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Abstract

In skeletal muscles, motor units comprise a motoneuron and the group of muscle fibers innervated
by it, which are usually classified based on myosin heavy chain isoform expression. Motor units
displaying diverse contractile and fatigue properties are important in determining the range of
motor behaviors that can be accomplished by a muscle. Muscle fiber atrophy and weakness may
disproportionately affect specific fiber types across a variety of diseases or clinical conditions,
thus impacting neuromotor control. In this regard, fiber atrophy that affects a specific fiber type
will alter the relative contribution of different motor units to overall muscle structure and function.
For example, in various diseases there is fairly selective atrophy of type l1x and/or 11b fibers
comprising the strongest yet most fatigable motor units. As a result, there is muscle weakness (i.e.,
reductions in force per cross-sectional area) associated with an apparent improvement in resistance
to fatiguing contractions. This review will examine neuromotor control of respiratory muscles
such as the diaphragm muscle and the impact of muscle fiber atrophy on motor performance.

1. Introduction

The final common effector of skeletal muscle neuromotor control is the motor unit
consisting of a motoneuron and the group of muscle fibers it innervates (Liddell and
Sherrington, 1925). With recruitment of additional motor units force increases (Fournier and
Sieck, 1988; Sieck, 1988b). In addition, for those units recruited, force increases with
increasing discharge frequency (Iscoe et al., 1976). The muscle fibers comprising motor
units express uniform contractile proteins that underlie distinction of different fiber types
(Enad et al., 1989; Fournier and Sieck, 1988; Hamm et al., 1988; Nemeth et al., 1986; Sieck
etal., 1989a; Sieck et al., 1996). Specifically, the expression of different isoforms of myosin
heavy chain (MyHC) corresponds with the classification of different muscle fiber types (Fig.
1) (Butler et al., 1999; Sieck, 1991; Sieck, 1994; Su et al., 1997). The contractile and fatigue
properties of motor units vary widely depending on their fiber type composition (Burke et
al., 1973; Fournier and Sieck, 1988). The overall diversity of motor unit contractile and
fatigue properties determines the range of function of a skeletal muscle.
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The diaphragm muscle (DIAm) is the major muscle for inspiration in mammals, and in
accomplishing this ventilatory behavior it is active  30-40% of the time (duty cycle) each
day throughout life (Hensbergen and Kernell, 1997). However, ventilatory behaviors can be
accomplished by activating only  10-25% of the total force-generating capacity of the
DIAm (Mantilla et al., 2010; Mantilla and Sieck, 2011; Sieck, 1991; Sieck and Fournier,
1989). This level of force generation by the DIAm is accomplished by the recruitment of
only fatigue resistant slow- and fast-twitch motor units. From a design standpoint it would
be inefficient to repeatedly recruit more fatigable fast-twitch motor units to accomplish
sustained ventilatory behaviors.

It is important to recognize that the DIAm is also activated during non-ventilatory motor
behaviors such as coughing, sneezing, sighing, vomiting, defecation, vocalization and
maintenance of posture (Butler et al., 2001; Mantilla et al., 2011; Mantilla et al., 2010;
Milano et al., 1992). Forces generated by the DIAm are much greater during expulsive,
airway-protective (clearance) behaviors (Mantilla et al., 2010; Mantilla and Sieck, 2011;
Sieck, 1991; Sieck and Fournier, 1989). For instance, near maximal co-activation of the
DIAm and abdominal muscles during coughing and sneezing is necessary to generate the
large inspiratory effort and high intra-abdominal pressure that precedes diaphragm elevation
and increased intra-thoracic pressure to “clear” the airway (Milano et al., 1992; Rybak et al.,
2008; Shannon et al., 1998). Indeed, these non-ventilatory motor behaviors of the DIAm
require activation of all motor unit types, but particularly more fatigable fast-twitch motor
units.

In a variety of diseases or treatment conditions, there is muscle fiber wasting that affects the
contractile and fatigue properties of the DIAm. Specific fiber type atrophy is often noted that
disproportionately affects the relative contribution of different motor unit types and possibly
the ability to accomplish certain motor behaviors. This review will discuss various disease
conditions where DIAm fiber atrophy occurs and the impact on performance of ventilatory
versus non-ventilatory motor behaviors. Diseases that affect survival of respiratory motor
neurons (e.g., amyotrophic lateral sclerosis) will affect neuromotor control directly as a
result of motor neuron loss. Furthermore, if motor neuron loss is specific to certain motor
unit types (Pun et al., 2006), perhaps reflecting specific vulnerability of certain motor
neuron populations, then functional impairments will display the confounding contribution
of mator unit types to muscle performance, as discussed herein.

2. Classification of Muscle Fiber and Motor Unit Types

In the DIAm, four different types of motor units are classified based on the contractile and
fatigue properties of their muscle fibers (Fig. 1) (Burke, 1981; Fournier and Sieck, 1988;
Kernell, 2006; Sieck et al., 1989a). Based on their twitch contraction times, motor units are
classified as slow-twitch (type S) or fast-twitch (type F). Motor units are also classified
based on their fatigue resistance. All type S motor units are fatigue resistant, while fatigue
resistance of type F units varies considerably. These contractile and fatigue properties of
motor units correspond with the MyHC isoform composition of muscle fibers. Type S motor
units comprise type | fibers that express MyHCgq. These type | fibers have smaller cross-
sectional areas (Lewis and Sieck, 1990; Miyata et al., 1995; Prakash et al., 2000; Sieck et al.,
1989b; Zhan et al., 1997), higher mitochondrial volume densities and higher capacities for
oxidative phosphorylation (Enad et al., 1989; Sieck et al., 1996). Single fiber studies show
that type 1 muscle fibers have slower maximum shortening velocities, consistent with slower
cross-bridge cycling kinetics (Sieck and Prakash, 1997). Type | fibers also have lower
specific force (force per cross-sectional area) (Geiger et al., 2002; Geiger et al., 2001;
Geiger et al., 2000; Geiger et al., 1999).
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Type F motor units that are fatigue-resistant are classified as type FR and comprise type lla
fibers that express MyHC,a. Type lla fibers have smaller cross-sectional areas (Lewis and
Sieck, 1990; Miyata et al., 1995; Prakash et al., 2000; Sieck et al., 1989b; Zhan et al., 1997),
higher mitochondrial volume densities and higher oxidative capacities compared to other
type Il fibers (Enad et al., 1989; Sieck et al., 1996). Type lla muscle fibers have faster
maximum shortening velocities, consistent with faster cross-bridge cycling kinetics (Sieck
and Prakash, 1997). The specific force of type Ila fibers is comparable to type | fibers
(Geiger et al., 2002; Geiger et al., 2001; Geiger et al., 2000; Geiger et al., 1999).

More fatigable type F motor units are classified as either fast-twitch fatigue intermediate
(FInt) or fast-twitch fatigable (FF), although a continuum of fatigue resistance exists across
these units. Type FInt and FF units comprise type I1x and I1b fibers that commonly co-
express MyHC,x and MyHC,g isoforms, albeit in varying proportions (Sieck et al., 1996).
Cross-sectional areas of type I1x and 1lb DIAm fibers are usually larger than type | and lla
fibers (Greising et al., 2013a; Lewis and Sieck, 1990; Miyata et al., 1995; Prakash et al.,
2000; Sieck et al., 2012; Sieck et al., 1989b; Zhan et al., 1997). Mitochondrial volume
densities and oxidative capacities of type I1x and Ilb fibers are lower than type I and lla
fibers (Enad et al., 1989; Sieck et al., 1996). Type IIx and I1b fibers also have the fastest
maximum shortening velocities and generate the greatest specific forces of all DIAm fiber
types (Geiger et al., 2002; Geiger et al., 2001; Geiger et al., 2000; Geiger et al., 1999).

Differences also exist in the force-Ca2* relationships of type I, Ila, I1x and b fibers that
underlie differences in their force-frequency responses (Geiger et al., 2000; Geiger et al.,
1999). At a given myoplasmic Ca2* concentration, the force generated by type | DIAmM
fibers is greater than type I fibers, reflecting increased Ca?* sensitivity, most likely due to
the expression of a slow troponin C isoform. Correspondingly, the force-frequency response
curve of type S motor units is shifted leftward compared to type F motor units. No
differences in Ca2* sensitivity exist across type F units. In agreement, motor units with
lower recruitment thresholds (most likely type S units) have slower initial and peak
discharge rates than type F motor units with higher recruitment thresholds.

The innervation ratio (i.e., the number of muscle fibers innervated by a motoneuron) of type
FiInt and FF motor units is greater than that of type S and FR units (Sieck, 1988b). Thus, as a
result of larger fiber cross-sectional areas, greater innervation ratios and greater specific
forces, the overall force contributed by type Fint and FF DIAm motor units is substantially
greater than that contributed by type S and FR units (Fig. 2) (Fournier and Sieck, 1988;
Mantilla et al., 2010; Mantilla and Sieck, 2011; Sieck and Fournier, 1989).

3. Motor Unit Recruitment Order

Based on recordings from ventral root filaments, it was shown that motor units that are
recruited first display smaller amplitudes and slower conduction velocities than units
recruited later (Henneman, 1957; Henneman and Olson, 1965; Henneman et al., 1965;
McPhedran et al., 1965). Gasser had previously demonstrated a relationship between action
potential amplitude, conduction velocity and axon diameter that reflects motoneuron size
(Gasser and Grundfest, 1939). Consequently, Henneman formulated the “size principle”,
proposing that motor units are recruited in an orderly fashion according to intrinsic
electrophysiological properties related to motoneuron size. Subsequently, the size principle
was tested by demonstrating that the order of motor unit recruitment was consistently related
to axonal conduction velocity (Henneman and Olson, 1965; Henneman et al., 1965;
McPhedran et al., 1965). Those motor units recruited first (i.e., with lower threshold)
displayed slower axonal conduction velocities compared to higher threshold motor units that
were recruited later.
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The size principle has been validated in a variety of muscles (Gordon et al., 2004; Mendell,
2005), including the DIAm (Dick et al., 1987). It has also been shown that the order of
motor unit recruitment matches the mechanical and fatigue properties of motor units such
that type S units are recruited first, followed by type FR, FInt and FF units (Burke et al.,
1973; Mendell, 2005; Sypert and Munson, 1981). In addition, the force contributed by a
motor unit is a strong predictor of its recruitment order (Zajac and Faden, 1985), such that
those units generating the least amount of force (e.g., type S and FR) are recruited before
those units generating greater forces (e.g., type FInt and FF). During inspiratory efforts,
DIAm motor units with slower conduction velocities are preferentially recruited (Jodkowski
etal., 1987, 1988; Seven et al., 2013).

Sieck and Fournier (1989) developed a model of motor unit recruitment in the cat DIAm
based on a progressive, orderly recruitment of type S, FR, FInt and FF units and their
relative force contributions. DIAm forces were estimated based on measurements of
transdiaphragmatic pressure (Pdi) across a range of ventilatory and non-ventilatory motor
behaviors as well as bilateral phrenic nerve stimulation. In this model, the Pdi generated
during quiet breathing (eupnea) was accomplished by recruitment of only type S and FR
motor units. When breathing was stimulated by 10% O, and 5% CO», (hypoxic-hypercapnic
ventilatory stimulus), Pdi increased to  40% of the maximum Pdi generated by bilateral
phrenic nerve stimulation (Pdinax). This level of force was accomplished by the maximal
recruitment of all type S and FR units. The Pdi generated during non-ventilatory behaviors
was also assessed to estimate motor unit recruitment. During tracheal occlusion, Pdi
increased to  60% of Pdinyax and it was necessary to recruit all type S, FR and a portion of
type FInt units to accomplish this force level. During coughing, Pdi approximated Pdiyax
necessitating full recruitment of all motor unit types. This model has been subsequently
validated in hamsters and rats (Mantilla et al., 2010; Mantilla and Sieck, 2011; Sieck, 1995).
In these models, the mechanical properties of DIAm motor units were not directly measured
but were approximated based on the following measurements: 1) specific force developed
by type-identified muscle fibers (Geiger et al., 2002; Geiger et al., 2001; Geiger et al., 2000;
Geiger et al., 1999; Sieck, 1988b; Sieck and Fournier, 1989; Walmsley et al., 1978), 2)
cross-sectional areas of type-identified muscle fibers (Lewis and Sieck, 1990; Miyata et al.,
1995; Prakash et al., 2000; Sieck et al., 1989b; Zhan et al., 1997), and 3) proportion of
different fiber types (Enad et al., 1989; Fournier and Sieck, 1988; Sieck, 1988b; Sieck et al.,
1989a; Sieck et al., 1996). Similar to the cat, ventilatory behaviors such as resting breathing
and breathing in response to 10% O, and 5% CO, can be accomplished by recruitment of
only type S and FR motor units. In agreement, a recent study in mice showed that Pdi
generated during eupnea and hypoxia-hypercapnia was 10-12% of Pdinax (Greising et al.,
2013b). More forceful, ventilatory and non-ventilatory behaviors, such as efforts against an
occluded airway and sneezing induced by intranasal capsaicin, would require progressive
recruitment of type FInt and FF units.

Across all species near maximal Pdi was generated during expulsive airway clearance
behaviors (e.g., sneezing or coughing) (Mantilla et al., 2010; Sieck, 1991; Sieck, 1994;
Sieck and Fournier, 1989) that require coordinated activation of the DIAm during an initial
inspiratory phase followed by activation of abdominal muscles to generate the necessary
intra-thoracic pressures to clear the airway. In the cough reflex, high levels of intra-
abdominal and intra-thoracic pressures are generated during the subsequent compressive and
expulsive phases (Milano et al., 1992; Rybak et al., 2008; Shannon et al., 1998). The
recruitment of highly fatigable motor units restricts the performance of these expulsive
behaviors to short-durations and relatively low incidence to avoid fatigue. Conditions that
selectively affect type I1x and/or I1b fibers and the forces contributed by the corresponding
type FInt and FF motor units will compromise the ability to perform behaviors important to
airway clearance.

Respir Physiol Neurobiol. Author manuscript; available in PMC 2014 November 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Mantilla and Sieck Page 5

4. Diseases and Conditions Resulting in Selective DIAm Fiber Atrophy

4.1. Chronic Obstructive Pulmonary Disease (COPD)

In a hamster model of COPD using elastase treatment to induce emphysematous changes in
the lung, there was a 30% increase in the cross-sectional area of type Il DIAm fibers (Lewis
et al., 1992b). Unfortunately, these investigators did not distinguish between type Ila, 11X or
I1b fibers, but they did note that oxidative capacity (succinate dehydrogenase activity)
increased across all fiber types. In addition, with an increase in functional residual capacity
of the lung, the DIAm flattened and shortened. However, optimal DIAm fiber length also
shortened as a result of a decrease in the number of sarcomeres in series; thereby preserving
the ability to generate force (Mantilla and Sieck, 2013). Yet, the DIAm in COPD animals
generated 25% lower maximum specific force at optimal sarcomere length (Lewis et al.,
1992b). In a similar mouse model of emphysema, in which lung changes were induced by
elastase treatment, a similar shortening of DIAm length was noted, but without a
concomitant reduction in maximum specific force (Luthje et al., 2009).

Several studies have examined DIAm biopsies obtained from moderate to severe COPD
patients and compared DIAm fiber properties to those obtained from biopsies from age-
matched controls (Decramer and Stas, 1992; Levine et al., 2003; Nguyen et al.,2005;
Nguyen et al., 2000; Ottenheijm et al., 2006; Ottenheijm et al.,2005). Most striking is the
apparent increase in the proportion of type | fibers in the COPD DIAm compared to
controls, while the proportion of type 1Ix fibers decreases (Levine et al., 2012; Levine et al.,
2002; Levine et al., 2003; Ottenheijm et al., 2006; Ottenheijm et al.,2005). However, clear
distinction of DIAm fiber type in COPD patients is obscured due to the co-expression of
MyHC isoforms (Nguyen et al., 2005; Nguyen et al., 2000; Stubbings et al., 2008). In COPD
DIAm, fiber CSA is slightly increased across all fibers, but MyHC content per half-
sarcomere volume is reduced (Levine et al., 2003; Ottenheijm et al., 2005). This decrease in
MyHC content per half sarcomere likely accounts for the decrease in maximum specific
force observed across all DIAm fibers from COPD patients (Levine et al., 2012; Levine et
al., 2003; Ottenheijm et al., 2005). Indeed, normalizing force for MyHC content per half-
sarcomere mitigated the differences in maximum specific force between COPD and control
DIAm (Fig. 3) (Ottenheijm et al., 2005). Furthermore, the sensitivity of force generation to
myoplasmic Ca2* was reduced across all DIAm fibers in COPD patients compared to
controls (Ottenheijm et al., 2005). This reduction in Ca2* sensitivity of force generation in
the COPD DIAm would affect the force-frequency response of motor units. In fact, changes
in Ca2* sensitivity may account for the higher discharge frequencies of DIAm motor units
observed during eupnea in patients with severe COPD compared to controls (De Troyer et
al., 1997; Mantilla and Sieck, 2013). Finally, cross-bridge cycling rate was slower in all
DIAm fibers in COPD patients (Ottenheijm et al., 2005).

4.2. Chronic Corticosteroid Treatment

A number of animal studies report that chronic treatment with systemic corticosteroids
induces selective atrophy of type lIx and 1lb DIAm fibers (Dekhuijzen et al., 1993; Fournier
et al., 2003; Koerts-de Lang et al., 2000; Koerts-De Lang et al., 1998; Pellegrino et al.,
2004; Sieck et al., 1999; Verheul et al., 2004). Systemic corticosteroid treatment may also
result in weight loss and thus studies commonly compare corticosteroid effects with those
induced by undernutrition (Dekhuijzen, 1995; Fournier et al., 2003; Koerts-de Lang et al.,
2000; Koerts-De Lang et al., 1998; Lewis et al., 1986; Sieck et al., 1989b). Regardless of
whether corticosteroid effects are compared to weight-matched animals as a result of pair-
feeding (undernutrition) or younger age (van Balkom et al., 1997; Verheul et al., 2004),
corticosteroid treatment substantially reduces DIAm fiber cross-sectional area in a fiber type
selective manner — type lIx and/or I1lb DIAm fibers are disproportionately affected. These
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morphological changes are also associated with mechanical alterations in DIAm fibers
including a reduction of specific force and a slowing of cross-bridge cycling kinetics evident
by a marked slowing of maximum shortening velocity and power output (van Balkom et al.,
1997). Generally, type | and lla DIAm fibers have slower maximum shortening velocities
compared to type lIx and/or 11b fibers, consistent with their slower cross-bridge cycling
kinetics and lower ATP hydrolysis rates (actomyosin ATPase activity) (Han et al., 2003,;
Sieck and Prakash, 1997; Sieck et al., 2003; Sieck et al., 1995). In agreement with a reduced
contribution of more fatigable type I1x and IIb fibers to total DIAm fiber cross-sectional
area, fatigue resistance generally increases after chronic corticosteroid treatment (Moore et
al., 1989; van Balkom et al., 1997; Wilcox et al., 1989). Specific force either is unchanged
(Dekhuijzen, 1995; Dekhuijzen et al., 1993; Lewis et al., 1992a) or reduced (van Balkom et
al., 1997) after chronic corticosteroid treatment, possibly reflecting differences in the type,
dose and duration of corticosteroid administration (Dekhuijzen et al., 1993; van Balkom et
al., 1997).

4.3. Inactivity Induced by Cervical Spinal Cord Injury

Following a unilateral C, spinal cord hemisection, descending excitatory premotor input to
phrenic motoneurons is interrupted and DIAm motor units are inactivated (Goshgarian,
2003; Mantilla and Sieck, 2009). Unlike other models of DIAm paralysis (e.g., unilateral
phrenicotomy), inactivity of DIAm motor units does not result in overt DIAm fiber atrophy
following 2 weeks in rats (Miyata et al., 1995; Prakash et al., 1999; Prakash et al., 1995;
Zhan et al., 1997). Furthermore, specific force is maintained for up to 2 weeks after C,
hemisection (Miyata et al., 1995). However, longer-term inactivity of DIAm motor units
imposed by 6 weeks of C, hemisection results in only modest atrophy ( 20%) of type I1x
and/or I1b fibers (Mantilla et al., 2013). In addition, by 6 weeks after C, hemisection,
specific force is reduced to a greater extent ( 40% compared to uninjured control animals).
Based on studies using single, type-identified rat DIAm fibers, which demonstrate fiber
type-dependent differences in specific force with type | and Ila fibers exerting 50% of the
force that type Ilx and Ilb fibers exert (Geiger et al., 2000), the anticipated reduction in total
DIAm force would only be  14% of control after 6 weeks of C, hemisection, with minimal
(' 3%) changes in specific force. Clearly, when phrenic motoneurons are injured and lost
(e.g., by contusion at the midcervical level), DIAm atrophy is evident (Nicaise et al., 20123;
Nicaise et al., 2012b). However, whether this atrophy is fiber type selective was not
explored.

4.4. Mechanical Ventilation

In several studies involving rodents, controlled mechanical ventilation results in both rapid
and dramatic reductions in DIAm specific force and fiber atrophy across all fiber types
(Hudson et al., 2012; Levine et al., 2008; Mrozek et al., 2012; Powers et al., 2009; Powers et
al., 2002; Sassoon et al., 2002; Whidden et al., 2010). Generalized DIAm fiber atrophy was
reported following 12-18 hours of controlled mechanical ventilation, with reductions in
DIAm fiber CSA of 15-45% in type | and lla fibers and 20-30% in type IIx and/or I1b fibers
(Hudson et al., 2012; McClung et al., 2007; Powers et al., 2002; Shanely et al., 2002;
Whidden et al., 2010). In agreement, brain dead patients subjected to mechanical ventilation
for periods between 18-69 hours also exhibited greater than 50% atrophy across all types of
DIAm fibers, when compared to patients who were mechanically ventilated for 2-3 hours
while undergoing lung surgery (Levine et al., 2008). Interestingly, DIAm specific force was
reduced to a similar extent (  20%) despite substantial differences in fiber atrophy following
12 vs. 18 hours of controlled mechanical ventilation (Hudson et al., 2012; McClung et al.,
2007; Powers et al., 2002; Shanely et al., 2002; Whidden et al., 2010). Longer periods of
controlled mechanical ventilation (24 to 72 hours) result in further reductions in DIAm force
in both rats and rabbits ( 50%) (Le Bourdelles et al., 1994; Powers et al., 2002; Sassoon et
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al., 2002). Clearly, loss of DIAm force and fiber atrophy do not display a straightforward
relationship (Sieck and Mantilla, 2008), and taken together, the results of these studies
indicate that force loss following controlled mechanical ventilation may reflect different
underlying mechanisms, distinct from those dependent exclusively on muscle inactivity. For
example, it is difficult to attribute the effects of controlled mechanical ventilation to
inactivity per se, since complete removal of activity and the influence of innervation (by
phrenicotomy) results in DIAm fiber atrophy only after 7 days and even then only type 11x
and/or I1b fibers are affected (Aravamudan et al., 2006; Lewis et al., 1996; Zhan et al.,
1995). Moreover, with assist-mode ventilation where a small degree of neural activation
triggers the mechanical ventilator, DIAm fiber atrophy is largely mitigated (Sassoon et al.,
2002; Sassoon et al., 2004). Although studies examining the effects of controlled mechanical
ventilation on DIAm structure and function have attempted to exclude the potential
confounding influence of inflammation and sepsis, it is during such conditions that such
rapid catabolic effects are observed (Ermilov et al., 2010; Supinski et al., 1999; Supinski and
Callahan, 2006).

It is worth noting that recent studies suggest that corticosteroid treatment (usually high-dose,
short duration) may mitigate the deleterious effects of controlled mechanical ventilation on
DIAm structural and functional properties (Maes et al., 2010; Maes et al., 2008; Sassoon et
al., 2011). The mechanisms underlying such an effect remain unclear but may include
effects on lung injury (and the resultant systemic inflammatory response) or nutritional
status in addition to direct effects on the DIAmM.

5. Changing Motor Unit Contributions: Impact on Ventilatory and Non-
Ventilatory Behaviors

Many diseases are associated with a selective atrophy of type 11x and/or 1Ib fibers. During
ventilatory behaviors of the DIAm, only type S and FR motor units are recruited, consistent
with the sustained nature of these motor tasks (e.g., a duty cycle of 30-40%) (Mantilla et al.,
2010; Sieck, 1991; Sieck, 1994; Sieck and Fournier, 1989). However, a significant portion
of the maximum force generating capacity of the DIAm is not necessary for ventilatory
behaviors but is required to accomplish expulsive airway clearance behaviors. Thus, in
diseases that selectively atrophy type lIx and/or llb fibers and thereby impact the relative
contribution of more fatigable fast-twitch motor units, the ability to perform these non-
ventilatory behaviors may become impaired. This may account for the higher incidence of
airway tract infections and pneumonias associated with diseases such as COPD or
conditions such as spinal cord injury or even old age. As diseases progress and muscle fibers
comprising more fatigue-resistant motor units display atrophy, the ability of the DIAm to
generate forces required for normal ventilation may become impaired thereby affecting the
ability of these patients to sustain ventilation during exercise and other activities requiring
elevated efforts. Thus, there is a normal progression of the severity of these diseases with
mortality being related to the inability to sustain ventilation during basal conditions.

5.1 Emphasis on DIAm Fatigue and Endurance is Misplaced

Many studies have emphasized the importance of DIAm fatigue and/or endurance of
respiratory muscles in various diseases and have suggested therapeutic approaches to train
the DIAm to ameliorate the ventilatory impairments associated with severe disease (e.g.,
respiratory training in COPD). First of all, it is important to distinguish between muscle
fatigue and endurance. They are not the same but reflect different underlying mechanisms
that affect motor performance. Fatigue is an intrinsic property of muscle fibers that relates to
inability to sustain maximum force. At submaximal activation, muscle fibers may become
less sensitive to Ca2* activation; however, to be unambiguous this is referred to as a
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reduction in Ca2* sensitivity of force generation and may not reflect any change in
fatigability. With both fatigue and Ca?* sensitivity there is a fiber type dependence. For
example, in the DIAm type | and Ila fibers are fatigue-resistant (Enad et al., 1989; Fournier
and Sieck, 1988; Sieck, 1988a; Sieck et al., 1989a; Sieck et al., 1996); i.e., display minimal
decrements in maximum force with repetitive stimulation. Type | fibers display greater Ca*
sensitivity compared to all type 11 fibers, which appear to have similar Ca2* sensitivities
(Geiger et al., 1999). The underlying mechanism may relate to phosphorylation of regulatory
proteins such as troponin | or troponin T on the thin filament. In contrast, endurance relates
to the time during which a certain level of force can be sustained. Determination of
endurance does not typically require maximum force generation by a muscle, and thus the
level of motor unit activation and the relative contributions of motor unit types are poorly
controlled. As such, endurance is largely a descriptive measure of the ability of a muscle to
sustain a motor task and it is difficult to ascribe unique underlying physiological
mechanisms to endurance. Endurance may reflect varying neural and muscle mechanisms.
Muscle fiber fatigue may contribute (peripheral fatigue), but impaired neural activation of
muscle fibers (central or peripheral fatigue) may also contribute; thus, interpretation of
changes in endurance is ambiguous and often complicated.

5.2. Therapeutic Implications

Many therapeutic interventions are targeted towards improving respiratory muscle fatigue
resistance and endurance; e.g., respiratory muscle training. Unfortunately, the literature does
not consistently address and recognize the important distinctions between muscle fatigue
and endurance, as these measures are often confused. For example, with type lIx and I1b
fiber atrophy, the relative contribution of these more fatigable muscle fibers is reduced with
an apparent improvement in overall muscle fatigue resistance, yet the ability of the DIAm to
perform essential non-ventilatory motor tasks is greatly impaired. Paradoxically, the ability
of the DIAm to sustain ventilatory tasks (i.e., motor tasks) may be unaffected or impaired.
Thus, therapies targeted at improving fatigue resistance (e.g., respiratory muscle training)
may be off mark as diseases progress and may actually be counterproductive.

6. Concluding Remarks and Recommendations

It is obvious that in studying changes in DIAm structure and function under various disease
and clinical conditions it is important to distinguish impact on different muscle fiber and
motor unit types and how their relative contribution to force generation might be affected.
Impact of disease progression on the DIAm appears to follow a selective impairment of
more fatigable but less frequently activated motor units that are not required for sustained
ventilatory behaviors and may thus be more expendable with respect to vital functions.
However, these selective effects come at a cost, because of the resulting inability to generate
the higher DIAm forces that are required for expulsive airway clearance behaviors, which
likely results in an increased risk for airway infections. The emphasis on improving
respiratory muscle fatigue resistance and endurance is misplaced since respiratory muscle
weakness may be the culprit in the progression of disease. Improving muscle strength may
have far greater beneficial effects. Future studies should directly address how atrophy and
reduced specific forces of more fatigable, fast-twitch motor units (comprising type 11x and/
or I1b fibers) can be ameliorated and/or reversed. Importantly, potential beneficial effects of
any therapy may only be evident if a range of ventilatory and non-ventilatory behaviors is
assessed. Forces generated during coughing, sneezing or even deep sighs will likely provide
necessary insight into the therapeutic benefit of rehabilitative interventions.
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Figure 1.

Motor units display differences in their contractile and fatigue properties that underlie the
most common classification scheme: type S, FR, FInt and FF. Importantly, muscle fibers in
a motor unit share a homogeneous fiber type composition as determined by myosin heavy
chain (MyHC) isoform expression (MyHCgjow, MyHC2a, MyHCox and/or MyHC,g for
type S, FR, FInt and FF units, respectively). Reprinted with permission from Mantilla and
Sieck (2013).
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Figure2.

Motor unit recruitment order across a range of ventilatory and non-ventilatory behaviors. In
this model, recruitment of type S motor units is followed by fast-twitch units according to
fatigue resistance (type FR before FInt and FF units). Transdiaphragmatic pressures (Pdi)
generated during eupnea, hypoxia—hypercapnia, airway occlusion and sneezing (shown in
shades of blue with the shaded area representing mean + SE) were used as a surrogate of
diaphragm muscle (DIAm) force and are expressed as percent of maximum Pdi obtained by
bilateral phrenic nerve stimulation. For the diaphragm muscle (DIAm), most ventilatory
behaviors (eupnea and hypoxia-hypercapnia) can be accomplished by recruitment of only
fatigue-resistant type S and FR motor units, when motor units are maximally activated (solid
line) and when activated submaximally (at 50% of maximal motor unit force; dashed line).
Reprinted with permission from Mantilla and Sieck (2011).
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Figure 3.

A. Maximum specific force (force normalized per cross-sectional area) in single type-
identified DIAm fibers expressing MyHC isoforms slow and 2A from patients with (black
bars) and without (white bars) chronic obstructive pulmonary disease (COPD). Specific
force is reduced across DIAm fiber types in COPD patients. B. In single DIAm fibers,
MyHC content per half-sarcomere was determined from the volume of a half-sarcomere and
electrophoretically-determined MyHC concentration. MyHC content per half-sarcomere is
reduced across DIAm fiber types in COPD patients. C. Maximum specific force normalized
by the MyHC content per half-sarcomere no longer differs across fiber types in the DIAm of
patients with and without COPD. Data are mean + SE; *p < 0.05, different from non-COPD
group. Data from Ottenheijm et al. (2005).
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