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Abstract
Muscle plasticity is defined as the ability of a given muscle to alter its structural and functional
properties in accordance with the environmental conditions imposed on it. As such, respiratory
muscle is in a constant state of remodeling, and the basis of muscle’s plasticity is its ability to
change protein expression and resultant protein balance in response to varying environmental
conditions. Here, we will describe the changes of respiratory muscle imposed by extrinsic changes
in mechanical load, activity, and innervation. Although there is a large body of literature on the
structural and functional plasticity of respiratory muscles, we are only beginning to understand the
molecular-scale protein changes that contribute to protein balance. We will give an overview of
key mechanisms regulating protein synthesis and protein degradation, as well as the complex
interactions between them. We suggest future application of a systems biology approach that
would develop a mathematical model of protein balance and greatly improve treatments in a
variety of clinical settings related to maintaining both muscle mass and optimal contractile
function of respiratory muscles.

Introduction
The basic structure and function of respiratory muscles do not differ from those of other
skeletal muscles. Skeletal muscle is the most abundant tissue in the human body, accounting
for approximately 40% of total body mass. It gives us the ability to walk, run, breathe, talk,
eat, and perform numerous other daily activities. In order to accomplish such a wide range
of tasks, muscles, including respiratory muscles, are unique in their structure, fiber type
composition and neural control.

From birth until death, skeletal muscle is in a constant state of remodeling in order to adjust
to changes in load, activity, or innervation. This unique plasticity allows muscle to alter its
structural and functional properties in accordance with its imposed environmental
conditions. This is widely recognized in sports, where muscle changes imposed by training
in athletes leads to obvious phenotypic modifications that optimize the specific performance
of the muscle. The number of muscular contractions (activity) and the degree of loading
appear to be the dominant stimuli for training-imposed muscle changes. For example, body
builders perform low frequency, high load contractions that result in muscle growth (i.e.,
hypertrophy) and an increase in force-generating capacity. On the other hand, marathon
runners perform high frequency, low load contractions that are not associated with
hypertrophy, but cause muscle fibers to assume a more fatigue-resistant phenotype.
Although genetic pre-disposition is also important, these adaptations, substantially
contribute to the different physical attributes of body builders and marathon runners.

The importance of skeletal muscle, however, extends far beyond exercise physiology to
many clinical applications and disease states. Musculoskeletal diseases such as age-related
sarcopenia, cancer-induced cachexia, or congenital muscular disorders including dystrophies
and lipid or glycogen storage diseases may result from a muscle’s inability to adapt to
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different stimuli. Just as there is not one exercise regimen for everyone, there is not just one
treatment for musculoskeletal diseases. The variety of treatments used for these diseases
highlights the complexity of skeletal muscle plasticity. Importantly, in general terms, the
structure and function of respiratory muscles do not differ from those of other skeletal
muscles; yet respiratory muscles serve a life-sustaining behavior: breathing. Thus, specific
examination of respiratory muscle plasticity is the subject of great interest.

Changes in structural and functional properties of muscle are largely the consequence of
altered protein expression in which either the amount or type of protein is altered to meet
functional demands. Although the cellular-scale structural and functional changes related to
skeletal muscle plasticity have been characterized for many disease states, molecular-scale
changes in protein balance are not as well characterized. Since muscle is the largest reserve
of protein in the body, any change in the balance between protein synthesis and protein
degradation could have significant consequences not only for that specific muscle but for the
system as a whole. Developments in molecular and cell biology have helped us begin to
understand the mechanisms regulating changes in protein expression and balance, although
many areas remain underexplored. The specific regulation of protein balance that will serve
as the focus of this review has not been elucidated for many diseases or physiological states.

Respiratory Muscles
Respiratory muscles serve to implement the primary function of the lung: to provide gas
exchange by supplying O2 and removing CO2 from the blood stream. The muscles involved
in ventilation, the actual movement of air into the lungs, are called pump muscles. On the
other hand, airway muscles are another group of respiratory muscles that control the caliber
of upper and lower airways and are comprised of both skeletal (upper airways) and smooth
(trachea and bronchi) muscles. Respiratory muscles must adapt to varying environmental
and pathological conditions, and like other skeletal muscles, they are structurally plastic to
allow functional adaptation. In this review, we will examine the basis of respiratory muscle
plasticity with a focus on skeletal muscles.

Pump vs. airway muscles
There are two main types of skeletal muscles involved in respiration: pump muscles and
upper airway muscles. The role of pump muscles is to move air into the lungs. The focus
here will be on the major pump muscle, the diaphragm muscle, which is unique to
mammals. The diaphragm muscle is a thin, dome-shaped sheet of muscle that is inserted into
the lower ribs and serves as a septum separating the thoracic (pleural) and abdominal
(peritoneal) compartments of the body.

Contraction of the diaphragm generates a negative intrathoracic pressure leading to inflation
of the lungs (inspiration). With contraction, the diaphragm moves caudally, thereby
increasing the vertical dimension of the thoracic cavity and exerting a force at the point of
its attachment to the rib cage. This creates a decrease in pleural pressure and an increase in
abdominal pressure, resulting in increased transdiaphragmatic pressure, i.e., the pressure
difference between abdominal and thoracic cavities. The mechanics of diaphragm muscle
contraction become more complicated in the zone of apposition, i.e., the region where the
diaphragm is in direct contact with the inner aspect of the lower rib cage (157, 208). In this
region, the increase in abdominal pressure by diaphragm muscle contraction may actually
cause an increase in intrapleural pressure, contributing to ribcage expansion (143). This
would cause a different loading to be applied to appositional components of the diaphragm
compared to the main body of the diaphragm. This distinction is important; however, very
little information regarding adaptive responses of these diaphragm components is available.
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With relaxation of the diaphragm muscle, the recoil forces of the lung and chest wall cause a
rapid decrease in transdiaphragmatic pressure and air moves out of the lungs, a process
known as expiration. Thus, the diaphragm muscle serves as an active inspiratory pump for
lung ventilation. Under certain conditions, post-inspiratory diaphragm activity can slow
expiratory airflow through a “braking” action. These actions of the diaphragm are important
for a number of controlled voluntary expiratory behaviors such as vocalization (126) as well
as involuntary expulsive behaviors such as emesis, coughing or sneezing (147, 159, 160,
240).

In addition to the diaphragm muscle, which is responsible for lower rib cage expansion,
there are other primary inspiratory muscles that are phasically recruited with resting
ventilation: 1) parasternal intercostal muscles and 2) scalene muscles. The intercostal
muscles form two layers that occupy each of the intercostal spaces. The lateral portion
contains both internal and external intercostals, but the ventral and dorsal portions contain
only internal intercostal muscles (47). The ventral intercostal muscles are called parasternal
intercostals. Contraction of intercostal muscles displaces the ribs (49), but more importantly,
intercostal activity stabilizes the ribcage, and thereby enhances diaphragmatic contraction
and generation of transdiaphragmatic pressure. In addition, the scalene muscles are involved
in inspiration. These muscles originate from the transverse processes of the lower five
cervical vertebrae and insert on the upper surfaces of the first two ribs (47). Scalene muscle
contraction in humans contributes to inspiration, even during minimal inspiratory efforts
(45, 193). Although rare, in cases of bilateral diaphragm muscle paralysis, the remaining
primary inspiratory muscles are capable of assuming sufficient inspiratory activity to
maintain resting ventilation (118). In the more common clinical setting of chronic
obstructive pulmonary disease (COPD), the ability of the diaphragm muscle to increase lung
volume is often impaired, and the contribution of parasternal intercostal and scalene muscles
becomes more obvious and significant (44). In addition to their respiratory function,
parasternal intercostal and scalene muscles also contribute to posture, head position, and
stabilization of the shoulder and trunk during movements of the upper extremity (46, 104,
131). Respiration may also be assisted by accessory inspiratory muscles, which are quiet
during resting ventilation and only recruited under conditions of increased demand such as
during exercise or due to pathological conditions (i.e., amyotrophic lateral sclerosis,
emphysema) (88, 183). Accessory muscles include the sternocleidomastoid, external
intercostal, and internal interosseous intercostal muscles (47, 67). Because of the
multifunctional nature of these muscles, unambiguous interpretation of respiratory related
plasticity is difficult.

Skeletal muscles are also involved in regulating upper airway patency muscle, i.e.,
controlling the caliber of the conduits for air movement into and out of the lungs. There are
three major parts to the conductive airways: the upper airways constituting the nose, mouth
and pharynx; the middle airways comprising the larynx, trachea and primary bronchi; and
the lung airways comprising the more distal bronchi, bronchioles, alveolar ducts, alveolar
sacs and alveoli. All of the airways must be patent in order to effectively move air into and
out of the lungs. The airway muscles serve to actively regulate the diaphragm muscle of the
airways and thereby decrease resistance to airflow during both inspiration and expiration,
match ventilation of alveoli to their perfusion and prevent aspiration of foreign objects or
noxious material into the lungs. In particular, skeletal muscles in the upper airways exhibit
activation patterns that are coordinated with those inspiratory pump muscles in order to
effectively couple low airway resistance to air inflow into the lungs during periods of
reduced intrathoracic pressure. Furthermore, upper airway muscles involved in tongue
protrusion show plasticity that resembles that of the diaphragm muscle. Specific aspects
related to the plasticity of airway muscles will not be reviewed further.
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Importance of plasticity of respiratory pump muscles
A unique property of all muscles is that even though they are highly specialized for specific
functions, they are all able to modify their properties to meet changing functional demands.
In 1958, John Eccles first used the term “plasticity” to refer to this malleability of muscle
(60, 175), and today it is a commonly used term in muscle physiology. As such, muscle is in
a constant state of remodeling to match changing functional demands. Physiological
conditions such as exercise or respiratory disease may change the ventilatory demands
required of respiratory muscles such as the diaphragm muscle. In addition, intrinsic changes
in ventilatory demands associated with the continuum of life from early development to old
age require muscle plasticity to meet these changing functional demands. During early
postnatal development, compliance of the chest and lung decreases, altering the ability of the
pump muscles to generate intrathoracic pressure (149, 171). Similarly, as a result of
pathological conditions such as emphysema, asthma, and prolonged mechanical ventilation,
the mechanics of respiratory muscle activation are impaired. Increased force generation by
the diaphragm muscle is required to effect the negative intrathoracic pressures needed to
sustain ventilation. Clearly, pump muscle plasticity is absolutely essential for life.

In order to understand how respiratory muscles respond to changing demands, it is necessary
to understand their complex physiology and innervation, which will be described in the
following sections.

Skeletal Muscle Physiology
The pump muscles involved in respiration are skeletal muscles. In mammals, the diaphragm
muscle is the major inspiratory muscle and is vital as a ventilatory pump. Because of these
functional demands, the diaphragm muscle is much more active than other skeletal muscles
(e.g., limb muscles not involved in posture). For instance, the daily duty cycle (ratio of
active to inactive times) is ~2% for the extensor digitorum longus muscle and ~14% for the
soleus muscle (100). In contrast, the duty cycle of the diaphragm muscle is ~32–40% (123,
237). Beyond its high activity pattern, the diaphragm muscle is also unique because it is a
non-weight bearing muscle, unlike other limb and postural muscles. However, the basic
cellular and molecular structure and contractile function of respiratory muscles are similar to
those of other skeletal muscles.

Skeletal muscle structure
Each skeletal muscle is composed of hundreds to thousands of individual, multinucleated
cells called fibers. Each skeletal muscle cell is multinucleated, with the nuclei peripherally
located in mature fibers. A single muscle fiber has a precise structure that is defined by
myofibrils, which give skeletal muscle its striated appearance due to the arrangement of
thick and thin filaments within myofibrils and the alignment of myofibrils within the muscle
fiber (90, 140, 156). Myofibrils are composed of large polymerized protein molecules
including myosin and actin, which are responsible for muscle contraction.

The sarcomere is the functional unit of the myofibril. Each sarcomere contains thick
filaments and thin filaments, which are anchored to the Z-disc (Figure 1). The Z-disc passes
crosswise across the myofibril and also from myofibril to myofibril, thus attaching the
myofibrils to one another across the entire muscle fiber. Each myofibril in the muscle fiber
is surrounded by sarcoplasmic reticulum, an intracellular membrane network that is involved
in regulation of intracellular Ca2+ concentration. T-tubules are deep invaginations of the
plasma membrane which allow depolarization of the membrane to quickly penetrate to the
interior of the muscle cell. The sarcoplasmic reticulum is an intracellular network, whereas
T-tubules are in contact with extracellular space.
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Thick and thin filaments are highly organized. Thin filaments are composed of actin and the
regulatory proteins tropomyosin and troponin. Thick filaments are made of myosin. Cross-
bridges are small projections from the sides of the myosin filaments and protrude from the
surfaces of myosin filaments. This actin-myosin interaction is the molecular basis for force
generation (184). When muscle fibers contract, the thick and thin filaments do not change
their size. Instead, the interaction between the myosin heads and actin pulls the thin
filaments past the thick filaments, known as the sliding filament mechanism (107). In the
relaxed state, the ends of actin filaments from two successive Z-discs barely overlap one
another, but remain adjacent to the myosin filaments. In the contracted state, the actin
filaments are pulled inward among the myosin filaments, such that their ends now overlap
one another.

The ability of a muscle fiber to generate force and accomplish different functions is mainly
determined by its myofibrillar protein composition, specifically myosin isoform
composition. Myosin is a hexameric protein composed of two myosin heavy chains (MyHC)
each with a molecular weight of about 200 kDa and four myosin light chains (MyLC) with
molecular weights of about 20 kDa each. The heavy chains wrap around each other to form
a double helix, known as the tail of the myosin molecule. One end of each heavy chain is a
globular structure called the myosin head. There are also two light chains to each myosin
head, and the light chains help control the function of the head during contraction.

Myosin molecules are arranged in the thick filament such that the tail points inward toward
the center of the sarcomere, and the heads are on the outer ends of each thick filament. Part
of each myosin molecule hangs off to the side in the head, providing an arm that extends the
head outward away from the body. The arms and heads are known as cross-bridges. These
cross-bridges are flexible at two points, where the arm leaves the body of the myosin
filament and where the head attaches to the arm. The hinged heads contribute to the actual
contraction process because they can bind and move along actin in the presence of Ca2+ and
ATP. In addition to myosin and actin, myofibrils contain structural elements such as
mitochondria and sarcoplasmic reticulum. Muscle contraction causes changes in the area of
mitochondria and release of Ca2+ from the sarcoplasmic reticulum.

Several isoforms of myosin heavy and light chains exist. In the rat diaphragm muscle all
four isoforms of MyHC are present: MyHCslow, MyHC2A, MyHC2X, MyHC2B (65, 240,
241, 249). In the human diaphragm muscle, MyHCslow, MyHC2A, and MyHC2X isoforms
have been reported. There is debate as to whether there is persistent expression of embryonic
and neonatal MyHC isoforms in the diaphragm muscle of adult humans (132, 168, 260).
Regardless, differences in the expression and relative proportion of different MyHC
isoforms determine the contractile and fatigue properties of the diaphragm muscle. Such
differences have been extensively investigated across models of disease, injury or disuse.

Skeletal muscle function
In general, skeletal muscle function can be described by force generation and change in
length.

Force generation—Sir Andrew Huxley introduced the first model of the sliding filament
theory of muscle contraction in 1957 (107). According to this model of cross bridge cycling,
the sliding during muscle contraction occurs when the myosin heads bind firmly to actin,
bend at the junction of the head with the neck, and then detach. This “power stroke”, or
transition of cross bridges from a force-generating to a non-force-generating state, requires
hydrolysis of ATP. In this way, myosin is the motor of muscle contraction, and is able to
convert the chemical energy of ATP into mechanical energy.
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ATP binding causes the dissociation of myosin from actin. In the absence of ATP, myosin
cannot dissociate from actin, and the muscles become stiff (known as rigor mortis in death).
After ATP hydrolysis, a shape change is induced such that the myosin head is cocked.
Cocking the myosin head puts it in line with a new binding site on the actin filament. Then
myosin binds to actin and the power stroke occurs. This power stroke generates force and/or
a change in length, pulling the thin filament toward the center of the sarcomere. Binding of
another ATP molecule causes dissociation of myosin from actin, and the cycle repeats itself.

The amount of force produced by the muscle depends on the force generated by each cross-
bridge and the proportion of cross-bridges that are active and ready to bind to actin. The
force per cross-bridge depends on MyHC isoform composition, with MyHCslow-expressing
fibers producing less force than the other MyHC isoforms (75–77). The proportion of cross-
bridges in the force generating state depends upon the concentration of Ca2+ in the muscle
cell cytoplasm. Thus, force generation is strongly affected by myosin and by Ca2+

regulation. Indirectly, force generation depends on the cross-sectional area (CSA) of a
muscle fiber, since CSA reflects the number of cross-bridges that can be formed in parallel.

Change in length—The initial length of the contracting muscle (the length-force
relationship) influences the proportion of active cross-bridges and thus alters the amount of
force produced (83). Force generation is a function of the magnitude of overlap between
actin and myosin filaments. A muscle that is highly stretched develops no force because
there is no overlap between actin and myosin filaments. As the muscle length decreases,
there is increasing overlap between actin and myosin. Thus, the amount of force generated
by a muscle increases as sarcomere length decreases (82, 83).

Changes in length as a result of muscle contraction may occur with differing velocity. The
velocity of shortening affects the function and ultimately the endurance of muscle since it
takes a finite amount of time for cross-bridges to attach. As filaments slide past each other
faster and faster (i.e. shortening with increasing velocity), force decreases due to the lower
number of attached cross-bridges. On the other hand, as muscle velocity decreases, more
cross-bridges have time to attach and generate force, and thus force increases. This is
exemplified when someone lifts a light load compared to a heavy load; the light load can be
moved much more quickly. These rapid movements, however, have very small muscle
strengthening effects since the muscle forces are so low.

The expression of different MyHC isoforms is associated with varying contractile properties
of muscle fibers and thus different maximum ATP consumption rates, with MyHC2B and
MyHC2X having the highest ATP consumption rates followed by MyHC2A and MyHCslow
(93, 209, 245). According to the Fenn effect, energy consumption increases with muscle
power output or work performance, peaking during isovelocity shortening at a value
corresponding to maximum power output (64). In order to meet the considerable range of
ATP consumption demands of the muscle fiber, a reserve capacity for ATP production is
required. The reserve capacity for ATP production of diaphragm muscle fibers expressing
MyHC2X and MyHC2B is lower compared to fibers expressing MyHC2A and MyHCslow
(209, 247). The greater fatigability of diaphragm muscle fibers expressing MyHC2X and
MyHC2B may be in part due to this difference in reserve capacity for ATP consumption (65,
242).

Neuromotor control of the diaphragm muscle
Skeletal muscle is controlled by the central nervous system. Motor centers in the brain
control the activity of motoneurons in the ventral horns of the spinal cord. These
motoneurons synapse on skeletal muscle fibers such that each skeletal muscle fiber is
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innervated by a single motoneuron, but the same motoneuron usually also innervates other
muscle fibers.

Motor unit organization and classification
The functional element of muscle neuromotor control is the motor unit, which consists of a
single motoneuron and the group of muscle fibers it innervates (139, 234). Muscle fibers
within the motor unit are synchronously activated by an action potential. Based on the
velocity of shortening, motor units can be classified into slow-twitch and fast-twitch motor
units. Slow-twitch motor units have the smallest CSA and lowest velocity of shortening.
These are recruited during tasks that require precise movements but low force or power.
Fast-twitch motor units have a larger CSA and higher shortening velocity. They are
recruited when high power output is needed. In general, small muscles that react quickly and
whose function must be very precise have few muscle fibers per motor unit. Large muscles
such as the soleus, which do not require fine control, may have several hundred muscle
fibers in a motor unit (120).

By considering the mechanical and fatigue characteristics of the innervated muscle fibers,
four groups of motor units are generally described (Figure 2): 1) slow-twitch, fatigue
resistant (type S); 2) fast-twitch, fatigue resistant (type FR); 3) fast-twitch, fatigue
intermediate (type FInt); and 4) fast-twitch, fatigable (type FF) (27, 29, 30, 65, 241). Muscle
fibers within a motor unit generally show similar properties allowing for classification of
motor unit types.

Muscle fiber type classification
The classification of muscle fiber type has changed throughout the years. The classification
schemes represent the continuum of muscle fiber properties. As early as the 1800s, Ranvier
observed that the gross appearance of muscle fibers ranged from white to deep red,
reflecting the amount of myoglobin content (120). Slow muscles with a reddish appearance
because of their greater myoglobin content were called “red”. Conversely, fast muscles store
less myoglobin and thus were called “white”.

Another classification scheme is based on the energy metabolism of the muscle fiber (179).
This scheme is a combination of myofibrillar ATPase-based and histochemical metabolic
enzyme-based classification (8, 173). Histochemical myosin ATPase fiber typing classifies
muscle fibers as type I or type II, corresponding to slow- and fast-twitch muscle fibers,
respectively. By analyzing enzymes reflecting metabolic pathways that are either aerobic/
oxidative or anaerobic/glycolytic (177), this classification scheme was extended into three
fiber types: slow-twitch oxidative (SO), fast-twitch oxidative glycolytic (FOG), and fast-
twitch glycolytic (FG).

With the development of antibodies against specific MyHC isoforms, muscle fiber type is
now commonly classified based on myosin heavy chain (MyHC) isoform expression.
Muscle fibers are classified into the following four types: 1) type I (expressing MyHCslow),
2) type IIa (expressing MyHC2A), 3) type IIb (expressing MyHC2B), and 4) type IIx
(expressing MyHC2X; Figure 2) (21, 180, 223, 225–227, 241, 248, 249).

Motor unit recruitment
The classic model of neuromotor control by Liddell and Sherrington (139) predicts that
motor units are recruited in an orderly fashion in order to generate a wide range of forces.
Type S motor units are recruited first, followed in order by FR, FInt, and FF motor units.
The mechanism for this orderly recruitment was expanded by the Henneman “size
principle,” which provides a recruitment order based on the size of motoneurons and their
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intrinsic electrophysiological properties (97, 99). Smaller motoneurons with higher
membrane input resistance and slower axonal conduction velocity are recruited first for a
given synaptic input (27, 28, 98). As such, a relationship between motor unit type, motor
unit maximum tetanic force, and recruitment order has been observed. Smaller motoneurons
innervate slow-twitch muscle fibers (type I), which produce lower maximum tetanic force
and display greater fatigue resistance during repetitive stimulation (Figure 2). Larger
motoneurons innervate fast-twitch muscle fibers, which produce larger tetanic forces and
display varying fatigue resistance. Among the fast-twitch motor units, type FR have the
lowest recruitment threshold, followed by type FInt and FF motor units (27, 256). Size-
related motor unit recruitment order is directly related to mechanical and fatigue properties
of the muscle unit fibers.

Consistent with the Henneman size principle described earlier, several studies have shown
an orderly recruitment of motor units in the diaphragm muscle. During spontaneous
breathing in the cat, phrenic motoneurons that were recruited first had slower axonal
conduction velocities than motoneurons that were subsequently recruited (54, 55). In several
muscles, motoneuron properties relate their size and type. Type S motor units comprise
motoneurons that are the smallest (exhibiting the highest input resistance), most excitable
(i.e., lowest rheobase) and slowest in axonal conduction velocities within a specific motor
pool (27, 278). In agreement, only ~23% of all phrenic motoneurons are recruited during
inspiration (112), which is the approximate proportion of type S and FR motor units in the
cat diaphragm muscle (65, 241). Thus, phrenic motoneurons that are normally recruited with
respiration would comprise type S or FR motor units, and those not normally recruited with
respiration belong to type FF or FInt motor units (240). Although diaphragm muscle motor
unit recruitment order may be determined by specific synaptic input (101, 102, 163),
motoneuron size (54, 55, 112) and motor unit type (235–237, 240) are important in
determining recruitment order.

Further studies were performed to estimate the proportion of the motor unit pool in the cat
and hamster diaphragm muscle (235, 237, 240) and in the rat diaphragm muscle (147) that
would be recruited during ventilatory and non-ventilatory behaviors. Diaphragm muscle
forces were estimated by measuring transdiaphragmatic pressure (Pdi) compared to the
maximum Pdi generated by bilateral phrenic nerve stimulation (Pdimax). Motor unit
recruitment was estimated by assuming that there is an orderly recruitment of motor units
with type S and FR units recruited first, and that all motor units of a particular type would be
recruited before the next type is recruited. In addition, maximal force production by each
motor unit were based on previous studies where specific force (force per CSA) in single
diaphragm muscle fibers, the CSA and proportion of fibers of each type and the number of
muscle fibers per motoneuron were determined (61, 65, 73, 75–77, 136, 147, 161, 187, 236,
242, 243, 280). Figure 3 shows that the Pdi generated during quiet breathing (eupnea) was
~21% of Pdimax in the rat diaphragm muscle. Normal ventilatory behaviors could thus be
accomplished by the activation of type S and FR units alone. When ventilatory drive was
increased by creating a hypoxic and hypercapnic environment, Pdi increased to ~28% of
Pdimax, and could still be accomplished by recruiting type S and FR units. Further
recruitment of type FInt units was necessary during the extreme ventilatory effort caused by
total airway occlusion, in which Pdi increased to 63% of Pdimax. Only during expulsive non-
ventilatory behaviors (e.g., sneezing and coughing) where Pdi generated is near maximal
would the recruitment of type FF units be required. Similar findings were previously
reported in cats and hamsters (235, 237, 238, 240). Thus it was concluded that normal
ventilatory demands of the diaphragm muscle are met by recruitment of only fatigue-
resistant motor units (type S and FR), suggesting that a large portion of diaphragm muscle
motor units remain fairly inactive during typical ventilation and are recruited only when
short duration, high force efforts are necessary.
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The large reserve capacity of the diaphragm muscle might provide a first level of adaptation
in response to disease or injury. Indeed, the Pdi generated during eupnea was estimated at
~10% of Pdimax in humans (238). Disease or injury associated with muscle atrophy or
weakness (39, 132) might go unnoticed while this reserve capacity is restricted in normal
ventilation (244). Only during expulsive behaviors may the reduced functional capacity of
the diaphragm muscle become evident. Specific adaptations of skeletal muscle fibers thus
are important in providing the functional limits of the muscle response to the environmental
conditions that are imposed on it.

Skeletal muscle plasticity
Skeletal muscle is in a constant state of remodeling to match the changing functions required
of it. Intrinsic or “natural” changes are common, such as development and aging. Skeletal
muscle can also respond to altered function imposed by extrinsic changes, for example the
environmental cues of mechanical loading, activity, and innervation. These cues are not
independent of each other, and if one is altered, the others are likely also affected. This
section will focus on these mediators of muscle plasticity.

Normal skeletal muscle is usually at “status quo” with an activity level, mechanical load,
and innervation that is typical for it. We see this “status quo” exemplified by typical fiber
size and mechanical properties of each muscle. Since each muscle of the body is unique and
has a different fiber-type composition, the response to demands is different for different
muscles. The basis of the response, however, is maintenance of the balance of protein
synthesis and degradation. This will be described in detail later. Some examples of load-,
activity-, and innervation-induced plasticity are given in this section.

Developmental changes
As we grow, bones lengthen and muscles change naturally. Muscle lengthening is achieved
by addition of sarcomeres to the ends of the muscle fibers, a process that is reversible. A
change in muscle length affects velocity and shortening capacity, but does not change the
amount of force that can be generated by the muscle. In addition, the mechanical output of
muscle during growth is altered by increasing muscle fiber diameter by hypertrophy.
Hypertrophy adds more sarcomeres in parallel within the muscle fiber, which increases the
amount of force the muscle generates but does not affect the velocity of shortening. Skeletal
muscles do not typically form new muscle fibers, a process called hyperplasia.

In addition to changes in mechanical output of muscle, the fiber-type composition of muscle
inherently changes. For example, inherent diaphragm muscle plasticity is reflected by
transitions in MyHC isoform during postnatal development, when the replacement of
neonatal myosin with adult slow and fast myosin occurs rapidly in the perinatal period. In
humans, the proportion of MyHCslow increases from 9% at less than 37 weeks gestational
age to 25% at birth, and reaches the adult level (55%) during the second postnatal year
(119). In rats the proportion of MyHCslow increases from 7% at birth to 18% in adult (71).
Furthermore, with aging there is a progressive loss of muscle mass, leading to a reduction in
muscle performance and probable loss of function. Atrophy of type II fibers leads to a larger
fraction of slow-twitch muscle mass and is evident by the slower contraction and relaxation
times in older muscle (138, 165).

Changes in load
Many studies have examined muscle plasticity in limb muscles, where it is easier to control
changes in load and activity. Two different types of loading can be imposed on muscle: 1)
dynamic, elastic loading; and 2) static, resistive loading. Experiments involving hindlimb
unloading typically reflect a change in a static, resistive load (i.e., hind-limb suspension or

Gransee et al. Page 9

Compr Physiol. Author manuscript; available in PMC 2014 March 23.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



exposure to a microgravity environment). Muscle length is an important determinant of the
changes induced with loading. Experiments in animals involving hind-limb suspension,
which unloads hind-limb muscles, and in microgravity conditions such as spaceflight have
indicated a change from slow fibers to fibers co-expressing slow and fast fiber phenotypes
(33, 179, 180). Biochemically, these co-expressing fibers are a mix of slow and fast fibers;
functionally, they possess properties of both slow and fast fiber types. In addition, studies on
animals and humans with spinal cord injury have demonstrated a similar shift from slow
fibers to co-expressing slow and fast fibers (31, 283). It is important to note that the fiber
type transitions that occur after decreased load do not include a complete shift from slow to
fast fibers, but rather result in a mixed fiber type. These unloading conditions also result in
muscle atrophy (267); in fact significant atrophy in humans has been observed after only 5
days in spaceflight (19).

Because of the unique properties of the diaphragm muscle, its response to changes in load or
activity will differ greatly compared to that of limb muscles. It is difficult to impose load
changes on the diaphragm, as the only normal loads that the diaphragm experiences are
extrinsic recoil forces from the lungs and chest wall during inspiration. In contrast to
hindlimb muscles, length changes are unlikely in diaphragm muscle. With unilateral
diaphragm muscle paralysis, it has been suggested that passive stretch of the affected side is
imposed by continued activity of the contralateral hemidiaphragm and thus contributes to
increased protein synthesis observed immediately after denervation (85, 279). However,
passive length changes imposed on the paralyzed (denervated) hemidiaphragm were
examined in rabbits using piezoelectric crystals (279). Although small changes in passive
length were observed with contraction of the contralateral side, passive length never
exceeded optimal length and did not result in measurable muscle strain.

Inspiratory resistive loading provides an experimental method to impose extrinsic
diaphragm muscle loading by increasing airway resistance, but this is not synonymous to
increased resistive load of the diaphragm muscle per se (as would occur in limb muscles).
Instead it is more synonymous to elastic loading of diaphragm muscle. In contrast,
conditions such as scoliosis that decrease chest wall compliance would impose resistive
loading to diaphragm muscle (124). Nonetheless, muscle mass and fiber CSA increase
modestly after inspiratory resistive loading imposed either by placing a band around the
trachea for 24–28 weeks (190) or by inserting a resistance to inspiratory air flow for 8 weeks
(14, 70, 202). Although the structural changes appear to be fiber-type dependent, the results
also seem to be time-dependent. For example, 24–28 weeks of inspiratory resistive loading
in rats resulted in hypertrophy of MyHCslow-expressing fibers (190), but 8 weeks of resistive
loading resulted in hypertrophy of MyHC2A-expressing fibers (202). This response also
appears to be load-dependent, where a small inspiratory resistive load resulted in
hypertrophy of only MyHC2A-expressing fibers, but a high resistive load caused
hypertrophy in all diaphragm muscle fiber types (14, 202). No studies have quantified
changes in diaphragm muscle contractile protein content after inspiratory resistive loading.
Gea et al. showed an increase in expression of MyHCslow mRNA after 4 days of resistive
loading, as compared to no change in mRNA expression for the other MyHC isoforms (70).
In general, these structural and functional changes associated with inspiratory resistive
loading demonstrate the complexity of diaphragm muscle plasticity, since changes in load
most likely go together with changes in activity. Unfortunately it is very difficult to control
for changes in activity in the above model.

A unique clinical condition associated with altered diaphragm muscle load is emphysema,
which is associated with dynamic hyperinflation and results in shortening of diaphragm
muscle by 30–40% and resultant decrease in diaphragm muscle maximum specific force (50,
137, 167). These alterations cause loss of elastic lung recoil and lower maximal expiratory
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airflow (158). Since the diaphragm muscle must overcome the load imposed by recoil forces
of the lung and chest wall, changes in the mechanical properties of the lung or chest wall
will directly affect diaphragm muscle load. Importantly, after chronic hyperinflation,
diaphragm muscle adapts to the hyperinflated state by reducing the number of sarcomeres in
series and shifting the length-tension curve to a shorter, optimal length, whereby the force-
generating capacity is partially restored (48, 63). Interventions such as lung volume
reduction surgery (LVRS) have been used to resect the lung emphysematous tissue and
indirectly partially recover the lung elastic recoil (40), however LVRS results in short-term
diaphragm muscle fiber injury and impaired contractility due to acute diaphragm muscle
fiber stretch (134). Nevertheless, the studies evaluating LVRS have been purely descriptive,
and the mechanisms underlying improved respiratory function are not yet known.

Changes in activity
A common activity-dependent example is plasticity induced by different exercise training
regimens. Endurance training, e.g. marathon running, consists of high frequency, low load
contractions (e.g., 50–80 contractions/minute at ~30% maximum voluntary contraction of
the calf muscle) (200). This typically does not result in muscle hypertrophy because the
level of force production is relatively low. Within type II fibers there is a transformation
from type IIb to IIa fibers, thereby providing efficient properties of energy use (6). Type I
fibers may become faster, allowing the slow fibers to contract at a rate fast enough for the
exercise (275). Thus, when exercise of a submaximal intensity and duration is performed in
a trained state, the exercise usually becomes more economical to perform.

Resistance training, e.g. weight lifting, consists of low frequency, high load contractions
(e.g., less than 15 contractions/minute at greater than 60% maximum voluntary contraction)
(34). When a long-term load is imposed, all fibers hypertrophy (34). In addition to
hypertrophying, type IIa fibers acquire phenotypic characteristics of type I fibers (210), and
type IIb fibers shifted to type IIa/IIb hybrid fibers (34). In human studies, resistance training
caused a decrease in number of type IIx fibers (103). However, by expanding the relative
size and number of slow-twitch fibers, the muscle is better able to withstand the chronic
overload while retaining functional properties of type IIx and IIb fibers.

These examples show that fiber type transitions in response to mechanical load and activity
is dependent on 1) the magnitude of force and 2) the manner in which it is imposed
(continuous vs intermittent). The physique of marathon runners is drastically different than
body builders because of skeletal muscle’s ability to adapt to its required function.

Given that the diaphragm muscle is very active compared to other skeletal muscles,
significant effects of inactivity are expected. It is important to note, however, that inactivity
alone does not control muscle mass. As stated, diaphragm muscle has a high duty cycle that
gives it a pattern of activity very different from other muscles, such as hind-limb muscles. If
activity alone were important, we would expect that since type S and type FR motor units
are most active, then type I and type IIa fibers would be the biggest. However, this is not the
case, and this suggests that other environmental cues play a role in addition to activity.

A clinically relevant example of diaphragm muscle inactivity is mechanical ventilation. In
this model respiratory muscles do not contract and the ventilator provides ventilatory
support. Studies in animals have shown that short-term controlled mechanical ventilation
(e.g. 6–18 hours) is enough to cause significant structural and functional plasticity in
diaphragm muscle. Myofibrillar protein and CSA were reduced in all fiber types (233),
apoptosis was induced (258), protein synthesis was decreased (232), and protein degradation
was increased (51). The relative proportion of MyHC isoform expression, however, did not
change after 1 or 3 days of controlled mechanical ventilation (192, 221, 222, 233).
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Controlled mechanical ventilation for 18 to 69 hours in brain-dead organ donors showed
significant atrophy of diaphragm muscle fibers, an increase in oxidative stress, and
activation of degradation pathways (132, 185). It is apparent that controlled mechanical
ventilation causes diaphragm muscle plasticity, but it is unlikely that these changes are due
to unloading or inactivity alone (209, 244). Importantly, controlled mechanical ventilation
mode, which provides a mechanical breath on preset timing, is not a commonly used mode
clinically (186, 244). Pressure-assist or volume-assist modes that are initiated by pressure or
flow triggers are more common clinically and require some diaphragmatic work. In fact,
flow-triggered assist-mode ventilation in rats attenuated the force loss induced by controlled
mechanical ventilation, as well as maintained control levels of degradation pathways (222).
The extent of plasticity largely depends on which mode is used.

Several models of inactivity have been developed to determine its effects on structural and
functional diaphragm muscle properties, and the models described here will be: 1) cervical
spinal cord hemisection; 2) unilateral phrenic denervation; and 3) tetrodotoxin nerve
blockade. All three of these models result in diaphragm muscle paralysis (161, 209, 280).
One model of inactivity is cervical spinal cord hemisection (SH) at C2, where ipsilateral
descending excitatory drive to phrenic motoneurons is removed (Figure 4) (161, 281). In this
model, communication between phrenic motoneurons and diaphragm muscle fibers remains
intact, but motoneurons are inactive. Since both phrenic motoneurons and diaphragm muscle
fibers are inactive, the activity patterns remain matched. Unilateral phrenic denervation
(DNV) also induces inactivity and unloading of the diaphragm muscle; however, the nerve-
derived trophic influence stemming from the motoneurons is completely eliminated with
DNV but is preserved with SH. Phrenic motoneurons remain active but are unable to
communicate with diaphragm muscle fibers. Diaphragm muscle inactivity can also be
induced by placing a cuff around the phrenic nerve and chronically infusing tetrodotoxin
(TTX) in order to block axonal propagation of action potentials. Like the SH model,
communication between phrenic motoneurons and diaphragm muscle fibers remains intact.
The difference between SH and TTX models, however, is that phrenic motoneuron activity
is absent after SH but actually increased after TTX. The difference between DNV and TTX
models is that axoplasmic flow of nerve-derived trophic factors is preserved after TTX but
interrupted after DNV (209, 280).

Comparison of the following functional and structural changes induced by all three of these
models is useful in determining the importance of muscle inactivity. If diaphragm muscle
inactivity is the only cause of plasticity, then all three models of inactivity should cause
similar structural and functional changes. The following sections, however, will show that
DNV and TTX induce structural and functional changes, but SH induces minimal changes.
Something is being preserved in the SH model but is being disrupted in DNV and TTX
models. The difference is that with DNV and TTX, a positive trophic influence is removed,
but with SH this trophic influence is preserved (150, 209). This suggests that inactivity alone
does not cause structural and functional plasticity. Importantly these differences are also
evident in the axon terminals at motor end-plates in the diaphragm muscle (146, 188, 189,
246), consistent with a nerve-derived influence on muscle adaptations. The specific
structural and functional changes associated with each model will be described in detail
next.

SH-induced inactivity—Electromyographic and electroneurographic recordings
performed during surgery and at the terminal experiment confirmed that SH inactivates both
phrenic motoneurons and diaphragm muscle (161, 188). At 2 weeks after SH, the only fibers
that had a change in CSA were MyHCslow-expressing fibers, with an increase in CSA
(~28% increase, Figure 5) (161, 280). Metabolic properties, as measured by changes in
succinic dehydrogenase (SDH), were affected by SH. MyHCslow- and MyHC2A-expressing
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fibers had a decrease in SDH activity after SH, whereas MyHC2X- and MyHC2B-expressing
fibers were unaffected (280). This indicates that activation history is an important
determinant of mitochondrial function in type I and IIa fibers. Since type I and/or type IIa
fibers are normally recruited during breathing, it follows that inactivity would have a greater
impact on these motor units.

DNV- and TTX-induced inactivity—In contrast to the minimal changes in CSA after
SH, by 2 weeks after DNV or TTX, the CSA of MyHCslow- and MyHC2A-expressing fibers
displayed a 60–70% increase in CSA, whereas CSA decreased by 40% in MyHC2X- and by
60% in MyHC2B-expressing fibers (Figure 5) (72, 161, 280). Despite the increase in CSA of
MyHCslow- and MyHC2A-expressing fibers, there was a ~30% decrease in MyHCslow and
MyHC2A protein by 3 days after DNV and persisting through 2 weeks after DNV (72).
MyHC2X and MyHC2B protein decreased by 1 day after DNV (60–80% decrease) and
remained decreased through 2 weeks after DNV (72). Since muscle mass is changing after
SH, DNV, and TTX, there is likely a change in muscle protein balance. The pathways
regulating protein balance have not been fully explored for such atrophy conditions, but will
be described in the subsequent section.

Metabolic properties were more affected by DNV and TTX than SH. Following 2 weeks of
inactivity, SDH activity was decreased in all fiber types, and to a larger degree than after SH
(280). Contractile properties also changed. Maximum specific force decreased by 2 weeks
after DNV or TTX (161). Force normalized to half-sarcomere MyHC content was
unchanged in MyHCslow-expressing fibers, but decreased in MyHC2A- and MyHC2X-
expressing fibers (74).

In addition, 3 days of DNV induces activation of satellite cell mitotic activity (84). These are
small cells located beneath the basal lamina that play a role in recovery of muscle fibers
from injury by differentiating into myoblasts and fusing with existing myofibers in order to
repair muscle or increase its size (43, 229, 277). Although satellite cell activation is not
required for muscle hypertrophy (15), it is involved in the diaphragm muscle response to
DNV (84). A function of satellite cells is to maintain myonuclear domain (MND) size under
conditions that stimulate muscle fiber hypertrophy (152, 155, 207, 211). MND size is also
regulated by satellite cells in conditions of atrophy by deletion of myonuclei (1). At 2 weeks
after DNV, the total number of myonuclei per fiber did not change, but MND size of
MyHCslow- expressing fibers increased, and MND size of MyHC2X and MyHC2B-
expressing fibers decreased (2) Similarly, corticosteroid-induced muscle atrophy caused a
decrease in MND size of only MyHC2X and MyHC2B-expressing fibers (268). In addition,
satellite cells may migrate to other fibers and play a role in co-expression of MyHC isoforms
in single fibers as a means of plasticity (59). There is a significant increase in fibers co-
expressing both MyHCslow and MyHC2A after diaphragm muscle denervation (68, 280)and
hindlimb denervation (224).

These results taken together with the effects of SH suggest that diaphragm muscle inactivity
alone is not responsible for structural and functional plasticity. Changes after DNV or TTX
compared with SH demonstrate the impact of phrenic motoneuron innervation and trophic
influences. In addition, these studies show that the morphological and contractile responses
are highly dependent on diaphragm muscle fiber type and on duration of inactivity.

Changes in trophic environment
Seminal studies by Buller et al. in 1960 were the first to demonstrate the impact of
innervation in determining skeletal muscle properties (24–26). Cross-innervation of fast-
twitch and slow-twitch muscle with a nerve that normally innervates the opposite muscle
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type resulted in contractile and metabolic adaptations matching the newly established
innervation.

It is known that motoneurons innervating slow-twitch muscles discharge at a low frequency,
and those innervating fast-twitch muscles discharge at a high frequency (215). Based on this,
the contractile speed of skeletal muscle was also found to be affected by motoneuron-
specific impulse patterns generated by chronic electrical stimulation, where a tonic stimulus
pattern mimicking the impulse pattern of a type S motor unit had a slowing effect on
contraction and relaxation times of fast-twitch muscles (176, 178, 215). Since then, many
animal studies have used chronic low-frequency (~10 Hz) stimulation to induce fast-to-slow
muscle transformation (179, 181). In addition, Reid et al. found that chronic electrical
stimulation counteracted some of the muscle fiber atrophy caused by tetrodotoxin nerve
blockade (TTX) alone in the soleus and extensor digitorum longus (EDL) muscles (198).
These studies show that innervation plays an important part in establishing and maintaining
contraction properties of muscle.

These studies do not address the overall question of what is causing innervation-induced
plasticity. It is unknown if the removal of nerve-derived trophic factors itself, or if the
removal of a certain pattern of activity previously maintained by the nerve causes structural
and functional changes in the muscle. Based on the findings of Reid et al., using electrical
stimulation to mimic the muscle’s “normal” pattern of activity did not completely counteract
the atrophy caused by TTX-induced nerve block (198). TTX altered the nerve-derived
trophic influence, and this has an impact on muscle mass more than activity pattern.

Based on the changes induced by DNV compared to SH and TTX, it is apparent that neural
influences are likely essential in maintaining diaphragm muscle contractile properties (89).
One potential nerve-derived trophic factor is neuregulin (NRG), which contributes to the
regulation of muscle fiber growth by increasing protein synthesis and possibly altering the
balance between protein synthesis and degradation (96, 151). NRG contains an epidermal
growth factor (EGF)-like domain that signals by stimulating the ErbB family of receptor
tyrosine kinases expressed in motoneurons, Schwann cells, and skeletal muscle fibers (262,
284). Its signal transduction in muscle requires the phosphorylation of ErbB receptors,
followed by activation of downstream pathways including PI3K/Akt and MAPK/Erk
pathways (36). NRG isoforms are synthesized as transmembrane proteins, called pro-NRGs,
with the EGF domain located outside of the cell. Pro-NRGs are cleaved extracellularly to
release the diffusible, mature NRG (142). Neurotrophic factors such as brain-derived
neurotrophic factor (BDNF) and glial-derived neurotrophic factor (GDNF) trigger the
release of presynaptic NRG from nerve terminals, thus making more available for cleavage
and release (62, 141). BDNF and GDNF are stored in vesicles and released with activity (58,
81). Other factors mediating pro-NRG cleavage are proteases (116, 144), some of which can
also be released in an activity-dependent manner (91). However, it is possible that other
factors influence protease activity, such as mechanical strain (57) or muscle fiber type, thus
activity alone is likely not responsible for NRG cleavage and release. NRG controls
acetylcholine receptor synthesis at the neuromuscular junction (111, 141), but its effect on
contractile proteins such as MyHC has not been reported. It is possible that DNV results in
loss of nerve-derived NRG and thus shifts the balance of protein synthesis and degradation
towards net protein breakdown, leading to loss of contractile proteins such as MyHC.

Molecular pathways
The previous sections discuss skeletal muscle’s ability to adapt to altered demand via
changes in structural and functional properties. These changes are largely the consequence
of altered protein expression in which either the amount or type of protein is altered to meet
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functional demands. Although the cellular-scale structural and functional changes related to
skeletal muscle plasticity have been characterized for many physiological states, the
molecular-scale protein changes are not as well characterized.

Proteins are in a continuous state of being produced (synthesis) and then degraded
(degradation). The balance between protein synthesis and degradation determines if there is
either a net loss (atrophy) or net gain (hypertrophy) in muscle mass. Changes in muscle
mass and protein balance are common adaptations to spinal cord injury, denervation,
exercise, etc. For example, the unilateral diaphragm muscle DNV model caused both protein
synthesis and protein degradation to increase, with the increase in degradation outweighing
the increase in synthesis and leading to a decrease in net protein balance by 5 days after
DNV (3) (Figure 6). Based on a previous study by Geiger et al. (72), a correlation between
MyHC protein and mRNA levels after DNV was not straightforward, with decreased
MyHC2B protein expression 14 days after DNV associated with unchanged MyHC2B
mRNA levels, for example. Although MyHC gene transcription and translation may change
differentially after DNV, these results suggested that posttranslational changes are likely
responsible for change in diaphragm muscle MyHC protein expression and overall protein
balance.

Despite developments in molecular and cell biology that have aided in the understanding of
mechanisms regulating atrophy and hypertrophy, the specific regulation of protein balance
has not been elucidated for many diseases or physiological states. In fact until recently, most
of the research has focused on specific molecular pathways that regulate protein synthesis
and a distinct set of pathways that regulate protein degradation. The pathways are complex
in themselves, and recent studies have suggested that there are multiple levels at which these
pathways are interrelated, creating an extremely complex system (4, 216, 217, 255).

Pathways regulating protein synthesis
The increase in protein synthesis that is associated with muscle hypertrophy is thought to
involve Akt signaling (79, 216), because: 1) Akt phosphorylation increases (17); and 2)
expression of an activated form of Akt is sufficient to cause hypertrophy (204, 205, 257) and
prevent atrophy of denervated skeletal muscles (17). The downstream branches of the Akt
pathway are mammalian target of rapamycin (mTOR) and glycogen synthase kinase-3β
(GSK3β) (Figure 7). p70S6 kinase (p70S6K) is an effector of mTOR and is thought of as a
marker of increased protein synthesis (5, 35, 109, 219). The rate of protein synthesis is
primarily affected by downstream changes in translation initiation factors such as eukaryotic
initiation factor 2B (eIF2B), eukaryotic initiation factor 4E (eIF4E), and eIF4E-binding
protein 1 (4EBP1) (122, 270). In addition to Akt, the p44/42 MAPK (ERK) pathway
influences translational control through eIF4E (231). Aside from responding to changes in
growth factor signaling, respiratory muscle responds to metabolic demands as well. As such,
mTOR is inhibited by the energy sensor AMP-activated protein kinase (AMPK) (94, 125).
Importantly, when evaluating the regulation of protein synthesis, it is necessary to study all
of these signaling pathways at the same time, due to the complexity and the interrelation of
all the individual pathways and relevant proteins.

Signaling pathways related to protein synthesis have been evaluated after diaphragm muscle
DNV and after acute short-term nutritional deprivation (4, 133, 135). The following section
will describe three specific pathways that affect protein synthesis in relation to these models:
p70S6K, eIF2B, and eIF4E.

p70S6K pathway—The serine-threonine kinase Akt family (also known as protein kinase
B, PKB) has three members that are expressed in a tissue specific manner (38, 113). In
skeletal muscle, Akt1 and Akt2 are expressed at higher levels compared to Akt3, which is
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mainly expressed in the brain. Phosphorylation and activation of Akt is induced by IGF-1,
insulin, and other ligands (96, 204). After receptor binding, such ligands recruit the activity
of phosphoinositide-3 kinase (PI3K). Akt is then targeted to the plasma membrane and
becomes phosphorylated. Activation of Akt has been found to phosphorylate a wide range of
substrates, including proteins that induce protein synthesis, gene transcription, glucose
metabolism, synaptic signaling, cell proliferation, and block apoptosis (154, 269).

Akt-induced activation of mTOR is a key regulator of protein synthesis (95, 270), since: 1)
muscle hypertrophy results in increased mTOR phosphorylation (199), and 2) mTOR
inhibition with rapamycin blocks overload hypertrophy and growth in regenerating muscles
(17, 170). In contrast to Akt, AMPK inhibits mTOR. AMPK is a cellular sensor of energy
balance that responds to changes in the intracellular ratio of AMP:ATP (94). AMPK can be
activated pharmacologically by 5-aminoimidazole-4-carboxamide-1-β-d-ribofuranoside
(AICAR) (42). Activation of AMPK with the drug AICAR has previously been shown to
inhibit protein synthesis by deactivating both Akt and mTOR (18, 121, 276).

mTOR is a member of two multiprotein complexes: mTOR Complex 1 (mTORC1) and
mTOR Complex 2 (mTORC2). mTOR is phosphorylated at Ser2448 (mTORC1) via the PI3
kinase/Akt signaling pathway and autophosphorylated at Ser2481 (mTORC2) (41, 166,
174). The influence of mTOR on translation and ultimately protein synthesis is commonly
mediated by mTORC1-induced phosphorylation of p70S6K (95, 109, 270) and 4EBP1 (78,
231). Most of the research on protein synthesis regulation has focused on mTORC1;
however, mTORC2 also appears to play a role in regulating the actin cytoskeleton and in
activating Akt (174, 218, 220). Furthermore, there is cross-talk between mTORC1 and
mTORC2, so activation of mTORC2 may subsequently activate mTORC1 and increase
protein synthesis (153). The influence of mTOR on protein synthesis is mediated in part by
its phosphorylation of p70S6K (95, 109, 270). A compensatory hypertrophy model of the
plantaris muscle resulted in increased phosphorylation of Akt and downstream targets
p70S6K and 4EBP1 (17).

In the diaphragm muscle DNV model, Akt and downstream effectors mTOR and p70S6K
were not responsible for the initial increase in protein synthesis, although they likely
contributed to the maintenance of elevated synthesis (4). After short-term nutritional
deprivation, phosphorylation of Akt, mTOR, and p70S6K decreased (133).

eIF2B pathway—Initiation factor eIF2B functions as a regulator of translation initiation
by mediating the recycling of eukaryotic initiation factor-2 (122, 191). GSK3β
phosphorylates eIF2B and results in its inactivation (273, 274). Akt acts through GSK3β to
promote protein synthesis whereby Akt phosphorylates GSK3β, leading to its inactivation
and diminishing its inhibitory effect on the initiation factor eIF2B (110, 231). In addition,
ERK1/2 also phosphorylates and inactivates GSK3β through MAP kinase activated protein
(MAPKAP) kinase-l (214). Expressing a dominant-negative form of GSK3β resulted in
hypertrophy in cultured C2C12 differentiated myotubes (204), and a compensatory
hypertrophy model of the plantaris muscle caused GSK3β phosphorylation and inactivation
(17).

In the diaphragm muscle DNV model, GSK3β phosphorylation increased by 3 days after
DNV, due to ERK1/2 activation rather than Akt activation (4). Increased GSK3β
phosphorylation may contribute to elevated protein synthesis through its release of eIF2B or
reduced inhibition of mTOR (108), in conjunction with eIF4E. GSK3β phosphorylation
increased as well after short-term nutritional deprivation (133).
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eIF4E pathway—eIF4E is thought to be a rate-limiting initiation factor and plays a major
role in determining global translation rates (122, 194). One way in which eIF4E is regulated
is through binding to 4EBP1, a translation repressor protein (206, 231). Interaction of eIF4E
with 4EBP1 prevents cap-dependent translation. This inhibition is relieved by mTOR-
induced phosphorylation of 4EBP1 (23, 78), which disrupts this interaction and results in
initiation of cap-dependent translation through eIF4E (172, 199).

In addition, eIF4E is regulated through the MAPK-ERK1/2 pathway (231). ERK1/2
activates MAPK-interacting kinases 1/2 (MNK1/2), leading to phosphorylation of eIF4E
independently of 4EBP1 phosphorylation (195, 271, 272).

In the diaphragm muscle DNV model, phosphorylation of 4EBP1 and thus mTOR did not
contribute to activation of eIF4E (4). Instead, the increased phosphorylation of ERK1/2
likely activated eIF4E and was responsible for both the initial elevation and the sustained
level of protein synthesis after DNV.

Pathways regulating protein degradation
Pioneering studies on gene expression profiling after muscle atrophy were performed
separately by the groups of Goldberg and Glass and provided major contributions to the
study of atrophy mechanisms (16, 80). The studies compared gene expression in different
models of muscle atrophy (i.e., diabetes, cancer cachexia, chronic renal failure, fasting, and
denervation) and determined the commonly up- or down-regulated genes as atrophy-related
genes, or atrogenes (212). The two most induced genes were two muscle-specific ubiquitin
ligases, atrogin-1/MAFbx and MuRF1, which are upregulated in atrophy models and are
responsible for increased protein degradation through the ubiquitin-proteasome system (16,
80). These two genes are currently considered the best markers for muscle atrophy, although
the upstream pathways are not completely elucidated. This section will discuss pathways
upstream and downstream of these atrogenes that are involved in regulation of protein
degradation, namely transcription factors, ubiquitin-proteasome, autophagy-lysosome, and
metabolic processes.

Transcription factors FoxO and NF-κB—Signaling pathways upregulated during
muscle atrophy induce two families of transcription factors: FoxO and NF-κB. FoxO
belongs to the “forkhead box” family of transcription factors. Three mammalian isoforms
have been identified: FoxO1, FoxO3a, and FoxO4 (12, 13). When Akt is activated, it
phosphorylates FoxO and promotes the export of FoxO from the nucleus to the cytoplasm,
where FoxO is unable to act on promoters (22, 250). Thus, FoxO is essentially inactivated
by Akt. Conversely, upon inactivation of Akt (which commonly occurs during muscle
atrophy), FoxO becomes dephosphorylated and is imported back to the nucleus where it can
exert its transcriptional activity. The mechanisms by which FoxO is imported and exported
have been described in detail and are outside the scope of this section (263).

The role of FoxO in protein degradation has been shown by several studies in atrophy
models. Myotube atrophy caused by fasting or treatment with the glucocorticoid
dexamethasone leads to dephosphorylation of Akt, FoxO1, and FoxO3a and upregulation of
atrogin-1/MAFbx mRNA (217, 251). When the PI3K/Akt pathway is inhibited by
LY294002 treatment of myotubes, atrogin-1/MAFbx is upregulated (130, 213) and FoxO1 is
localized to the nucleus and thus “active” (127, 255). When transfected in skeletal muscles
in vivo, FoxO3a is sufficient to promote atrogin-1/MAFbx expression and muscle atrophy
(217). FoxO1 transgenic mice display decreased muscle mass, suggesting that FoxO is
sufficient to blunt postnatal growth (117). Conversely, overexpression of a constitutively
active form of Akt, prevents activation of atrophy pathways induced by glucocorticoid
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treatment of C2C12 myotubes by inhibiting FoxO transcription factors MuRF1 and MAFbx
(255).

After diaphragm muscle DNV, an immediate decrease in Akt phosphorylation was followed
by nuclear translocation of FoxO1 protein, subsequently leading to increased total protein
ubiquitination and protein degradation (3, 4).

Nuclear factor κB (NF-κB) transcription factors play a role in immunity and inflammation.
Nuclear translocation of NF-κB is regulated by the kinases IKKα and IKKβ. Many models
of hindlimb muscle atrophy induce NF-κB signaling and transcriptional activity, namely
unloading (105, 106, 264), immobilization (230), and denervation (32). NF-κB activation is
sufficient to cause muscle atrophy in vivo (32, 264) and necessary for muscle atrophy
caused by cachexia or disuse (32, 115, 264). NF-κB-mediated muscle atrophy is likely due
to its transcriptional regulation of MuRF1, since mice overexpressing IKKβ have
significantly increased MuRF1 mRNA expression but no change in atrogin-1/MAFbx (32).
In addition, transcription factors NF-κB and FoxO have a cumulative effect on muscle
atrophy, since inhibiting IKKα, IKKβ, and FoxO completely blocked muscle atrophy after
immobilization (197).

Ubiquitin-proteasome pathway—The proteasome is a large (2000 kDa) complex made
up of more than 50 subunits and comprising as much as 1% of the total cell protein (9).
Ubiquitin is a short peptide that can be conjugated to specific protein substrates. A chain of
ubiquitin molecules is built onto the substrate, and this chain marks the protein substrate for
degradation through the proteasome where the substrate is proteolyzed into small peptides
(182). The addition of ubiquitin to a substrate is a highly regulated process that requires
three distinct enzymes: E1 ubiquitin-activating enzyme, E2 ubiquitin-conjugating enzyme,
and E3 ubiquitin-ligating enzyme. The E3 ubiquitin ligases provide substrate specificity.

The role of the ubiquitin-proteasome pathway in muscle atrophy has been well established.
Inhibition of the proteasome blocks atrophy-induced increases in protein breakdown (259).
The amount of polyubiquitin conjugation per total protein measured increases after atrophy
(52). Furthermore, the atrogenes previously described, MuRF1 and MAFbx, have been
shown to encode E3 ubiquitin ligases (16). Importantly, both ubiquitin ligases were shown
to be necessary for the atrophy response to hind-limb DNV (16). Overexpression of FoxO3
has been shown to induce ubiquitin-proteasome pathway in myotubes (282) and regulate
atrogin-1 and MuRF1 activity and mRNA expression (203, 217). In contrast, overexpression
of constitutively active FoxO1 does not increase atrogin-1 or MuFR1 expression, suggesting
that FoxO1 and FoxO3 signal through different mechanisms (255).

It was previously thought that the ubiquitin-proteasome could not break down myofibrillar
protein (129, 253). Important recent findings, however, show that MyHC is indeed degraded
by the ubiquitin-proteasome pathway (37, 253). In fact, MuRF1 was identified as a key
modulator of MyHC protein levels (37). In addition, caspase-3 activation was found to be a
mechanism involved in the initial steps of myofibrillar degradation, where it was responsible
for the initial cleavage of actin (56, 130). Although the cellular signaling mechanisms that
activate the ubiquitin-proteasome pathway are not completely known, there is no question
that this pathway plays a large role in regulating protein degradation.

Diaphragm muscle DNV resulted in an increase in total protein ubiquitination starting at 5
days after DNV and remaining elevated through 14 days after DNV (3). This is consistent
with an increase in protein degradation at 5 days after DNV. DNV had no effect on
caspase-3 activity, suggesting that the ubiquitin-proteasome pathway is responsible for the
diaphragm muscle response to DNV (3).
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Autophagy-lysosome system—The autophagy-lysosome system is responsible for
removing dysfunctional organelles and unfolded proteins via lysosomes (216). The
lysosomal protease cathepsin-L is upregulated during muscle wasting (53, 128), and the
autophagy system is activated during fasting in skeletal muscle (162). In addition, autophagy
is activated after sciatic denervation-induced atrophy (66). It has recently been shown that
the ubiquitin-proteasome and autophagy-lysosome pathways are interrelated via FoxO3.
Expression of the autophagy-related genes LC3, GABARAP, and BNIP3 is regulated by
FoxO3, and FoxO3 is sufficient and required to activate autophagic protein breakdown (145,
282).

Metabolic processes—While AMPK has been previously shown to inhibit protein
synthesis by downregulating mTOR (18, 69, 254), it has recently has been shown that
AMPK is also involved in protein degradation. A connection between AMPK and FoxO3a
has been suggested, where through an unknown mechanism AMPK phosphorylation
enhances FoxO3a-dependent transcription without affecting FoxO3a subcellular localization
(86, 87). Furthermore, in vitro studies using myotubes showed that activation of AMPK with
AICAR (42) stimulated myofibrillar protein degradation and increased atrogin-1/MAFbx
expression through FoxO1 and FoxO3a activation (164, 169, 261). When protein
degradation was elevated after diaphragm muscle DNV, there was no evidence of AMPK
activation (4). Thus, more work is needed to determine if metabolic sensors such as AMPK
may play a role in regulating protein degradation in concert with FoxO.

Activation of AMPK is also responsible for muscle atrophy caused by mitochondrial
remodeling (203). Mitochondria are crucial for energy storage and constantly adapt to
changes in cellular needs. Mitochondria change shape during fasting, denervation, and
overexpression of constitutively active FoxO3 (203). Their shape and number depend on the
balance between fusion and fission processes. Mitochondrial fission segregates
dysfunctional components of the mitochondrial network, and removes them via autophagy
(11). In this way, mitochondrial fission processes induce muscle atrophy through energy
stress and subsequent AMPK activation. AMPK activation triggers FoxO3-induced
signaling through the ubiquitin-proteasome and autophagy-lysosome pathways (203).

Interaction of protein synthesis and degradation pathways
The molecular-scale changes that affect net protein balance are time-dependent, inter-
related, and highly complex. In addition, no single physiologic trigger is responsible for net
protein balance changes. For example, the effect of diaphragm muscle DNV on net protein
balance could be triggered by changes in mechanical load, muscle activity, and/or
innervation.

Since the diaphragm muscle is paralyzed, mechanical load decreases instantly after DNV.
Although the contralateral side of diaphragm muscle still contracts, passive mechanical
stress is not responsible for the muscle fiber adaptations associated with DNV (279).
Unloading of a highly active muscle may, however, remove muscle-derived trophic signals
such as IGF-1, which signals through PI3K/Akt (7).

Similarly, changes in muscle activity also arise immediately after DNV. There is a
spontaneous transient (5 min) increase in muscle activity (161) after the nerve injury
induced by DNV, likely due to muscle fasciculations (252). This is followed by the expected
reduction in muscle activity after DNV (161). These changes in muscle activity may result
in decreased energy consumption, reflected by altered AMPK signaling (114).

In contrast, the removal of nerve-derived trophic influence is delayed after DNV. In fact,
trophic factors from the distal phrenic nerve stump may not be eliminated until 24 hours
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after DNV (4, 20). NRG is one possible growth factor that could be removed after DNV.
NRG alters protein synthesis via an Akt-dependent mechanism (96), so changes in PI3K/Akt
signaling may reflect a reduction in NRG. The MAPK-Erk1/2 pathway is activated by
growth factor signaling as well (92).

It is obvious that diaphragm muscle DNV is a dynamic model. The concerted evaluation of
molecular signaling changes that occur after DNV and the subsequent changes in net protein
balance will provide important insight into other conditions that affect muscle mass
including normal developmental changes such as exercise and aging as well as pathological
conditions (e.g., cachexia, chronic lung disease, prolonged mechanical ventilation).

The understanding of signaling mechanisms associated with protein synthesis and
degradation regulation has led to the use of several therapeutic strategies to counter muscle
atrophy. Based on evidence that the Akt pathway induces hypertrophy (79, 216) and inhibits
activation of FoxO transcription factors MuRF1 and MAFbx (255), an intramuscular
injection of IGF-1 has been used to activate Akt and prevent glucocorticoid and denervation-
induced muscle atrophy (255). IGF-1 inhibited denervation atrophy by suppressing
atrogenes MAFbx and MuRF1, thus rescuing denervation-induced muscle loss.

The ubiquitin-proteasome pathway has also been targeted to therapeutically reduce muscle
atrophy. The proteasome inhibitor Velcade (also known as bortezomib) is approved for use
in humans, specifically to treat multiple myeloma and exhibits relatively mild toxicity (201).
Treatment of denervated rats (sciatic nerve) with Velcade significantly reduced atrophy in
the soleus muscle and reduced ubiquitin mRNA expression to control levels in denervated
soleus muscle (10). The use of Velcade in a congestive heart failure model of diaphragm
muscle weakness (266) and in a COPD animal model (265) resulted in decreased
proteasome activities and improved diaphragm muscle contractility, showing that reduction
of muscle atrophy with Velcade translates into preservation of muscle strength.

Future of systems biology
Traditional intracellular signaling diagrams, such as that in Figure 7, are less than
satisfactory in representing the complexity of protein balance. Importantly, these diagrams
do not indicate highly contextual changes in signaling pathways that are the result of several
confounding and time-dependent triggers involved in the regulation of protein balance.
Furthermore, these diagrams do not show the indirect relationships between protein
expression and downstream effectors. For example, Akt does not directly phosphorylate
mTOR, thus the activation arrow is essentially a “black box” containing multiple
intermediate steps such as TSC2 inhibition, Rheb inhibition, etc. Although we are far from
elucidating all of the mechanisms in this network, approaches that take a systems biology
approach of looking at each part and viewing how the parts interact will help advance the
field.

The dynamic and complex nature of protein balance makes it a prime candidate for a
systems biology approach. Systems biology focuses on the systematic study of complex
interactions in biological systems (196). One goal of systems biology is to generate models
that can explain or predict cellular behavior, leading to generation of new biological
hypotheses. The system we are addressing here is a stochastic process, in which the system’s
subsequent state is determined both by the process’s predictable actions and by random
elements. This is in contrast to a deterministic process, in which randomness is not involved
in the development of future states of the system, thus producing the same output for a given
starting condition.
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There are four steps in a systems biology approach, with the purpose being to create a model
to predict cellular behavior (196). These steps are outlined in Figure 8. Previous studies of
muscle atrophy and hypertrophy, as described earlier, help identify the components of each
module, i.e., relevant proteins. In addition, component interactions such as links between
proteins and cause-and-effect links can be identified from literature. Information about links
between proteins primarily comes from literature, with some links being well established
(i.e., PI3K-Akt) and other links only previously hypothesized (i.e., AMPK-FoxO). Using
this information about network components and their interactions, a model of protein
balance can be developed, as in Figure 7. Note that this model contains solid lines and
dashed lines. The solid lines represent direct activation, i.e., linear relationships, for example
growth factor signaling directly activates PI3K. The dashed lines represent indirect
activation or nonlinear relationships, whereby intermediate steps are involved but are not
specified in this model, for example Akt indirectly activates mTOR through inhibition of
TSC2 and Rheb. As such, this model greatly simplifies the actual signaling scheme, and
future models can be developed to incorporate the multiple steps involved in each “indirect
activation” step.

Next, a beginning step to developing a numerical model is to use flux balance analysis of the
system (228). This approach is similar to Kirchoff’s law of circuit design, whereby the sum
of all the currents going into a node must equal the sum of the currents going out. A
stoichiometric matrix can be constructed, based on the number of elements in the network
and the stoichiometric coefficients of the “reactions”. A flux balance can be found for each
element within the network in order to yield the dynamic mass balance equations that
interconnect the individual elements. For example, Akt and AMPK interconnect at mTOR.
Akt positively regulates mTOR (positive flux), and AMPK negatively regulates it (negative
flux). Since the sum of the “currents” going in has to equal that going out, we assume Akt −
AMPK = mTOR. Stoichiometric coefficients can be given to each protein as such. This
approach could connect all of the key regulatory proteins with each other and with protein
synthesis/degradation in order to determine protein balance regulation in this dynamic
model.

Knowing how protein balance is regulated and how to change this balance if necessary is
essential for determining any therapeutic course of action for treatment. Much work is left in
elucidating the complex regulation of protein balance. Expansion of the systems biology
approach for making a mathematical model of protein balance would greatly improve
treatments in a multitude of clinical settings by determining how to optimally redesign the
cellular network (i.e., which proteins/pathways to upregulate or downregulate, timing of
treatment, etc.) to produce the desired outcomes.

Conclusion
Respiratory muscle is in a constant state of remodeling in order to adapt to altered demand.
Muscle plasticity is exemplified by structural and functional changes, and the basis of these
cellular-scale changes are molecular-scale changes such as the balance between protein
synthesis and degradation. Since muscle is the largest protein reserve in the body, any
change in protein balance can affect the whole system. As such, protein balance has not been
characterized for many disease states, although it is undoubtedly altered.

Our understanding of the molecular mechanisms underlying muscle plasticity has developed
tremendously in recent years. Importantly, highly contextual changes in signaling pathways
are the result of several inter-related and time-dependent triggers involved in the regulation
of net protein balance. A single molecular trigger is not responsible for changes in net
protein balance. Thus, protein balance in skeletal muscle depends on multiple synthetic/
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degradation pathways that should be jointly studied. The challenge ahead is development of
a mathematical model of protein balance, which would greatly improve treatments in a
variety of clinical settings by determining how to optimally redesign the cellular network to
produce the desired outcome of maintaining both muscle mass and optimal contractile
function.
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Figure 1.
Transmission electron micrograph of a skeletal muscle sarcomere. The Z-disc defines the
boundary of the sarcomere. The striations are formed by the highly organized arrangement
of thick and thin filaments. Scale bar represents 500 nm.
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Figure 2.
Four different types of motor units - slow-twitch, fatigue resistant (type S), fast-twitch,
fatigue resistant (type FR), fast-twitch, fatigue intermediate (type FInt), and fast-twitch,
fatigable (type FF) - are classified based on contractile and fatigue properties of innervated
muscle fibers (MyHCSlow, MyHC2A, MyHC2X, and MyHC2B). The speed of contraction
varies between the motor units. Modified from Mantilla and Sieck (148), with permission.

Gransee et al. Page 38

Compr Physiol. Author manuscript; available in PMC 2014 March 23.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 3.
Motor unit recruitment model in the rat diaphragm muscle during ventilatory and non-
ventilatory behaviors, based on a model developed previously in cats and hamsters by Sieck
and Fournier (239, 240). Motor units are recruited in a specific order (type S → type FR →
type FInt → type FF) to accomplish the required forces. From Mantilla et al. (147), with
permission.
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Figure 4.
Comparison of experimental models (SH, DNV, and TTX) for the study of activity-induced
diaphragm muscle plasticity. Adapted from Mantilla and Sieck (148), with permission.
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Figure 5.
Cross-sectional area (CSA) adaptations to 14 days of inactivity induced by spinal
hemisection (SH), unilateral denervation (DNV), or tetrodotoxin nerve block (TTX), among
fibers expressing different MyHC isoforms. Mean and SE of the fiber CSA are plotted
according to fiber type. * Significantly different from the control group (p < 0.05 for all
comparisons). Adapted from Miyata et al. (161), with permission.
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Figure 6.
DNV-induced change in rat diaphragm muscle net protein balance as determined by
performing parallel but separate incubations of strips from the same diaphragm muscle for
protein synthesis and protein degradation measurements. Mean and SE of the percent change
relative to sham controls are plotted over time after DNV. * Significantly different from the
sham control group at the same DNV time-point, † Significantly different from 1 and 3 days
after DNV, # Significantly different from 5 days after DNV (p < 0.05 for all comparisons).
Figure from Argadine et al. (3), with permission.
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Figure 7.
Simplified model of signaling pathways regulating protein synthesis and degradation.
Arrows denote activating events, whereas perpendicular lines denote inhibitory events. The
solid lines indicate direct activation. The dashed lines indicate indirect activation, whereby
intermediate steps are involved but are not specified in this schematic. Protein synthesis is
regulated by protein kinase B (Akt), p44/42 MAPK (ERK) and AMP-activated protein
kinase (AMPK), resulting in activation of the downstream targets mammalian target of
rapamycin (mTOR), glycogen synthase kinase-3β (GSK3β), MAPK-interacting kinases 1/2
(MNK1/2), p70S6 kinase (p70S6K), eIF4E-binding protein 1 (4EBP1), and eukaryotic
initiation factors 2B and 4E (eIF2B and eIF4E). Conversely, Akt is responsible for the
phosphorylation status of forkhead box protein (FoxO). Upon phosphorylation by Akt, FoxO
leaves the nucleus and becomes inactive, thus preventing protein degradation. If Akt activity
is suppressed, FoxO becomes dephosphorylated, translocates to the nucleus, and exerts its
transcriptional effects on atrogenes to induce protein degradation through the ubiquitin-
proteasome pathway. Figure from Argadine et al. (4), with permission.
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Figure 8.
Steps in a systems biology approach. The first two steps use data to identify components and
interactions in order to generate a reconstruction. The last steps generate a mathematical
model to predict network behavior.
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