mitochondrial distribution during
fiber growth can be demonstrated by rearranging the equation
described above for displacement, A, to solve for diffusion time,
t, using time-dependent diffusion coefficients and mitochondrial
spacing data from a crustacean muscle example (Kinsey and
Moerland, 2002; Kinsey et al., 2005). In blue crab anaerobic
muscle fibers, the combined effect of the changes in
mitochondrial distribution and the time dependence of diffusion
(Fig. 3) is that metabolites can traverse half the distance
between mitochondria in the small fibers of juveniles in <20 ms
(A=2.7 wm and D=2X10"° cm? s™! for short distance diffusion),
whereas in the large fibers of adults diffusion between
mitochondrial clusters at the periphery of the fiber takes 7.5 min
(A=300 wm and D=1x10"% cm? s~ for long distance diffusion),
or 22 500 times longer!

The burst fibers described above rely on endogenous fuels
that are present throughout the cell, such as AP in crustaceans
and PCr in fishes and other vertebrates, as well as glycogen, to
power a series of rapid contractions. The anaerobic contractile
process is therefore not dependent on transport of either O, to
the mitochondria or ATP/phosphagen from mitochondria to
cellular ATPases. Thus, it would not be expected that contractile
function in these fibers is influenced by an increase in fiber size
or changing mitochondrial distribution. However, large fiber
size might be expected to impact the rate of metabolic recovery
after a series of burst contractions. This may have serious
implications for the animal’s survival if multiple bouts of high-
force contractions are needed, such as during repeated
predator—prey interactions. Crustaceans appear to compensate
for large fiber size by relying on anaerobic metabolism to
accelerate key phases of post-contractile recovery, such as
phosphagen resynthesis (e.g. Henry et al., 1994; Johnson et al.,
2004). We have observed that post-contractile AP recovery in
large burst fibers that power swimming in blue crabs is twice
as fast as would be expected from indices of aerobic capacity
alone (Kinsey et al., 2005). Further, this recovery is associated
with both significant lactate accumulation (Johnson et al., 2004)
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and glycogen depletion (Boyle et al., 2003) in large fibers of
adults, but not the small fibers of juveniles. While this metabolic
strategy will ultimately put the animal further in O, debt, it
serves the more immediate need of facilitating a faster recovery
between burst contractions.

While the compensations for large fiber size described above
refer to muscles that contract anaerobically, there are also large
fibers that are used for aerobic, steady-state locomotion (Fig. 4).
An unusual example is again found in the muscles that power
the paddle-like swimming legs of the blue crab, which is both
an excellent burst and endurance swimmer. Endurance
swimming recruits dark muscle fibers (so-called because of the
brown color that results from a high density of mitochondria;
they are not red in color like some other aerobic fibers because
they lack myoglobin). These dark fibers also grow
hypertrophically and reach the same large size in adult animals
as the anaerobic fibers. However, the secondarily evolved
aerobic contractile function of these muscles should favor a
small fiber size throughout development. To accommodate the
conflicting demands for hypertrophic growth and aerobic
function, the dark fibers have small, mitochondria-rich
subdivisions (Tse et al., 1983). These fibers form new
subdivisions continuously during fiber growth, so subdivision
size is independent of animal body mass, and they also have
evolved intra-fiber perfusion pathways to facilitate O, delivery
to the subdivisions (Johnson et al., 2004). Thus, blue crab dark
fibers are unusual in having a metabolic functional unit
(subdivision) that retains small dimensions (~35 pwm)
throughout post-metamorphic development, and an apparent
contractile functional unit (fiber) that grows hypertrophically to
extreme proportions (>600 wm) (Hardy et al., 2006).

Not so fast!

The results described above led us to the hypothesis that
aerobic metabolic processes would be limited by intracellular
metabolite diffusion in large burst contraction fibers, which have
large distances between mitochondrial clusters, but not in aerobic
fibers, which do not. This argument was based on the seemingly
reasonable, but in hindsight naive, notion that extreme diffusion
distances alone present a formidable obstacle to muscle
metabolic function. Coupling experimental data with a
reaction—diffusion mathematical model, however, we found that
the observed rate of AP resynthesis following burst contraction
in the anaerobic locomotor fibers of small and large blue crabs
was not dramatically limited by intracellular metabolite diffusion
(Kinsey et al., 2005). That is, the rate of post-contractile AP
resynthesis was too slow to be substantially limited by
intracellular metabolite diffusion. This finding held even in the
most extreme case, when we assumed that the large fibers, which
had a mean diameter of nearly 600 wm, had exclusively
subsarcolemmal mitochondria (and therefore a diffusion distance
of 300 wm). Since these experiments were conducted in vivo, the
effects of transport of both O, (which was not modeled) and
high-energy phosphate molecules would be manifested. The fact
that metabolite diffusion did not impact AP recovery suggested
that the responses to developmental increases in fiber size,
including the shift in mitochondrial distribution and the reliance
on anaerobic metabolism to accelerate recovery, may
compensate more for O, flux limitations.

Diffusion limitation in muscle fibers
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To further explore this process, we took advantage of certain
properties of the white muscle fibers from the black sea bass,
which grow to similar dimensions as the blue crab fibers. Unlike
blue crab fibers, however, the white muscle fibers from fish can
be activated electrically by field stimulation, and fish muscle,
like other vertebrates, is not known to produce lactate after
contraction (Curtin et al., 1997). We therefore used small ex vivo
preparations of white muscle fiber bundles (1 mm diameter) in
a superfusion medium of high oxygen partial pressure (Pg,), and
performed burst contraction-recovery experiments similar to
those described above. The high P, ensured adequate O, flux
to the core of the fiber bundle, which effectively removed the
influence of O, diffusion and allowed us to focus exclusively
on the extent to which intracellular metabolite diffusion limited
post-contractile PCr recovery (Nyack et al., 2007). In addition,
the absence of anaerobic metabolism following burst
contraction in the fish muscle eliminated a potentially
confounding contributor to the recovery rate. Consistent with
the earlier study, reaction—diffusion modeling showed that the
observed PCr recovery rate in these burst fibers was not fast
enough to be dramatically limited by intracellular metabolite
diffusion (Nyack et al., 2007). Further, the PCr recovery rate in
muscle from fish that ranged in body mass over 3000-fold was
nearly proportional to the mitochondrial density. Thus, the low
mitochondrial density in these white fibers was primarily
responsible for the low recovery rate, and intracellular diffusion
played only a modest role in modifying the rate.

The experiments described above indicate that very large
diffusion distances do not necessarily imply diffusion
limitation; the rate of ATP turnover interacts with diffusion in
a complex manner. However, further simulations showed that
enhancing the rate of ATP production does lead to increased
control of aerobic flux by diffusion (Kinsey et al., 2005). In this
sense, diffusion places constraints on the evolution of muscle
design. In an effort to better understand the effect of ATP
turnover rate, we examined contraction—recovery in the aerobic
locomotor muscles of blue crabs, which have a high capacity
for ATP turnover but short diffusion distances (due to the
intracellular subdivisions described above). Although post-
contractile AP recovery was faster in these highly aerobic fibers
than observed in the prior studies, mathematical modeling again
indicated that metabolite diffusion only slightly altered the
observed recovery rate (Hardy et al., 2006). In this study, a burst
contraction—recovery procedure was employed as before
because it is a tractable experimental model. However, during
the aerobic, steady-state contractions for which these muscles
are designed, ATP turnover rates may be considerably higher.
When we mathematically simulated reasonable rates of ATP
turnover during steady-state contraction in these fibers, we
found sizable concentration gradients within the fiber and
evidence for substantial limitation by intracellular metabolite
diffusion (Hardy et al., 2006).

On the brink: diffusion limits on aerobic design
The experiments described above, combined with
mathematical analyses of the observed process rates, reinforce
the notion that the extent of diffusion limitation depends on a
non-linear interaction of diffusion distance and metabolic rate.
This is consistent with the pattern, long recognized in muscle,
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that aerobic fibers are generally smaller than anaerobic fibers.
But how close are fibers to being substantially limited by
diffusion, and how might diffusion influence muscle design? To
address this question we developed a reaction—diffusion model
that was intentionally simpler than our prior efforts so that it
could be broadly applied to a diversity of muscle types. The
model includes linear expressions for mitochondrial ATP
production, with a rate dependent on [ADP], and cellular ATP
consumption, with a rate dependent on [ATP]. ATP production
and consumption are linked by steady-state species conservation
equations. These equations ensure mass balance throughout the
modeled domain and define diffusion and reaction for each
metabolite over a range of ATP turnover rates and spatial scales.
Metabolite concentration profiles were examined for each
simulation condition to ensure that steady state was achieved
without fully depleting ATP. One key aspect of the model is
that the mitochondrial production of ATP is dependent on the
delivery by diffusion of ADP back to the mitochondria in the
reaction—diffusion cycle.

Fig. 5 demonstrates the interaction between ATP turnover
rate, diffusion distance, and the effectiveness factor (m). The
effectiveness factor is an index of diffusion limitation, where m
is the ratio of the observed reaction rate (total integrated rate
over the length scale) in the presence of diffusion to the reaction
rate if diffusion were not limiting (as if the diffusion distance
were zero) (Weisz, 1973). The denominator in this ratio can be
thought of as the intrinsic reactivity of the system. Thus, when
m=1 there is no diffusion limitation, whereas when m=0.5 the
observed rate is half what it would be if diffusion were not
limiting. Overlaid on the model surface are examples of muscles
that range in design from very high aerobic ATP turnover rates
and short diffusion distances (insect flight muscle) to very low
aerobic ATP turnover rates and long diffusion distances (blue
crab light levator muscle). In addition, developmental
trajectories of some of the fibers that we have examined in our
lab are indicated. It is interesting that many fibers appear to be
only modestly limited by diffusion (n>0.75), but as noted for

O
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other biological systems (Weisz, 1973), they are at the brink of
extreme diffusion limitation, meaning that further increases in
ATP turnover rate or diffusion distance may lead to a large
decrease in m.

If fibers often have ATP turnover rates and diffusion distances
that approach substantial diffusion limitation, this means that
there is a large ‘safe’ region of the energetic surface in Fig. 5,
where =1, that is not exploited in many adult animals. This may
be partly explained by the mutually exclusive nature of muscle
design. The proportion of total muscle fiber volume allocated to
myofibrils, SR and mitochondria is governed by functional
demands (e.g. Rome and Lindstedt, 1998). Thus, an anaerobic
burst contractile muscle will devote most of its volume to
myofibrils and SR, and very little to mitochondria. This will
necessarily lead to longer diffusion distances between
mitochondria and a low rate of aerobic ATP turnover, placing the
fiber on the left side of the surface in Fig. 5. In highly aerobic

Fig. 5. The interaction of ATP turnover rate, diffusion distance and the
effectiveness factor (), which is the ratio of the reaction rate in the
presence of diffusion to the rate if diffusion were not limiting. The
surface was generated from a Loess fit to output from a simplified
reaction—diffusion model with linear expressions for ATP production
(mitochondria), ATP consumption (ATPases) and diffusion (see text
for additional details). The symbols represent the positions on the
surface of a variety of anaerobic (white) and aerobic (red) muscle fibers
from insects (bee flight muscle) (diamonds), crustaceans (circles),
fishes (squares), amphibians (frog lumbrical muscle) (inverted
triangle), reptiles (including rattlesnake tailshaker muscle) (crosses),
bird (hummingbird flight muscle) (triangle), and mammals
(pentagons). The white lines are developmental trajectories from
individual species for white muscle fibers that grow hypertrophically
(muscles are, in order from low to high ATP turnover rate: blue crab
light levator, black sea bass white epaxial muscle, pink shrimp
abdominal flexor and grass shrimp abdominal flexor). The black arrow
indicates the impact of subdividing the large aerobic fibers of blue
crabs, which greatly reduces the intracellular diffusion distances and
alleviates diffusion limitation associated with the hypothetical, non-
subdivided case (value with a low m) (see text for additional details).
Diffusion distances were taken from direct measurements or calculated
as in Tyler and Sidell (Tyler and Sidell, 1984) from the mitochondrial
volume density and mitochondrial surface density [the latter was
calculated assuming a mitochondrial surface area to volume ratio of 6
if not directly measured (Tyler and Sidell, 1984)]. ATP turnover rates
per volume of muscle fiber were determined from direct measurements
of O, consumption in tissue, isolated fibers, or isolated mitochondria
assuming 22.41 0, mol™ Oy, an ATP/O; ratio of 6, and an intracellular
water content that was 70% of wet mass. For cases where
measurements of O, consumption were unavailable, ATP turnover rate
was estimated from mitochondrial volume density assuming a
sustainable rate of O, consumption of 3 ml min~' cm™  of
mitochondrial volume [(Schwerzmann et al., 1989); this value was not
applied to mitochondria with known high cristae surface densities].
Data are from the published literature (Tyler and Sidell, 1984;
Andersen and Saltin, 1985; Egginton and Sidell, 1989; Schwerzmann
et al., 1989; Stokes and Josephson, 1992; Curtin et al., 1997; Conley
and Lindstedt, 1998; Johnston et al., 1998; Suarez, 1998; Egginton et
al., 2000; Vicini and Kushmerick, 2000; Kanatous et al., 2002; Boyle
et al., 2003; Kindig et al., 2003; Johnson et al., 2004; Stary et al., 2004;
Kinsey et al., 2005; Hardy et al., 2006; Nyack et al., 2007) and personal
observations (S.T.K., unpublished results). In studies of ectotherms
from different temperature regimes, only data from the warm
acclimated or adapted groups were included.
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fibers, a much greater percentage of the fiber volume will be
devoted to mitochondria, leading to relatively short diffusion
distances and a high rate of aerobic ATP turnover, placing the
fiber on the far right of Fig. 5. In this sense, diffusion constraints
contribute to the mutually exclusive design of muscle described
elsewhere (Rome and Lindstedt, 1998).

In many cases, however, space allocation constraints may
not fully explain the observed pattern of diffusion limitation in
fibers. For instance, the positions of many of the fibers in Fig. 5
are based on conservative estimates of diffusion distance,
derived from total mitochondrial fractional volume. These
estimates therefore assume a uniform distribution of
mitochondria across the fiber and no impact of fiber size.
However, mitochondria are typically not homogeneously
distributed, and in fibers with predominantly subsarcolemmal
mitochondria, intracellular  diffusion distances may
approximate the fiber radius. This is the case for blue crab light
levator muscle and black sea bass white epaxial muscle, where
metabolite diffusion only becomes somewhat limiting in the
large fibers of adult animals, which are at the precipice of a
dramatic reduction in m. Further, increased fiber size will lead
to longer pathways for O, diffusion, which may reduce O, flux
to the core of the cell. If so, this could result in less active
mitochondria in the core of the fiber, leading to an increase in
the effective intracellular distance between the more active
mitochondria at the fiber periphery. This effect was noted by
Mainwood and Rakusan, who mathematically examined the
interaction of fiber size, O, flux and metabolite flux
(Mainwood and Rakusan, 1982). These authors suggested that
maximal aerobic flux could be attained by minimizing
diffusion distances for O, by clustering mitochondria at the
periphery of the fiber, at the expense of longer diffusion
distances between mitochondria for ATP-equivalent diffusion.
Hogan et al. recently demonstrated that rates of mitochondrial
NAD(P)H oxidation were reduced in the core of isolated
Xenopus fibers under physiological realistic extracellular P,
conditions (Hogan et al., 2005). This lends experimental
evidence to the notion that in working muscle, interior
mitochondria may be less active than more peripheral
mitochondria, meaning that the effective diffusion distance for
ATP-equivalents may be greater than would be expected based
on mitochondrial volume density alone. Thus, it is likely that
inhomogeneous mitochondrial distribution and fiber size
strongly influences aerobic metabolic design. It is also possible
that many fibers are closer to substantial diffusion limitation
than indicated by the analysis in Fig. 5.

One implication of the above argument is that fibers are often
larger than they need to be. Why might fibers be as large as
possible? One plausible explanation is that relatively large fibers
arise simply because hypertrophy often accounts for much of
the increase in muscle mass during animal growth, leading to
very large fiber size in species that undergo a dramatic increase
in body mass. In this case, fiber growth would have to be
moderated if there were selective pressure for relatively high
rates of ATP turnover, as would be expected in species that
attain large adult body masses and have high activity levels.
Thus, in some species the contributions of hypertrophy and
hyperplasia to muscle growth may depend on the extent of
diffusion limitation in the adult animal (Fig. 5) (Johnston et al.,
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2004). This may explain why there is not always a clear
relationship between fiber size and body mass (Fig. 4).

It is also possible that there is positive selective pressure that
favors relatively large fibers. Johnston et al. (Johnston et al.,
2003a; Johnston et al., 2004) proposed the ‘optimum fiber size’
hypothesis for cold-water fishes, which often have large muscle
fibers. These authors postulated that fibers will be as large as
possible without incurring diffusion limitation in order to
minimize the sarcolemmal membrane area over which
membrane potential must be maintained. Thus, the costs of ionic
homeostasis, which can be a considerable fraction of basal
metabolic rate, would be reduced. A low sarcolemmal surface
density may also promote fatigue resistance, since fatigue is
often associated with ionic imbalances such as an accumulation
of extracellular potassium ions (Fitts, 1994), and ionic exchange
per volume of muscle may be reduced in muscles composed of
relatively large fibers. Presently, however, it is unclear whether
selection is responsible for pushing many fibers to be near
diffusion limitation. It is also likely that any influence that fiber
size exerts on aerobic design can be altered by other factors,
such as body temperature, metabolic compensations, perfusion
rates, blood Po,, cellular lipid content, and the presence/absence
of myoglobin.

Conclusions

Intracellular diffusion of ATP-equivalents is a fundamental
component of aerobic metabolism, but it is often neglected
because diffusion distances are usually assumed to be short.
However, the full spectrum of skeletal muscle design found in
animals encompasses diffusion distances and ATP turnover rates
that vary over several orders of magnitude. Analysis of the non-
linear interaction of ATP turnover rate with diffusion distance
indicates that what may appear to be excessively long diffusion
distances in certain fiber types, in fact do not greatly compromise
aerobic metabolic rate. Similarly, the presence of relatively short
diffusion distances does not necessarily imply that diffusive flux
has no influence on metabolic rate. While diffusion limitation per
se appears to be relatively minor, metabolite diffusion may play
an important role in shaping the evolution of fiber design. Many
species have fibers that appear to be at the brink of substantial
diffusion limitation at some stage of development. Since
intracellular diffusion distance is often related to fiber size, this
implies that many fibers may have evolved to be as large as
possible without incurring diffusion limitation, as proposed by
Johnston et al. (Johnston et al., 2003a; Johnston et al., 2004).

The authors are grateful for the helpful comments of Dr
Richard Dillaman and for data provided by Ana Jimenez. This
work was supported by National Science Foundation grants to
S.T.K. 10S-0316909 and 0719123) and B.R.L. (I0S-0315883
and 0718499), a National Institutes of Health grant to S.T.K.
(NIAMS R15-AR052708), and a Sigma-Xi grant-in-aid of
research, a Owen Graham Kenan Scholarship, a Frances Peter
Fensel Scholarship and a Lewis/Wiley Alumni Endowment
Fellowship to K.M.H.

References

Andersen, P. and Saltin, B. (1985). Maximal perfusion of skeletal muscle in
man. J. Physiol. 366, 233-249.

THE JOURNAL OF EXPERIMENTAL BIOLOGY



3512

Archer, S. D. and Johnston, I. A. (1991). Density of cristae and distribution
of mitochondria in the slow muscle fibers of Antarctic fish. Physiol. Zool.
64, 242-258.

Boyle, K. L., Dillaman, R. M. and Kinsey, S. T. (2003). Mitochondrial
distribution and glycogen dynamics suggest diffusion constraints in muscle
fibers of the blue crab, Callinectes sapidus. J. Exp. Zool. A 297, 1-16.

Conley, K. E. and Lindstedt, S. L. (1998). Muscle energy balance in sound
production and flight. In Principles of Animal Design — The Optimization and
Symmorphosis Debate (ed. E. R. Weibel, C. R. Taylor and L. Bolis), pp. 147-
154. Cambridge: Cambridge University Press.

Curtin, N. A., Kushmerick, M. J., Wiseman, R. W. and Woledge, R. C.
(1997). Recovery after contraction of white muscle fibres from the dogfish,
Scyliorhinus canicula. J. Exp. Biol. 200, 1061-1071.

de Graaf, R. A., van Kranenburg, A. and Nicolay, K. (2000). In vivo 3'P-
NMR diffusion spectroscopy of ATP and phosphocreatine in rat skeletal
muscle. Biophys. J. 78, 1657-1664.

Egginton, S. and Sidell, B. D. (1989). Thermal acclimation induces adaptive
changes in subcellular structure of fish skeletal muscle. Am. J. Physiol. 256,
R1-R9.

Egginton, S., Cordiner, S. and Skilbeck, C. (2000). Thermal compensation of
peripheral oxygen transport in skeletal muscle of seasonally acclimatized
trout. Am. J. Physiol. 279, R375-R388.

Ellington, W. R. (2001). Evolution and physiological roles of phosphagen
systems. Annu. Rev. Physiol. 63, 289-325.

Ellington, W. R. and Kinsey, S. T. (1998). Functional and evolutionary
implications of the distribution of phosphagens in primitive-type
spermatazoa. Biol. Bull. 195, 264-272.

Fitts, R. H. (1994). Cellular mechanisms of fatigue. Annu. Rev. Physiol. 74, 49-
94

Hardy, K. M., Locke, B. R., Da Silva, M. and Kinsey, S. T. (2006). A
reaction—diffusion analysis of energetics in large muscle fibers secondarily
evolved for aerobic locomotor function. J. Exp. Biol. 209, 3610-3620.

Henry, R. P., Booth, C. E., Lallier, F. H. and Walsh, P. J. (1994). Post-
exercise lactate production and metabolism in three species of aquatic and
terrestrial decapod crustaceans. J. Exp. Biol. 186, 215-234.

Hogan, M. C., Stary, C. M., Balaban, R. S. and Combs, C. A. (2005).
NAD(P)H fluorescence imaging of mitochondrial metabolism in contracting
Xenopus skeletal muscle fibers: effect of oxygen availability. J. Appl. Physiol.
98, 1420-1426.

Hoyle, G. (1987). The giant muscle cells of barnacles. In Crustacean Issues:
Barnacle Biology, Vol. 5 (ed. A. J. Southward), pp. 213-225. Netherlands: A.
A. Balkema.

Hoyle, J., Gill, H. S. and Weatherley, A. H. (1986). Histochemical
characterization of myotomal muscle in the grass pickerel, Esox americanus
vermiculatus (LeSeuer), and the muskellunge, E. masquinongy (Mitchell). J.
Fish Biol. 28, 393-401.

Hubley, M. J., Locke, B. R. and Moerland, T. S. (1997). Reaction-diffusion
analysis of effects of temperature on high-energy phosphate dynamics in
goldfish skeletal muscle. J. Exp. Biol. 200, 975-988.

Jahromi, S. S. and Atwood, H. L. (1971). Electrical coupling and growth in
lobster muscle fibers. Can. J. Zool. 49, 1029-1034.

Johnson, L. K., Dillaman, R. M., Gay, D. M., Blum, J. E. and Kinsey, S. T.
(2004). Metabolic influences of fiber size in aerobic and anaerobic muscles
of the blue crab, Callinectes sapidus. J. Exp. Biol. 207, 4045-4056.

Johnston, I. A. (1982). Capillarisation, oxygen diffusion distances and
mitochondrial content of carp muscles following acclimation to summer and
winter temperatures. Cell Tissue Res. 222, 525-537.

Johnston, I. A. and Lucking, M. (1978). Temperature induced variation in the
distribution of different types of muscle fibres in the goldfish (Carassius
auratus). J. Comp. Physiol. 124, 111-116.

Johnston, I. A., Calvo, J., Guderley, H., Fernandez, D. and Palmer, L.
(1998). Latitudinal variation in the abundance and oxidative capacities of
muscle mitochondria in perciform fish. J. Exp. Biol. 201, 1-12.

Johnston, I. A., Fernindez, D. A., Calvo, J., Vieira, V. L. A., North, A. W.,
Abercromby, M. and Garland, T., Jr (2003a). Reduction in muscle fibre
number during the adaptive radiation of notothenioid fishes: a phylogenetic
perspective. J. Exp. Biol. 206, 2595-2609.

Johnston, I. A., Manthri, S., Alderson, R., Smart, A., Campbell, P., Nickell,
D., Roberston, B., Paxton, C. G. M. and Burt, M. L. (2003b). Freshwater
environment affects growth rate and muscle fibre recruitment in seawater
stages of Atlantic salmon (Salmo salar L.). J. Exp. Biol. 206, 1337-1351.

Johnston, I. A., Abercromby, M., Vieira, V. L. A., Sigursteindéttir, R. J.,
Kristjansson, B. K., Sibthorpe, D. and Skilason, S. (2004). Rapid
evolution of muscle fibre number in post-glacial populations of charr
Salvelinus alpinus. J. Exp. Biol. 207, 4343-4360.

Jones, P. L. and Sidell, B. D. (1982). Metabolic responses of striped bass

S. T. Kinsey, K. M. Hardy and B. R. Locke

(Morone saxatilis) to temperature acclimation. II. Alteration in metabolic
carbon sources and distributions of fiber types in locomotory muscle. J. Exp.
Zool. 219, 163-171.

Kanatous, S. B., Davis, R. W., Watson, R., Polasek, L., Williams, T. M. and
Mathieu-Costello, O. (2002). Aerobic capacities in the skeletal muscles of
Weddell seals: key to longer dive durations? J. Exp. Biol. 205, 3601-3608.

Kayar, S. R., Claassen, H., Hoppeler, H. and Weibel, E. R. (1986).
Mitochondrial distribution in relation to changes in muscle metabolism in rat
soleus. Respir. Physiol. 64, 1-11.

Kemp, G. J., Manners, D. N., Clark, J. F., Bastin, M. E. and Radda, G. K.
(1998). Theoretical modeling of some spatial and temporal aspects of the
mitochondrion/creatine kinase/myofibril system in muscle. Mol. Cell.
Biochem. 184, 249-289.

Kindig, C. A., Kelley, K. M., Howlett, R. A., Stary, C. M. and Hogan, M.
C. (2003). Assessment of O, uptake dynamics in isolated single skeletal
myocytes. J. Appl. Physiol. 94, 353-357.

Kinsey, S. T. and Moerland, T. S. (2002). Metabolite diffusion in giant
muscle fibers of the spiny lobster, Panulirus argus. J. Exp. Biol. 205, 3377-
3386.

Kinsey, S. T., Penke, B., Locke, B. R. and Moerland, T. S. (1999). Diffusional
anisotropy is induced by subcellular barriers in skeletal muscle. NMR Biomed.
12, 1-7.

Kinsey, S. T., Pathi, P., Hardy, K. M., Jordan, A. and Locke, B. R. (2005).
Does metabolite diffusion limit post-contractile recovery in burst locomotor
muscle? J. Exp. Biol. 208, 2641-2652.

Korzeniewski, B. (2003). Regulation of oxidative phosphorylation in different
muscles and various experimental conditions. Biochem. J. 375, 799-804.
Lambeth, M. J. and Kushmerick, M. J. (2002). A computational model for

glycogenolysis in skeletal muscle. Ann. Biomed. Eng. 30, 808-827.

Londraville, R. L. and Sidell, B. D. (1990). Ultrastucture of aerobic muscle in
Antarctic fishes may contribute to maintenance of diffusive fluxes. J. Exp.
Biol. 150, 205-220.

Luby-Phelps, K. (2000). Cytoarchitechture and physical properties of the
cytoplasm: volume, viscosity, diffusion, intracellular surface area. Int. Rev.
Cytol. 192, 189-221.

Mainwood, G. W. and Rakusan, K. (1982). A model for intracellular energy
transport. Can. J. Physiol. Pharmacol. 60, 98-102.

Meyer, R. A., Sweeney, H. L. and Kushmerick, M. J. (1984). A simple
analysis of the ‘phosphocreatine shuttle.” Am. J. Physiol. 246, C365-C377.
Nyack, A. C., Locke, B. R., Valencia, A., Dillaman, R. M. and Kinsey, S. T.
(2007). Scaling of post-contractile PCr recovery in fish white muscle: effect

of intracellular diffusion. Am. J. Physiol. 292, R2077-R2088.

Rome, L. C. and Lindstedt, S. L. (1998). The quest for speed: muscles built
for high-frequency contractions. News Physiol. Sci. 13, 261-268.

Schwerzmann, K., Hoppeler, H., Kayar, S. R. and Weibel, E. R. (1989).
Oxidative capacity of muscle mitochondria: correlation of physiological,
biochemical and morphometric characteristics. Proc. Natl. Acad. Sci. USA
86, 1583-1587.

Silverman, H. and Charlton, M. P. (1980). A fast-oxidative crustacean
muscle: histochemical comparison with other crustacean muscle. J. Exp.
Zool. 211, 267-273.

Stary, C. M., Mathieu-Costello, O. and Hogan, M. C. (2004). Resistance to
fatigue of individual Xenopus single skeletal muscle fibres is correlated with
mitochondrial volume density. Exp. Physiol. 89, 617-621.

Stokes, D. R. and Josephson, R. K. (1992). Structural organization of two fast,
rhythmically active crustacean muscles. Cell Tissue Res. 267, 571-582.

Suarez, R. K. (1998). Design of glycolytic and oxidative capacities in muscles.
In Principles of Animal Design — The Optimization and Symmorphosis
Debate (ed. E. R. Weibel, C. R. Taylor and L. Bolis), pp. 155-163.
Cambridge: Cambridge University Press.

Tse, F. W., Govind, C. K. and Atwood, H. L. (1983). Diverse fiber
composition of swimming muscles in the blue crab, Callinectes sapidus. Can.
J. Zool. 61, 52-59.

Tyler, S. and Sidell, B. D. (1984). Changes in mitochondrial distribution and
diffusion distances in muscle of goldfish upon acclimation to warm and cold
temperatures. J. Exp. Zool. 232, 1-9.

Vicini, P. and Kushmerick, M. (2000). Cellular energetics analysis by a
mathematical model of energy balance: estimation of parameters in human
skeletal muscle. Am. J. Physiol. 279, C213-C224.

Weatherley, A. H. and Gill, H. S. (1987). Tissues and growth. In The Biology
of Fish Growth, pp. 147-175. London: Academic Press.

Weatherley, A. H., Gill, H. S. and Rogers, S. C. (1979). Growth dynamics of
muscle fibres, dry weight, and condition in relation to somatic growth rate in
yearling rainbow trout (Salmo gairdneri). Can. J. Zool. 57, 2385-2392.

Weisz, P. B. (1973). Diffusion and chemical transformation. Science 179, 433-
440.

THE JOURNAL OF EXPERIMENTAL BIOLOGY



