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Abstract

Mantilla CB, Sieck GC. Key aspects of phrenic motoneuron and diaphragm muscle development
during the perinatal period. J Appl Physiol 104: 1818-1827, 2008. First published April 10, 2008;
doi:10.1152/japplphysiol.01192.2007.—At the time of birth, respiratory muscles must be activated
to sustain ventilation. The perinatal development of respiratory motor units (comprising an
individual motoneuron and the muscle fibers it innervates) shows remarkable features that enable
mammals to transition from in utero conditions to the air environment in which the remainder of
their life will occur. In addition, significant postnatal maturation is necessary to provide for the
range of motor behaviors necessary during breathing, swallowing, and speech. As the main
inspiratory muscle, the diaphragm muscle (and the phrenic motoneurons that innervate it) plays a
key role in accomplishing these behaviors. Considerable diversity exists across diaphragm motor
units, but the determinant factors for this diversity are unknown. In recent years, the mechanisms
underlying the development of respiratory motor units have received great attention, and this
knowledge may provide the opportunity to design appropriate interventions for the treatment of
respiratory disease not only in the perinatal period but likely also in the adult.
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neuraL controL OF respiratory muscles develops perinatally to allow for breathing from the
moment of birth onward. The neuronal networks necessary for generation of respiratory
rhythm must become sufficiently mature to control gas exchange and maintain acid-base
status in the whole body. Motor units comprise a motoneuron and the muscle fibers it
innervates. Activation of respiratory motor units must overcome the mechanical limitations
imposed by the highly compliant chest wall and high-resistance airways during the postnatal
period. Subsequent maturation of motor units increases the range of motor behaviors that
can be accomplished by respiratory muscles. For instance, although its major function is in
inspiration, the diaphragm muscle (DIAm) participates in coughing, defecation, emesis,
micturition, parturition, sneezing, vocalization, and weight lifting. Indeed, resting breathing
no longer requires the recruitment of most diaphragm motor units in adult mammals. In this
review we will examine the development of respiratory motor units with an emphasis on the
development of motor unit diversity.
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The DIAm is the major inspiratory muscle in mammals, and its activation is of considerable
importance in the postnatal development of ventilatory competence. The DIAm is located
between the thoracic and abdominal cavities and is innervated by phrenic motoneurons
located in the midcervical spinal cord between C3 and Cg. Premotor neurons providing
rhythmic excitatory drive to the phrenic motoneuron pool are remotely located in the
medulla. DIAm motor units display considerable diversity across motor unit types, yet the
properties of muscle fibers and motoneurons within a motor unit are matched. The
mechanisms underlying the origin and diversity of motor unit types are the subject of intense
investigation. The perinatal development of DIAm motor units will be the focus of this
review. Unless otherwise specified the timeline of embryologic events will be based on
perinatal development in the rat (Figs. 1 and 2). In most cases, developmental events in the
mouse will take place ~2 days before they do in rat and follow a similar transition. The
timeline for these developmental benchmarks is more protracted in humans, but
convergence of neural and myogenic events also occurs. Therefore, studying the integrated
aspects of neural and myogenic development of the DIAm in rodent models is important.

EMBRYOLOGICAL DEVELOPMENT OF DIAPHRAGM MUSCLE MOTOR

UNITS

Phrenic motoneurons

Phrenic motoneurons proliferate in the ventricular zone of the neural tube between
embryological day 11 (E11) and E12 (38). They are found in clusters and connected by gap
junctions at this stage. Subsequently, motoneurons differentiate into limb and axial
motoneurons and assume their topographic organization in distinct columns, based on the
interplay between homeodomain (e.g., HB9 and Lhx3) and basic helix-loop-helix (bHLH)
transcription factors (83, 95). By E13, a distinct pool of phrenic motoneurons projects to the
DIAm primordium (Fig. 1): the pleuroperitoneal fold (1, 2). All regions of the DIAm are
innervated by cervical spinal cord segments in a somatotopic pattern (37, 41). The sternal
and more ventral aspects of both costal and crural regions of the DIAm are innervated by
phrenic motoneurons located in more rostral segments of the cervical spinal cord. At
present, it remains unclear whether this somatotopic pattern of DIAm innervation develops
before or after initial synapse formation as it could reflect specific neurogenic effects on
myoblast migration and/or myogenic influences on motoneuron survival, for instance.

Phrenic motor axons make contact with and start branching within the pleuroperitoneal fold
as myoblasts radiate into the dorsocostal, sternocostal, and crural regions of the DIAm (5),
although the mechanisms underlying axon targeting and guidance remain unknown. The site
of phrenic nerve contact seems to be consistent (medially within the pleuroperitoneal fold)
with nerve axons being surrounded by migrating myoblasts. Receptor protein tyrosine
phosphatases sigma and delta are complementary in axon targeting to the DIAm. Double
mutants, but not single-mutant embryos, display normal cervical spinal cord projections, but
the phrenic nerves fail to reach the primordial DIAm, leading to severe muscle abnormalities
and motoneuron loss (99). Recent studies suggest a complex interplay between projecting
perineurial glia and Schwann cells in axon guidance. Perineurial sheaths may serve as a
scaffold for Schwann cell growth and alignment, targeting motor axons toward muscle fibers
(58, 96). As phrenic motoneurons make contact with muscle fibers, the number of
motoneurons is greatly reduced (Fig. 2). This process of motoneuron elimination takes place
between E14 and E16 in rats, and up to 50% of motoneurons are lost by apoptosis at this
time (2). It is not clear, however, whether this process depends on the establishment of
functional connections between motoneurons and muscle fibers as muscle paralysis induced
by curare will rescue motoneurons from programmed death (42).

J Appl Physiol (1985). Author manuscript; available in PMC 2014 January 23.
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Early in rat development, phrenic motoneurons are recruited by rhythmic motor patterns
generated in the spinal cord at ~E13 (40, 77). Embryological maturation of motoneuron
pools may depend on these rhythmic motor patterns either directly (via activity-dependent
effects) or indirectly (via neurotransmitter-mediated trophic effects). Excitatory
neurotransmitter systems change from being predominantly cholinergic to glutamatergic
(65, 77). Inhibitory neurotransmitter systems [dependent on glycine and y-amino-butyric
acid (GABA) transmission] also contribute to the global spinal cord patterns of motoneuron
activation at ~E16-E17 (77). By E17 in rats, rhythmic fetal respiratory movements are
present, driven by medullary premotor drive (40). These fetal respiratory movements
increase in frequency and regularity with embryological age, such that the number of
rhythmic movements increases 5- to 10-fold by E20 (21, 40, 55). As shown by the use of
isolated spinal cord-brain stem preparations in rats, the essential circuitry for the generation
and transmission of rhythmic respiratory drive to phrenic motoneurons is present very early
in development (28, 65). It is unclear whether synaptic inputs to phrenic motoneurons exert
a growth-promoting, trophic influence on phrenic motoneuron growth or dendritic
arborization during embryonic development. However, it is important to note that both
activity (45, 52) as well as glutamatergic innervation exert important trophic effects on the
growth of hindlimb motoneurons and their dendritic arbor postnatally (51).

The dendritic trees of phrenic motoneurons change their predominant orientation within the
spinal cord. Initially, dendritic trees are primarily oriented following the migration columns
provided by the radial glia, and thus are predominantly ventromedial and dorsolateral (E15).
Some extend beyond the ipsilateral gray matter into white matter tracts (92). Following the
onset of fetal respiratory movements at ~E17, phrenic dendrites become progressively more
rostrocaudally oriented (1), a process that continues postnatally until the adult morphology is
obtained (31, 73). The frequency of dendrites projecting to the contralateral ventral horn

(64) is also further reduced postnatally, either as a result of dendritic retraction or
differential growth of motoneurons relative to the spinal cord. The orientation of dendritic
trees is thought to generally follow the predominant synaptic input to motoneurons (101). It
is not known whether the prenatal switch in cholinergic to glutamatergic input to phrenic
motoneurons or the increase in GABAergic input play a role in their dendritic
reorganization. Regardless, the shift in dendritic orientation is thought to 1) help coordinate
the activity of phrenic motoneurons, 2) better match the distribution of afferent descending
inputs to phrenic motoneurons, and 3) facilitate interactions between the phrenic nucleus and
other mator nuclei controlling accessory respiratory muscles (24, 31).

Motoneurons change their complement of ion channels and transporters during embryologic
development as their electrophysiological properties become more mature (39, 69). Between
E14 and E17, phrenic motoneurons are electrically excitable and can generate action
potentials (40). They exhibit depolarized resting membrane potentials and high input
impedance (70), which may facilitate activation by generalized rhythmic motor patterns in
the spinal cord and the weak inspiratory premotor drive at ~E17 (22). Subsequent increases
in Ca2*-activated K* conductances allow for greatly increased phrenic motoneuron firing
rates prenatally (70). Expression of the K*-CI~ cotransporter KCC2 also progressively
increases in motoneurons after E17, changing cellular CI~ gradients (93) and making GABA
currents hyperpolarizing rather than depolarizing (78). Taken together, these changes may
allow for inspiratory recruitment of DIAm motor units at birth and onward. The mechanisms
underlying changes in motoneuron electrophysiological properties and their relationship to
the concomitant changes in motoneuron morphology deserve further investigation.

J Appl Physiol (1985). Author manuscript; available in PMC 2014 January 23.
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Diaphragm muscle

In general terms, all skeletal muscle fibers, including those in the DIAm, undergo 1)
commitment when mesodermal progenitor cells transform into myoblasts, and 2) terminal
differentiation when myaoblasts fuse to form myotubes and myofibers. Whether myogenesis
follows an intrinsic genetic program or is subject to extrinsic regulation by positive signaling
cues and/or removal of inhibitory signals is controversial (3). However, there is increasing
evidence that myogenesis is induced by the expression of bHLH transcription factors known
collectively as muscle regulatory factors (MRFs), which include MyoD, myogenin, Myf-5,
and MRF4 (105). The MRFs function as molecular switches, initiating myogenesis through
binding to cis-acting DNA control elements known as E-boxes (71), which are present in the
promoter regions of many skeletal muscle-specific genes (13). DIAmM embryogenesis was
recently revisited by studies using molecular markers of muscle development (4, 5).

The traditional view of DIAm development called for a complex derivation of the DIAm
(106). However, Greer and colleagues (5) showed that the DIAm derives from the
pleuroperitoneal fold by examining MyoD and myogenin expression in the primordial
DIAm. They reported no evidence for muscle precursors migrating from the septum
transversum or esophageal mesenchyme. Accordingly, congenital defects in DIAmM
development likely arise from malformation of the pleuroperitoneal fold itself rather than
from incomplete fusion of DIAm sections. This view is further supported by the similar
pathology observed in human tissues and experimental models of congenital DIAm hernias
induced by teratogenic, dietary, or genetic manipulations (4, 20). Whether this novel view
will lead to much-needed advances in the treatment and prevention of congenital DIAmM
hernias has to be substantiated in future studies.

In the rat, myoblasts likely migrate from cervical somites (brachial plexus region) and reach
the pleuroperitoneal fold at ~E12. Myoblasts then radiate on a mesenchymal substrate into
all regions of the DIAm by E17, leaving a small tendinous portion between the costal and
crural regions as well as the central tendon amuscular. Myotube formation occurs after
myoblasts have migrated from the myotome to their final location in the thoracic or
abdominal walls, a process that is marked by expression of Myf-5 and c-met. In the
primordial DIAm, Myf-5 and c-met are expressed between E10 and E12. In the absence of
c-met (a tyrosine kinase receptor for hepatocyte growth factor/scatter factor), myoblasts fail
to migrate (9) and an amuscular diaphragm forms (5). Other factors, present in the
extracellular matrix (e.g., fibronectins and laminins), basal lamina (e.g., muscle and neural
cell adhesion molecules and M-cadherin), cell membrane (e.g., p1-integrin) and cytoskeleton
(e.g., actin and desmin), also modulate terminal differentiation (54). Both proliferation and
differentiation of myoblasts are affected by in vitro passive mechanical strain (100).
Undoubtedly, terminal differentiation and myotube/myofiber formation result from complex
interactions between the differentiating myoblasts and their environment, and much remains
to be elucidated.

Importantly, terminal differentiation occurs in concert with intramuscular branching of the
phrenic nerve (2), but the exact role of neural influence is not clear. Even though myotubes/
myofibers form in vitro in the absence of innervation, they do so at a much slower pace
compared with in vivo, indicating that neural influence may facilitate the normal process of
terminal differentiation and formation of myotubes/myofibers. This “facilitating” neural
influence needs to be explored further. Electrical activity can be elicited in phrenic
motoneurons and action potentials generated at the time of intramuscular branching (~E14),
raising the prospect of both electrical (activity) and trophic neural effects on muscle
development (40). The late embryonic maturation of phrenic motoneurons is accompanied
by increases in specific force and twitch contraction times in the DIAm (68). This concerted
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maturation of motor unit properties may thus permit chest excursion necessary for
respiration despite weak inspiratory drive to motoneurons at birth.

Neuromuscular junctions

Coincident with myoblast migration within the primordial DIAm, the phrenic nerves exit the
cervical spinal cord and follow migrating myoblasts within the pleuroperitoneal fold (Fig.
1). It is not clear whether the initial targets of phrenic nerve terminals are the
pleuroperitoneal membranes rather than myoblasts themselves (2, 38). Regardless, the
phrenic nerve radiates within the pleuropericardial folds to a medial location between the
pericardial and pleural cavities.

As phrenic nerve terminals grow into the primordial DIAm, there is also postsynaptic
specialization, with expression and aggregation of cholinergic receptors (Fig. 1). In the rat
DIAm, aggregation and clustering of cholinergic receptors is apparent at ~E13. The process
of aggregation of cholinergic receptors has received considerable attention, and it is thought
that this process involves agrin secretion by the nerve terminal, its incorporation into the
basal lamina, subsequent activation of MuSK receptors at the postsynaptic membrane, and
finally rapsyn-mediated cholinergic receptor clustering (60, 81). Cholinergic receptor
clustering can occur in the absence of neural influence, and presynaptic terminals seemingly
incorporate prepatterned cholinergic clusters into a forming neuromuscular junction. Early
cholinergic receptor clusters are likely stabilized through the complex interplay of activity
and neural-derived influences, e.g., agrin or neuregulin (46).

POSTNATAL DEVELOPMENT OF DIAPHRAGM MUSCLE MOTOR UNITS

Phrenic motoneurons

Phrenic motoneurons exhibit significant postnatal growth (16, 17). For example, rat phrenic
motoneurons increase in both soma and dendrite dimensions between postnatal day 21 (P21)
and adulthood (Fig. 3). Importantly, motoneuron soma volume and surface area increase
proportionately to the growth in DIAm fiber cross-sectional area (73), suggesting that even
during postnatal development, it is important to match motoneuron and muscle fiber
properties.

In the adult, a hallmark of motor control is the match between the phenotypic properties of a
motoneuron and the muscle fibers it innervates. The morphology of motoneurons within a
pool, including the phrenic pool, varies considerably (16, 17, 73). Differences in soma
morphology and dendritic arborization correspond to the diverse intrinsic
electrophysiological properties of motoneurons. For instance, motoneurons belonging to
slow-twitch (type S) motor units generally have the highest input resistance, lowest
rheobase, and slowest axonal conduction velocities among motoneurons. In contrast,
motoneurons belonging to fast-twitch fatigable (type FF) motor units are the largest (lowest
input resistance) and least excitable (highest rheobase), and display the fastest axonal
conduction velocities (15).

During postnatal development, there is significant growth of both motoneurons and muscle
fibers (72, 73). According to the “size principle” (44), smaller motoneurons innervating
smaller type | and/or Ila fibers comprise type S and fast-twitch fatigue resistant (type FR)
motor units that are recruited first during motor behaviors because of the intrinsic size-
related electrophysiological properties of the motoneurons. Larger motoneurons innervating
larger type I1x and/or I1b fibers comprise fast-twitch fatigue intermediate (type Fint) and
type FF motor units that are recruited only during more forceful motor behaviors. During
early postnatal development, the extent of DIAm motor unit activation changes to match
changing functional demands. For example, in neonates (PO-P7), reduced lung compliance
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and chest wall stiffness require increased transdiaphragmatic pressure to inflate the lungs,
and as a result, near complete activation of DIAm motor units is necessary just to sustain
resting ventilation. Later, as lung compliance and chest wall stiffness increase, the
transdiaphragmatic pressure needed to inflate the lungs decreases; thus resting ventilatory
demand for DIAm contraction decreases. Consequently, more selective activation of DIAm
motor units occurs. For example, in adult rat DIAm only ~25-30% of motor units are
activated to sustain breathing (84, 86, 88). However, recruitment of additional motor units is
required to generate more forceful ventilatory behaviors associated with increased
ventilatory demand (e.g., during jumping or running) and some nonventilatory behaviors
(e.g., coughing, sneezing).

The more homogeneous and smaller size of phrenic motoneurons during postnatal
development is consistent with increased excitability (44, 94) that would lead to more
complete and synchronous recruitment of DIAm motor units necessary to sustain resting
ventilation in the neonatal rat. The characteristic heterogeneity of motor unit phenotypes
present in the adult rat DIAm develops following weaning (~P21) when motor unit
innervation ratio (i.e., the number of muscle fibers innervated by a single motoneuron)
becomes fixed (Fig. 2). Before weaning, it is difficult to determine whether synapse
elimination and/or secondary myogenesis contribute to changes in motor unit size. Synapse
elimination may affect motoneuron size via an effect on innervation ratio. For instance, in
the adult mouse hindlimb, partial denervation that increases innervation ratio results in an
increased size of motoneuron somata (97). In the rat DIAm, synapse elimination continues
through P14; thus, if anything, innervation ratio is reduced during this postnatal period. This
decrease in innervation ratio would decrease the number of muscle fibers exerting a trophic
influence on each motoneuron. However, motoneurons exhibit remarkable growth during
this period (16, 17, 73), suggesting that a trophic influence related to innervation ratio is not
likely to underlie postnatal changes in phrenic motoneuron size.

Diaphragm muscle

During postnatal development, DIAm mass increases due to an increase in both fiber cross-
sectional area and fiber length (Fig. 4). As muscle fibers increase in cross-sectional area,
their content of contractile proteins also increases. In fact, specific force (force per cross-
sectional area) of DIAm fibers increases approximately twofold during postnatal
development (34, 50, 91, 107). Isometric twitch contraction time and half-relaxation time
decrease during postnatal development, whereas the force-frequency relationship changes
such that the relative tetanic force increases at higher stimulation frequencies (102).
Conversely, DIAm fatigability increases during postnatal development (104). Despite the
fundamental importance of developmental changes in contractile protein expression, there is
currently no information regarding the trophic regulation of contractile protein synthesis
and/or degradation during this period of rapid postnatal growth of DIAm fibers.

The diversity of muscle fiber types observed in the adult becomes established during
postnatal development of muscle fibers (Fig. 2). Adult skeletal muscle fibers are commonly
classified as type I, lla, and 11b based on the pH lability of myofibrillar ATPase staining
(12). This histochemical muscle fiber type classification generally corresponds with the
expression of different myosin heavy chain (MHC) isoforms; fibers classified as type |
express MHCgjqw, 11a fibers express MHC, 4, and 11b fibers express MHC,g and/or MHC,x
(30, 36). However, this classification of muscle fiber types is not possible during embryonic
and neonatal development. The remarkable developmental changes in MHC isoform
expression are associated with a high incidence of coexpression of MHC isoforms, which
preclude clear distinction of different muscle fiber types (61, 103). In rat, an embryonic
MHC isoform (MHCgpp) is predominantly expressed together with MHCgjo,, and MHCa
during prenatal DIAm development (Fig. 2). At or close to birth, the predominant isoform
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expression switches to a neonatal MHC isoform (MHCyeo), again together with MHCgoy
and MHC»a. Thereafter, MHC o expression gradually disappears, becoming undetectable
by P28. Expression of MHC,x and MHC,p isoforms emerges only after P14, and the
proportion of fibers expressing these isoforms increases until about P28, when the adult
pattern of MHC isoform expression is fully established (32, 50, 53, 103). Beyond P28, the
relative contribution of each MHC isoform changes due to the disproportionate growth of
DIAm fibers, with fibers expressing MHC,x or MHC,g displaying ~2- to 3-fold greater
growth than those expressing MHCg)q, 0f MHC, 4 isoforms (72).

During postnatal development, contractile properties in the rat DIAm correlate with the
expression of MHC isoforms. Maximum specific force and maximum unloaded shortening
velocity correlate inversely with the MHCe, isoform expression and positively with
MHC,x expression (50). Indeed, when normalized for MHC content per half-sarcomere,
fibers expressing MHCgq,, and coexpressing MHCyeq produce less force than fibers
expressing fast MHC isoforms (34, 90). Fatigue resistance also relates to the relative
expression of MHC isoforms. Fatigue resistance of the DIAm decreases with postnatal age
(104), as the relative expression of adult MHC isoforms (MHCgjgw, MHC,4, MHC5x, and
MHC,g) increases relative to developmental isoforms (MHCyeq Of MHCEgmp). Thus the
postnatal changes in MHC isoform expression are important determinants of the contractile
and fatigue properties of the DIAm and occur in concert with the establishment of motor
unit diversity.

Motor units are commonly categorized into different types based on the mechanical and
fatigue characteristics of their muscle fibers (15, 30, 87). Four types of motor units are thus
considered: 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).
This diversity is reflected in the structural and functional differences across muscle fiber
types (35, 36, 50, 88). Motor unit composition is critically important in determining overall
functional capacity of the DIAm in accomplishing different motor behaviors since the forces
generated by a muscle during any motor behavior result from an orderly recruitment of
motor units. Consistent with the “size principle,” motor units comprising smaller
motoneurons, smaller axons, and thus slower axonal conduction velocities are recruited
before units comprising larger motoneurons with faster axonal conduction velocities (23, 44,
48). Thus motor unit recruitment results in activation of muscle fibers in agreement with
their mechanical properties and fatigue resistance.

The ability to selectively recruit motor units across different motor behaviors of varying
demand develops postnatally. Whereas the neonatal lung is stiffer than in the adult due to
greater alveolar recoil partially offset by surfactant expression, the chest and abdominal
walls are more compliant. As a result, the DIAm must generate greater relative intrathoracic
pressures to produce a given level of inspiratory airflow and tidal volume. Yet, the neonatal
DIAm generates much lower maximum tetanic force and has a much slower maximum
unloaded shortening velocity compared with the adult (34, 50, 91, 107). Thus the functional
reserve capacity of the neonatal DIAm is greatly reduced, and a far greater fraction of
maximum power output must be recruited to accomplish ventilation. The more
homogeneous phrenic motoneuron and muscle fiber populations would also be consistent
with near complete recruitment of all motor units during spontaneous breathing. In addition,
polyneuronal innervation of DIAm fibers may be particularly important as a neural strategy
to accomplish greater fractional recruitment of DIAm motor units. As synapse elimination
proceeds, more selective recruitment of DIAm motor units becomes possible, coinciding
with the broader range of functions required of the DIAm (Fig. 2). The increased postnatal
expression of MHC,x and MHC,g isoforms in DIAm fibers increases overall functional
range, albeit at the expense of lower energy efficiency and greater susceptibility to fatigue
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(84). Motor units comprising DIAm fibers expressing MHC,x and MHC,g isoforms are
likely only recruited during motor behaviors that require high force output and are of short
duration, e.g., expulsive behaviors. These DIAm behaviors may be less necessary in the
neonate.

Neuromuscular junctions

In the adult rat DIAm, neuromuscular junctions display considerable morphological
differences across fiber types. Fiber type differences are evident in the size and complexity
(e.g., branching and folding) of both axon terminals and motor endplates of DIAmM
neuromuscular junctions. Neuromuscular junctions at fibers expressing MHC,x and/or
MHC,g are larger and more complex than those at fibers expressing MHCgjqy, 0r MHCop
isoforms (74). Synaptic vesicle density at active zones is lower in axon terminals at fibers
expressing MHC,yx and/or MHX,g isoforms than at those expressing MHCgjqy 0Or MHCoa
isoforms (66, 79). In addition, mitochondria, rough endoplasmic reticulum, free polysomes,
and nuclei are frequently interposed between postsynaptic specializations and myofibrils at
fibers expressing MHC,y and/or MHX,g isoforms, not at fibers expressing MHCgjq OF
MHC, 4 isoforms. These fiber type differences in neuromuscular junction morphology
develop postnatally, with neuromuscular junctions in the neonatal DIAm being smaller and
less complex than in the adult. Although much attention has been paid to synapse formation
and elimination, the mechanisms underlying neuromuscular junction diversity are poorly
understood. It is possible that maturation of all motor unit components results from the
matching of muscle fiber and motoneuron properties within a motor unit, either as a result of
genetically determined programs or interplay between activity patterns and both myogenic
and neurogenic trophic effects. Further studies are needed to address these important
questions.

Consistent with the motor unit type-dependent differences in neuromuscular junction
morphology, electrophysiological properties of neuromuscular transmission also exhibit
considerable diversity across motor units. For instance, the amplitude of excitatory
postsynaptic potentials correlates with the input resistance of the motoneuron (15). The
safety factor for neuromuscular transmission (defined as the ratio of the excitatory
postsynaptic potential amplitude to activation threshold of a muscle fiber) varies across fiber
types, being larger for type I1b DIAm fibers than for type | or lla fibers (25). With repeated
activation, the amplitude of excitatory postsynaptic potentials declines to a greater extent at
terminals of type | or lla fibers than at type Ilb fibers (79). Taken together, these findings
suggest that the probability of synaptic vesicle release is reduced at type | or Ila fibers,
which may serve to limit the depletion of synaptic vesicles from these terminals during
repeated activation. Importantly, neuromuscular transmission failure in the DIAm depends
on the rate of motor axon stimulation (29, 59), with increased failure of action potential
propagation and neuromuscular transmission failure with increasing stimulus frequency (29,
49). Accordingly, type FF motor units are more susceptible to neuromuscular transmission
failure during repetitive activation than type S or FR motor units in the cat (85).

The neonatal rat DIAmM is more susceptible to neuromuscular transmission failure than the
adult (7, 27, 29, 89), which may relate to the more extensive branching of phrenic axons
(due to polyneuronal innervation) with an associated greater likelihood of failure of action
potential propagation at axonal branch points (29, 56, 57, 89). Spontaneous miniature
endplate potential frequency and amplitude and evoked endplate potential amplitude are
reduced in the neonatal DIAm compared with the adult, suggesting that either reduced
neurotransmitter release and/or disproportionately smaller endplate regions (with
correspondingly fewer cholinergic receptors) may be present (7, 27, 29). Detailed,
quantitative studies at the neuromuscular junction are needed to illuminate this issue.
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MECHANISMS REGULATING POSTNATAL MOTOR UNIT DEVELOPMENT

Although diversity in motor unit phenotype could be determined genetically and established
early during embryonic development, based on the temporal associations between
innervation and the major developmental events in muscle specialization (Figs. 1 and 2), it
seems reasonable that the nervous system can either directly (e.g., activity, nerve traffic) or
indirectly (e.g., via secretion of trophic factors) influence DIAm development. However, the
precise mechanisms by which innervation, activity, and/or trophic influences regulate DIAm
development remain largely unknown.

Role of innervation

The consistent matching of motoneuron and muscle fiber properties within motor units
suggests an important influence of motoneurons on muscle fibers. During DIAm
development, single myofibers are contacted by multiple motoneurons (i.e., polyneuronal
innervation) until ~P14 (8). Synapse elimination occurs through competition among motor
axons for target cell innervation, depending on the relative activity of the competing
terminals (14, 81). Accordingly, axon terminals of more active motoneurons will prevail
over those of less active motoneurons. However, motor units with the largest innervation
ratio (i.e., number of muscle fibers innervated by a single motoneuron) are those that are
least active in the adult; i.e., motoneurons belonging to type FInt and type FF motor units
(10, 30). Thus either the activity levels of these motoneurons change dramatically during
development (changing from most to least active) or the number of muscle fibers innervated
by these motoneurons must be greater initially (accommodating the subsequent greater loss
of synaptic contacts). It is also possible that the pattern of activity may be more important
than the total level of activity in defining synapse elimination (6). In addition, differences in
muscle fiber lineage and/or MHC isoform expression may contribute to synapse elimination
as motor unit innervation becomes established.

Unilateral denervation of the rat DIAm alters normal transitions of MHC isoform expression
and affects postnatal changes in maximum specific force and maximum unloaded shortening
velocity (91). With phrenic denervation at P7, the postnatal growth of DIAm fibers is
blunted (Fig. 4). Expression of MHCyo persists, and emergence of MHC,x and MHCp is
delayed (32, 33). At both P21 and P28, maximum specific force is reduced and maximum
unloaded shortening velocity is slowed compared with control DIAm (91). Clearly, the
communication between motoneuron and muscle fibers can take the form of neural electrical
activity (i.e., propagated action potentials) and/or a neurogenic trophic influence. However,
a variety of environmental factors may also be altered by denervation including external
load, muscle blood flow, local oxygen tension, and accumulation of metabolites. Any or all
of these factors may influence the properties of motor units. Studies in which the emergence
of specific neural properties is disrupted (e.g., by preventing expression of CaZ*-activated
K*conductances necessary for increased firing rates perinatally) are needed to refine our
understanding of motoneuron effects on the development of motor unit types.

Role of activity

At the present time, any activity-dependent effects on motoneuron growth or remodeling are
incompletely understood. A multiplicity of factors likely determine the size of dendritic
arbors in motoneurons (52). However, it is worth noting that those motoneurons belonging
to the least active motor units (type FInt and FF motor units) are much larger than
motoneurons belonging to type S and FR motor units. In addition, the determinants of
matching motoneuron and muscle fiber properties need further study. Whether activity
levels or specific patterns of activity determine the concerted growth of all components of
motor units (independent for instance of innervation ratio) is presently unknown.
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Activity-dependent adaptations of muscle fibers may be mediated by changes in myoplasmic
Ca%* homeostasis. For example, calcineurin is a Ca2* binding protein that dephosphorylates
cytosolic members of the NF-AT family (nuclear factors of activated T-cells) causing their
nuclear translocation. In the myonucleus, NF-ATs stimulate transcription of slow-fiber
genes by acting on their promoter/enhancer regions (18, 82). Another target of calcineurin
signaling is the peroxisomeproliferator receptor-y-coactivator 1 (PGC-1a), which acting in
concert with Mef2 stimulates transcriptional activation of slow fiber genes (63). It is
currently not known whether similar Ca2*-mediated effects of activity are at play in the
postnatal differentiation of muscle fibers.

In the adult rat, inactivity of the different components of the motor unit results in distinct
adaptations of DIAm neuromuscular junctions (67, 75, 76). Inactivity of both axon terminals
and muscle fibers (as a result of tetrodotoxin blockade of action potential propagation)
significantly alters neuromuscular junction morphology and reduces synaptic vesicle pool
size and neuromuscular transmission. In contrast, additional inactivation of the phrenic
motoneuron soma (as a result of unilateral spinal cord hemisection at C,) has minimal
impact on neuromuscular junction morphology or synaptic vesicle pool size and improves
neuromuscular transmission. The molecular mechanisms underlying the matching of motor
unit properties are not known, but the use of similar experimental models may offer insight
into the postnatal maturation of motor unit properties. It is possible that activity may play a
role in the postnatal differentiation of neuromuscular junctions and contribute to fiber type
differences in neuromuscular junction structure and function, but this has not been examined
to date.

Role of trophic factors

Trophic factors derived from motoneurons or muscle fibers may be important in determining
postnatal motor unit structure and function. Although a number of growth factors are known
to be involved in motoneuron survival and formation of the neuromuscular junction, far less
is known about the role of trophic factors in the growth of motoneurons or muscle fibers. In
addition, trophic factors may display differential developmental effects depending on motor
unit type, possibly as a result of selective expression of factors, their receptors, or individual
signaling pathway components. Several trophic factors are interesting candidate molecules
that may contribute to the concerted maturation and growth of all components of a motor
unit.

Neuregulin is a member of the larger epidermal growth factor family of trophic factors that
activate receptor tyrosine kinases of the ErbB family (26, 98, 108). Neuregulin is expressed
by motoneurons during embryonic and early postnatal development (80) and induces
acetylcholine receptor expression at embryonic and perhaps adult neuromuscular junctions
by its action on Schwann cells (47). Both ErbB2 and ErbB3 are expressed in mature skeletal
muscle (62), including rat DIAm (43). Neuregulin-induced phosphorylation of ErbB
receptors can lead to subsequent activation of the phosphoinositide-3-kinase (P13K)/Akt
intracellular pathway, which appears to be a critical regulator of muscle protein synthesis
and hypertrophy (11). All four members of the ErbB receptor family can recruit PI3K, and
ErbB2/ErbB3 heterodimer is a very strong activator of PI3K (19). Indeed, neuregulin is a
potent inducer of protein synthesis in the postnatal DIAm (43). Whether neuregulin
constitutes a nerve-derived trophic influence for muscle fiber growth during perinatal
development remains to be determined. Developmental and motor unit type differences in
neuregulin and ErbB receptor expression need to be explored.

Other trophic factors (e.g., insulin-like growth factor-1, IGF-1) also increase protein
synthesis and induce muscle hypertrophy. Indeed, IGF-1 and neuregulin share similar
intracellular signaling pathways, including PI3K/Akt activation, which result in increased
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protein synthesis and muscle growth. In this sense, it is interesting to speculate that postnatal
growth of DIAm fibers may be differentially regulated by neuregulin and IGF-1 such that
nerve-derived neuregulin may contribute to cross-sectional growth whereas IGF-1
contributes to the longitudinal growth (Fig. 4).

CONCLUSIONS AND FUTURE DIRECTIONS

Despite the vital importance of respiratory muscles, previous studies have provided mostly
descriptive information about its development and growth. Accumulating information
regarding neural and muscle development derived from in vitro model systems may prove
applicable to the mechanisms regulating motor unit development in vivo. Important
adaptations occur perinatally in all of the components of a motor unit: the motoneuron, the
neuromuscular junction and the target muscle fibers, allowing for an increased range of
possible ventilatory and nonventilatory behaviors. In this sense, an integrative approach to
the study of postnatal development of respiratory muscles, such as the DIAm, is direly
needed, one which would also take into account the maturation of other systems, e.g., the
central nervous system, the lung, and the thoracic and abdominal walls.
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Fig. 1.

Schematic showing the timeline for major events in the development of the rat diaphragm
muscle (DIAm). Similar key events occur in other mammals, including humans, during the
perinatal development of DIAm motor units. However, temporal characteristics and
interrelationships may vary. E and P refer to embryological and postnatal days, respectively.
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Fig. 2.

Schematic showing the timeline for major events in the development of rat DIAm motor
units. MHC, myosin heavy chain.
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Fig. 3.

Confocal photomicrographs displaying phrenic motoneurons that were retrogradely labeled
by DIAm injection of cholera toxin B-fragment. Motoneurons are shown at postnatal day 10
(P10, Aand B) and in the adult rat (C). Neurolucida camera tracings are shown in D and E
for P10 and adult motoneurons, respectively. Note differences in cell size (B and C) and
dendritic arborization (D and E). Bar indicates 200 pm (A) and 50 um (B and C).
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Timeline of changes in DIAmM mass (A), DIAm fiber cross-sectional area (B), and DIAmM
fiber length (C). Data are means + SE, summarized from published reports (32, 91, 107).
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