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Abstract

Neuromuscular compartments are subvolumes of muscle that have unique biomechanical actions
and can be activated singly or in groups to perform the necessary task. Beside unique
biomechanical actions, other evidence that supports the neuromuscular compartmentalization of
muscles includes segmental reflexes that preferentially excite motoneurons from the same
compartment, proportions of motor unit types that differ among compartments and a central
partitioning of motoneurons that innervate each compartment. The current knowledge regarding
neuromuscular compartments in representative muscles involved in locomotion, respiration and
mastication is presented to compare and contrast these different motor systems. Developmental
features of neuromuscular compartment formation in these three motor systems are reviewed to
identify when these compartments are formed, their innervation patterns and the process of
refinement to achieve the adult phenotype. Finally, the role of androgen modulation of
neuromuscular compartment maturation in representative muscles of these motor systems is
reviewed and the impact of testosterone on specific myosin heavy chain fiber types is discussed
based on recent data. In summary, neuromuscular compartments are pre-patterned output elements
in muscle that undergo refinement of compartment boundaries and muscle fiber phenotype during
maturation. Further studies are needed to understand how these output elements are selectively
controlled during locomotion, respiration and mastication.

English et al (1993) proposed the partitioning hypothesis to describe the relationship
between compartmentalization of muscles and the spatial organization of their motor nuclei.
This hypothesis was based on mounting evidence that many classically defined muscles
including: lateral gastrocnemius (English and Letbetter 1982); medial gastrocnemius
(Letbetter 1974); biceps femoris and semitendinosus (English and Weeks 1987); trapezius
(Keane and Richmond 1981); biventer cervicis (Armstrong et al. 1988); extensor digitorum
longus (Balice-Gordon and Thompson 1988); gluteus maximus (English 1990), biceps
brachii (Segal 1992); and masseter (Herring et al. 1979; Widmer et al. 1997), have a
complex anatomical organization composed of multiple, functionally distinct,
neuromuscular compartments. Thus these compartments represent output elements that may
be independently activated to generate unique biomechanical actions. It has also been shown
that neuromuscular compartments are differentially recruited in specific reflex pathways (la
afferents, flexion reflex), further supporting the idea that these compartments have
functionally distinct roles as unique output elements. Centrally, the motoneurons that
innervate these distinct muscle regions have been found to have a spatial organization within
the muscle motoneuron pool. Recently, to further characterize these compartments, we, as
well as others, have begun to investigate the factors responsible for the developmental

Corresponding Author: Charles G. Widmer, D.D.S., M.S. Dept. of Orthodontics Box 100444, JHMHSC 1600 SW Archer Rd. College
of Dentistry University of Florida Gainesville, Florida 32610-0444 widmer@dental.ufl.edu phone: 352-273-5696 fax: 352-846-0459.



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

1duasnuey Joyiny vd-HIN

Widmer and Morris-Wiman Page 2

patterning of compartments, the spatial organization of motoneuron subpopulations in the
motoneuron pool responsible for the innervation of specific neuromuscular compartments,
and hormonal influences that might affect both compartment motoneurons centrally and the
phenotype of compartment muscle fibers peripherally. Knowledge of the properties,
organization and activation of these output elements as they function as synergists or
antagonists in the context of motor control in locomotion, respiration and mastication is
required for refinement of models for these three motor systems. The focus of this paper is
to provide an overview of neuromuscular compartmentalization and to review
developmental aspects and hormonal influences that affect compartment formation and
functional characteristics in the lateral gastrocnemius, diaphragm and masseter muscles,
representing muscles of locomotion, respiration and mastication.

Neuromuscular Compartmentalization of Muscle

Neuromuscular compartments are discrete subvolumes of muscle that are innervated by a
unique collection of motoneurons (English and Letbetter 1982). The original work by
Letbetter (1974) on cat medial gastrocnemius laid the foundation for examination of other
limb, neck, respiratory and masticatory muscles that have been shown to be
compartmentalized into functional subvolumes. The number of neuromuscular
compartments that are contained within any specific muscle varies widely and may be
related to the complexity of the biomechanical actions that are performed by the muscle/
neuromuscular compartments. Different neuromuscular compartments may also contain
muscle fibers with different proportions of particular myosin heavy chain (MyHC) isoforms
and, thus, the speed of contraction and fatigue characteristics will vary between
neuromuscular compartments.

Lateral Gastrocnemius

The lateral gastrocnemius (LG) is composed of four neuromuscular compartments. Four
regions of the lateral gastrocnemius muscle in the cat and rat: LG1, LG2, LG3 and LGm
(English 1984; Donahue and English 1987) are innervated by four primary nerve branches
of the lateral gastrocnemius muscle nerve, each of which contain a unique collection of
motor axons. English and Letbetter (1982) used the method of glycogen depletion to
determine the innervation territories of the four primary nerve branches and found four
distinct and non-overlapping regions of muscle fibers. The compartmentalization of the
gastrocnemius, defined by the primary motor nerve branches, was further analyzed using
evoked electromyographic (EMG) mapping of stimulated isolated single motor axons
(English and Weeks 1989) in conjunction with glycogen depletion (English and Weeks
1984). It was found that the motor unit territories were confined to a single compartment.
Thus, individual compartments in the lateral gastrocnemius are independently innervated
and have the potential to be activated either singly or as groups of compartments to perform
specific tasks. For example, slow walking involves preferential activation of compartment
LG3 over compartments LG1 and LG2, with the LGm compartment remaining almost
totally inactive (English 1984).

Further evidence for the differential activation of lateral gastrocnemius neuromuscular
compartments has been provided through the study of reflex partitioning. Nichols et al
(1993) evaluated the activation of LG compartments by various reflexes (flexion-withdrawal
reflex, caudal cutaneous sural nerve reflex, crossed-extension reflex) in the cat. Statistically
significant differences in LG compartment recruitment were observed only during the
flexion-withdrawal reflex with the LGm compartment having a higher response than the
LG1, LG2 or LG3 compartments. This outcome is as one might predict given the dorsal
location of this compartment provides a mechanical advantage for LGm in this flexion-
withdrawal reflex (Vanden Noven et al. 1986). No differences in activation were found

Prog Brain Res. Author manuscript; available in PMC 2011 November 1.



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

1duasnuey Joyiny vd-HIN

Widmer and Morris-Wiman Page 3

Diaphragm

among compartments after the caudal cutaneous sural nerve or crossed-extension reflexes
were elicited. 1a afferent sensory partitioning has also been observed in lateral
gastrocnemius after electrical stimulation of LG primary nerve branches. Significantly
greater amplitude monosynaptic EPSPs were recorded from homonomous LG motoneurons
innervating the same compartment compared to EPSPs recorded from heteronomous
motoneurons innervating the three other compartments after normalization for different
motoneuron types in each compartment (Vanden Noven et al. 1986). In addition, statistically
greater amplitude heteronomous EPSPs were found in the LG2 branch after stimulation of
the soleus nerve compared to the other LG nerve branches. Similar compartment la afferent
partitioning has been reported for the medial gastrocnemius (Lucas and Binder 1984).
Detailed reviews of monosynaptic la EPSP afferent excitation of motoneurons of
neuromuscular compartments in various muscles has been published (Stuart et al. 1988;
Windhorst et al. 1989).

Further evidence for the autonomy of neuromuscular compartments is also provided by the
distinctly different biomechanical actions that are elicited from each compartment. Average
torque trajectories and magnitudes differ significantly among lateral gastrocnemius
neuromuscular compartments (Fig. 1a) (Carrasco et al. 1999). The LG1 compartment has a
statistically greater plantarflexion torque than the other compartments while LGm has the
smallest. Compartments located more laterally (LG1 and LG2) produce higher off-sagittal
torques (abduction-adduction, inversion-eversion) about the ankle than those located near
the mid-sagittal plane (LG3, LGm). These recordings were conducted with a fixed ankle
joint angle (100°) relative to the tibia and it is possible that further differences in torques
produced by the individual LG compartments may be observed as the foot is positioned in
functional 3D space.

The mammalian diaphragm is a major inspiratory muscle that is composed of at least two
architecturally distinct regions: the sternocostal region and the crus region surrounding the
esophagus (Pickering and Jones 2002). These two regions have functionally distinct actions.
During respiration, both the sternocostal region and the crus are activated. However, during
emesis, regurgitation, swallowing or eructation, there is activation of only the sternocostal
region with inhibition of the crus to allow the bolus to move in the lower esophagus
(Monges et al. 1978). The innervation of the sternocostal diaphragm and crus consists of
four branches of the phrenic nerve (SC1, SC2, SC3 and Cr) (Hammond et al. 1989) with
potentially additional innervation of costal regions of the sternocostal diaphragm by cervical
regions (C4, C5) and innervation of the crus by branches from the vagus nerve and cervical
regions (C5, C6) (Young et al. 2009). Unilateral electrical stimulation of the crural branch
has been shown to only activate the ipsilateral crus diaphragm while stimulation of the three
branches innervating the sternocostal diaphragm elicits responses in distinct but overlapping
regions (Duron et al. 1979b; Hammond et al. 1989). These findings were verified using
glycogen depletion studies that mapped the depleted muscle fiber territories. Differential
recruitment of the sternal but not the mid-costal regions during post-inspiratory activity has
been shown using electromyographic recordings in sleeping or anesthetized lambs and is
consistent with the observed innervation of these regions by different nerve branches
(Henderson-Smart et al. 1982). Thus some investigators describe the diaphragm as having
three distinct neuromuscular compartments: sternal, costal, and crus.

Mechanical actions of the sternocostal and crus regions of the diaphragm have also been
reported to be different, further establishing their differential roles. Activation of the
sternocostal diaphragm elicits an outward movement of the lower rib cage while activation
of the crus had no effect on the rib cage (De Troyer et al. 1982). There has as yet been no
reported assessment of the biomechanical actions of different regions of the sternocostal
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diaphragm during the stimulation of different nerve branches. Therefore, it is unclear
whether there are any mechanical advantages to compartmentalization of the sternocostal
portion of the diaphragm. Several studies have reported finding no differences in the
proportion of muscle fiber types comprising the different diaphragm compartments.
However, we have recently detected significant differences between the expression of type
I1b MyHC isoform within the sternocostal and crural diaphragm regions in the mouse (Fig.
2). Type lIb MyHC is not expressed in the lateral costal regions of the sternocostal
diaphragm but is readily detected in the sternal regions and in the crus. This differential
expression of MyHC mirrors the observed different mechanical actions of these diaphragm
regions and provides additional support for the uniqueness of these compartments.

The masseter muscle is one of four muscles of mastication and has the primary role of
closing the jaw in conjunction with two other jaw closing muscles, the temporalis and
medial pterygoid muscles. The fourth masticatory muscle, the lateral pterygoid, causes jaw
protrusion and jaw opening when activated. It has been known for many years that the
masseter is composed of superficial, intermediate and deep layers that have different
functions (Schumacher 1961; Hannam et al. 1977; Herring et al. 1979; Weijs and Dantuma
1981; Widmer et al. 1997). However, a more thorough evaluation of the rabbit masseter
muscle architecture revealed multiple anatomical partitions (Weijs and Dantuma 1981;
Widmer et al. 1997) that could be further subdivided into neuromuscular compartments
(English et al. 1999a; Widmer et al. 2003). Unlike the lateral gastrocnemius where each of
four neuromuscular compartments is innervated by a primary muscle nerve branch, the
rabbit masseter has been shown to be composed of least 23 separate compartments that are
innervated by unique motor unit axons detected in secondary and tertiary branches of the
masseteric motor nerve (Widmer et al. 2003). A similar complexity of the anatomical
organization and neural innervation has been reported in the human masseter (Widmer et al.
1996). The complexity of the organization of the masseter muscle output elements makes
this muscle an excellent model to investigate compartment characteristics and their
recruitment during complex movement patterns such as those associated with mastication.

Reflex partitioning to specific masseter compartment motoneurons has not yet been
examined. However, the biomechanical actions of the individual masseteric compartments
have been shown to produce unique torques about the temporomandibular joint (English et
al. 1999a) (Fig. 1b). The biomechanical actions involve large jaw closing torques as the
predominant action, but also produce significant off-sagittal torques to rotate the mandibular
condyle about a dorsal-ventral axis to promote medial-lateral movement of the mandible and
to rotate the condyle in the rostral-caudal axis to tip the teeth slightly during the power
stroke. Comparison of masseter and LG compartment torques reveals larger plantarflexion
(pitch) torques and off-sagittal (yaw) torques about the ankle than masseter compartment
jaw closing (pitch) torques and off-sagittal torques (yaw) (Fig. 1). However, these
differences are more than compensated by the larger number of compartments in the
masseter muscle that represent a greater diversity of potential torque production about the
temporomandibular joint.

Central Partitioning of Motoneurons Innervating Neuromuscular
Compartments

The central organization of motoneurons innervating neuromuscular compartments has been
examined for a number of compartmentalized muscles. Several studies suggest a distinct
somatotopy of compartment motoneurons in the motor nucleus while some studies of
diaphragm, neck, sartorius and medial gastrocnemius muscles have reported considerable
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overlap of compartment motoneurons. The differences reported in the observed organization
of compartmental motoneurons between different studies may be due in part to differences
in the methodology, i.e., labeling nerve branches or labeling discrete regions of the muscle
to determine the organization of subpopulations of motoneurons. The functional significance
of a somatotopic organization of the compartment motoneurons may be related to an
increased success of establishing appropriate synaptic contacts from segmental or
descending connections during development.

Lateral Gastrocnemius

Diaphragm

For each of the four neuromuscular compartments of the lateral gastrocnemius in the cat, a
spatially organized group of motoneurons, or compartment nuclei, have been identified
(Weeks and English 1985). A distinct topography of compartment nuclei was reported using
HRP labeling of primary nerve branches, with more proximal compartments (innervated by
LGm, LG2 nerve branches) generally located more rostrally in the lateral gastrocnemius
motoneuron pool and the more distal compartments (innervated by LG1, LG3 nerve
branches) located in the caudal region of the LG motor nucleus. Although an extensive
overlap was observed in the distribution of the various compartment nuclei, the central
tendencies of each compartment nucleus were significantly different (Weeks and English
1985). A motoneuron size difference was also identified with a higher proportion of large
cells located in the proximal compartment nuclei. This finding is consistent with the
prevalent muscle fiber phenotype found in these compartments. The proximal compartments
consist of predominantly faster contracting muscle fibers, fast-twitch glycolytic (type FG),
that are associated with larger fast-twitch fatigable (FF) motor units. The more distal
compartment nuclei have an approximately equal numbers of large and small motoneurons,
have a higher number of muscle spindles and a higher proportion of slow oxidative (SO)
fibers and slow-twitch (type S) motor units (Weeks and English 1985). The smaller sized
motoneurons (<800 um?2) in these compartments were assumed to be gamma motoneurons.

The spatial distribution of diaphragm compartment nuclei have been investigated using
different combinations of fluorescent tracers or HRP retrograde labeling of phrenic nerve
primary branches or the injection of tracers into different regions of the diaphragm (Duron et
al. 1979a; Rikard-Bell and Bystrzycka 1980; Tan and Miller 1986; Laskowski and Sanes
1987; Gordon and Richmond 1990). The results of these studies were generally similar, with
the sternal portion of the sternocostal diaphragm innervated by motoneurons located more
rostrally in the phrenic motor nucleus while motoneurons innervating the lateral costal
portion of the diaphragm were found more caudally. The crural motoneurons were found to
have a broad spatial distribution in the middle and caudal regions of the phrenic motoneuron
pool when muscle nerve branches were retrogradely labeled (Duron et al. 1979a; Rikard-
Bell and Bystrzycka 1980). However, when labeling was performed by HRP injections into
the diaphragm, crural motoneurons were observed to be more extensively distributed
throughout the whole phrenic motoneuron pool (Tan and Miller 1986). Differences in the
spatial distribution of motoneurons observed between studies using muscle injection and
muscle nerve labeling may be the result of diffusion of the tracer in the muscle (Gordon and
Richmond 1990). Another possible interpretation may be that primary nerve branches
innervating the diaphragm contain axons innervating multiple compartments and retrograde
labeling of any one primary nerve branch would label multiple compartment nuclei. Since
motor unit territories are estimated to be 10-15% the size of the whole diaphragm, it is
conceivable that each primary nerve branch could innervate multiple compartments. When
discrete regions (potentially single compartments) of the diaphragm were labeled using
Nuclear Yellow and Fast Blue, the motoneuron density for each fluorescent label was much
more clustered (Laskowski and Sanes 1987). However, overlap of each labeled set of
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motoneurons in the middle of the motor nucleus was still observed. Thus, the spatial
distribution of compartment nuclei of the diaphragm (determined by the primary nerve
branches of the phrenic nerve) has less distinct somatotopy compared to compartment nuclei
of the lateral gastrocnemius.

Retrograde labeling of pairs of primary branches innervating different (anterior/posterior)
regions of the masseter were investigated using fluorogold and fast blue tracers and no
simple spatial patterning of subpopulations of motoneurons could be detected in the rabbit
masseteric motoneuron pool (Saad et al. 1997). However, a study using HRP retrograde
labeling of motoneurons innervating defined regions of the rabbit masseter muscle found
statistically different distributions within the masseteric motor nucleus (Weijs 1996). The
superficial regions of the masseter muscle were innervated by neurons occupying the
dorsolateral aspect of the masseteric motoneuron pool while the deep regions were
innervated by motoneurons occupying the dorsomedial and central ventromedial aspects.
Extensive spatial overlap of motoneurons innervating all masseter regions was found in the
rostrocaudal dimension of the masseteric motor nucleus. However, this study was limited by
the spread of HRP resulting in the labeling of multiple compartments and the inability to
compare retrogradely labeled regions simultaneously using multiple tracers. We have
recently conducted retrograde labeling of two discrete regions (anterior and posterior regions
of the intermediate layer) of the mouse masseter muscle using injections of cholera toxin B
conjugated to two different Alexa fluorochromes. The intermediate layer of the mouse
masseter muscle has three distinct regions (at least three compartments) that are each
composed of muscle fibers with different proportions of MyHC fiber types (Fig. 3). The
anterior third has a high proportion of MyHC lla fibers; the middle third of the muscle has a
high proportion of fibers containing MyHC I1x; while the posterior third is almost
exclusively occupied by fibers containing MyHC llb. Retrograde labeling of the anterior and
posterior regions of the intermediate layer allowed the identification of compartment
motoneurons to assess their spatial organization within the masseteric motoneuron pool. A
discrete somatotopy was observed in the masseteric motor nucleus. The anterior region of
the masseter was innervated by motoneurons that occupied the dorsomedial aspect of the
masseteric motor nucleus while motoneurons innervating the posterior masseter were
observed in the ventrolateral masseteric motoneuron pool (Fig. 4a). The labeled
motoneurons representing each compartment were highly clustered and had no overlap (Fig.
4b). Thus, accurate assessment of the central partitioning of motoneurons innervating
compartments in complex muscles such as the masseter muscle appears to depend on the
ability to label motor units of individual compartments and these compartments may not be
represented by the first order branching of the muscle nerve.

Development of Neuromuscular Compartments

Recent evidence suggests that cues that may regulate muscle nerve innervation of
appropriate muscle targets involve the developmentally-regulated expression of
homeodomain transcription factors within motoneuron pools (Marco Garcia and Jessell
2008; Dalla Torre di Sanguinetto SA et al. 2008). It remains to be determined whether
transcription factors that regulate the central organization of motoneurons and the patterning
of innervation for whole muscles also regulate the patterning of innervation for
neuromuscular compartments. Most of the research examining developmental aspects of
neuromuscular compartmentalization has concentrated on the timing and role of nerve-
muscle interactions in specifying compartments and on factors involved in the refinement of
innervation.
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Two different mechanisms have been considered for the development of neuromuscular
compartments: (1) the muscle is innervated by arbitrary motoneurons in the muscle
motoneuron pool, with muscle fibers having polyneuronal innervation, and subsequent
refinement of connections are made after birth to form adult neuromuscular compartments
by synapse elimination; or (2) compartments are patterned prior to birth with their
appropriate motoneuron innervation and the small amount of cross-compartment innervation
is refined by selective synapse elimination. Examination of prenatal events in the
development of limb and masticatory muscle has provided evidence that nerve-muscle
interactions do not play a role in the initial partitioning of muscle groups (Condon et al.
1990; Morris-Wiman and Widmer 2001; Morris-Wiman and Widmer 2003). Additionally,
studies examining the neonatal development of lateral gastrocnemius (Donahue and English
1987; Donahue and English 1989), extensor digitorum longus (Balice-Gordon and
Thompson 1988), gluteus maximus (English 1990), tibialis anterior (Iliya and Dum 1984)
and diaphragm (Laskowski and High 1989) support the conclusion that partitioned
innervation to neuromuscular compartments is established at birth.

Lateral Gastrocnemius

Diaphragm

In studies using EMG recordings to assess responses to electrical stimulation of primary
nerve branches in neonatal rat pups, evoked responses were mapped from as many as 60
sites in the four LG neuromuscular compartments (Donahue and English 1987). Cross-
compartmental potentials were rarely observed indicating specificity of the axons in each
primary nerve branch. Axon specificity was further tested by electrically stimulating the
proximal stump of each severed primary nerve branch and broadly recording from the LG
muscle. No EMG potentials were detected after stimulation of each proximal end of the
severed primary branch indicating that motor axons did not split prior to the nerve branches
and that early postnatally each primary nerve branch contained unique motoneuron axons.
To determine if increased synapse elimination in cross-compartment innervation compared
to general synapse elimination played a role in the refinement of compartment innervation,
unilateral tenotomy of the tendocalcaneus was performed in a group of PO rat pups to delay
synapse elimination and the percentage of polyneuronal innervation in LG was compared on
the tenotomy and unoperated sides (Donahue and English 1989). Cross-compartmental
innervation was observed to be eliminated at an earlier time compared to polyneuronal
innervation of the compartment. Interestingly, cross-compartmental innervation to LGm was
found more frequently in the distal part of the compartment where no physical boundaries
are present to separate the compartments (Bennett and Ho 1988; Donahue and English
1989). No cross-compartmental innervation was found after postnatal day 8. These findings
support the prenatal patterning of compartments in the lateral gastrocnemius.

The existence in early postnatal rat pups (P0-P3) of a rostral-caudal organization (cervical
roots C3-C6) of the innervation of the rostral (sternal and upper costal region) and caudal
(mid and lower costal region) diaphragm was demonstrated by recording synaptic potentials
or muscle contraction in response to electrical stimulation of cervical ventral roots
(Laskowski and High 1989). Interestingly, the cervical root C3 was found to innervate
rostral regions of the diaphragm in the neonate but not in adults. Also, early postnatally,
65% of the diaphragm muscle fibers were innervated by at least two cervical roots and this
multi-root innervation was not observed in adults. This postnatal refinement of the C3-C6
rostral-caudal segmental innervation of diaphragm could involve two potential mechanisms
(Laskowski and High 1989): (1) synapse elimination which has been shown to continue
through postnatal day 14 (Redfern 1970); and (2) generation of new muscle fibers during
secondary myogenesis which has been observed to continue through postnatal day 21
(Prakash et al. 1993). Although these studies did not investigate the specificity of
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Hormonal

compartment innervation by primary nerve branches, nevertheless, the data support a
patterned segmental organization of the innervation of the diaphragm at birth that is
subsequently refined early postnatally.

The three layers of the mouse masseter muscle: superficial, intermediate and deep, form
prenatally from distinct muscle masses (Fig. 5). Each of these anatomical layers contains
multiple neuromuscular compartments in the adult mouse; however, no studies to date have
examined the boundaries of these compartments or their development. Our lab has
investigated the early postnatal development and the influence of the muscle nerve on the
patterning of the masseter layers and the phenotype of muscle fibers in the respective layers.
Early postnatally, a regionalization of fiber types based on MyHC phenotype can be
observed in the mouse that parallels what is observed in the adult masseter with MyHC type
Ila distributed in the rostral (anterior) region, type Ilb fibers distributed in the caudal
(posterior) region and presumed type I1x fibers located centrally (Widmer et al. 2002).
Unilateral injection of B-bungarotoxin into the amnionic sac on gestational day (gd) 12 to
eliminate sensory and motor innervation in mouse embryos did not affect the patterning of
the masseter layers (Morris-Wiman and Widmer 2001) and produced no change in the
distribution of muscle fiber MyHC content (Morris-Wiman and Widmer 2003). However,
secondary myogenesis appeared to be affected; the volumes of individual masticatory
muscle masses as well as the masseter muscle layers were significantly smaller. These data
support the premise that neuromuscular compartments, as well as the phenotype of the
muscle fibers within each compartment, are pre-patterned in the masseter by birth.

Influences on Compartment Muscle Phenotype

Several studies over the past decades have examined the postnatal effects of androgen on
muscle at the cellular and molecular levels. Most studies have focused on the effects of
supraphysiological levels of testosterone exposure on sexually dimorphic muscles such as
the pelvic floor muscles (levator ani) and these studies have provided valuable insight into
the target sites of androgen action, the muscle fiber and the motoneuron. More recent studies
have examined anabolic effects of androgens on other muscles and have demonstrated that
these effects vary among muscles, muscle fiber types, and experimental conditions. For
example: in limb muscle, anabolic effects of androgens on muscle mass are augmented
when combined with exercise; the anabolic effects of androgens on diaphragm involve
alterations in motoneuron membrane properties, as well as muscle mass; and, in masticatory
muscle, the effects of androgen exposure at puberty include alterations in muscle fiber
phenotype.

Lateral Gastrocnemius

Limb muscles such as the lateral gastrocnemius show very modest responses to androgens
either after castration or after supplementation. Castration of male rats or mice has been
shown to cause a 10% reduction in gastrocnemius muscle mass after 9 or 11 weeks (Jiao et
al. 2009) (Fig. 6). Supplementation of normal physiological levels of testosterone for three
weeks after prolonged castration caused a modest increase in the muscle wet weight of
triceps surae (medial and lateral gastrocnemius, soleus and plantaris muscles) but had no
effect on tibialis anterior in mice (Fig. 6). It has been suggested that testosterone
supplementation must be accompanied by exercise in order to have an anabolic effect on
limb muscle. However, endurance exercise combined with testosterone supplementation
does not produce significant increases in muscle mass (Borst and Mulligan 2007; Brown
2008). Resistance exercise involving eccentric contractions has been shown to produce a
modest increase in muscle mass in some studies (Latham et al. 2004; Petrella et al. 2006).
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In previous studies it was observed that after castration diaphragm wet weight of male rats
did not change and fiber type proportions were not altered (Prezant et al. 1997). However,
supraphysiological levels of testosterone have been shown to produce increases in cross-
sectional area of specific fiber types, type IIx and I1b, in the diaphragm (Prezant et al. 1997;
Bisschop et al. 1997; Lewis et al. 2002). Additionally, testosterone supplementation has
been shown to improve neuromuscular transmission in male rats (Blanco et al. 2001). We
have evaluated the effects of 11 weeks of castration and the subsequent addition of
physiological levels of testosterone for three weeks on the diaphragm in male mice.
Diaphragm wet weight increased 10% in response to testosterone after prolonged castration
(Fig. 6). However, fiber type proportions within each compartment (sternocostal and crural)
were not changed (unpublished data). These data would indicate that testosterone at normal
physiological levels does not preferentially affect muscle fibers of a particular phenotype as
has been suggested by studies in other muscles. Exposure to finasteride, an inhibitor of the
enzyme 5a-reductase responsible for converting testosterone to the more potent DHT,
caused a significant decrease in the testosterone-mediated increase in diaphragm wet weight
(Fig. 6). Whereas muscle has little 5a-reductase, many motoneurons are enriched in this
enzyme. Studies examining androgens effects on the sexual dimorphic muscle levator ani
have demonstrated these effects are at least partially mediated through 5a-reductase
conversion of testosterone within motoneurons. Our results with finasteride suggest that in
diaphragm, the motoneuron, as well as the muscle fiber, may be a target of testosterone
action.

Sexual dimorphism has been reported for both muscle fiber phenotype and motoneuron
properties in adult rodent, rabbit and macaque masseter muscles. In all species examined, a
higher proportion of faster MyHC fiber types has been identified in the adult male than in
adult female masseter (Maxwell et al. 1979; English et al. 1999b; Eason et al. 2000b;
Widmer et al. 2002). In the adult mouse, the male has a higher proportion of MyHC Ilb
fibers while the female mouse has a higher proportion of Ila fibers (Fig. 3) (Eason et al.
2000b; Widmer et al. 2002). Likewise, in the adult male rabbit masseter, 80% of the muscle
fibers contain MyHC type Ila while this same phenotype is found in only 50% of the adult
female masseter fibers. Interestingly, the proportion of MyHC type I and Ila fibers and their
distribution in the female rabbit masseter are similar to that observed in young adult male
rabbits (Eason et al. 2000a). The effect on the rabbit masseter muscle of endogenous
androgen during puberty in males or androgen supplementation in castrated young males is
to cause a change from a slower to faster MyHC phenotype (Reader et al. 2001). However,
castration of adult older male rabbits did not alter the patterning of MyHC phenotype in the
masseter, suggesting that this patterning once established is not affected by androgen levels.
In male mice, the masseter muscle was observed to decrease by approximately 15% in wet
weight 11 weeks after castration when compared to unmanipulated controls (Fig. 6).
Testosterone supplementation at physiological levels for three weeks resulted in an average
increase of 38% in masseter wet weight when compared to masseter from castrated animals.
These data indicate that the male masseter response is much more robust than that observed
for the triceps surae muscles or the diaphragm and suggest an enhanced androgen sensitivity
of the masseter muscle. The increase in masseter muscle weight was not accompanied by an
alteration in the normal patterning of MyHC fiber phenotype, in agreement with what has
been observed in adult male rabbit masseter. Median firing rates have been shown to be
faster in adult male rabbit masseter motoneurons than in female and the duration of motor
unit activity shorter in males (English and Widmer 2003). These results suggest that
androgens may mediate changes in masseter muscle fiber phenotype directly by action on
the muscle fibers, indirectly by action on motoneurons, or both. The functional significance
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Summary

of sexual dimorphism in the masseter muscle may be related to the requirements of the jaw
system for rapid, high force production such as defense or food gathering.

Neuromuscular compartmentalization can be found in limb, respiratory and masticatory
muscles and these compartments serve to subdivide the muscle into functional output
elements that can be activated singly or in combination with other compartments/muscles
depending on the functional needs. While in lateral gastrocnemius primary nerve branches
contain unique motor axons innervating each compartment, the diaphragm and masseter
muscle have a more complex arrangement of compartments that are not represented by the
primary nerve branches. la afferent reflex excitation of motoneurons innervating
homonomous compartments over other compartments suggests that motor control
mechanisms are specific at the compartment level in limb muscles, but more information is
needed to evaluate if respiratory and masticatory muscle compartments have similar la
afferent controls. Although the spatial organization of compartment motoneurons has
substantial overlap with other compartment nuclei and is not as distinct as the muscle
motoneuron pool, there is a consistent general somatotopy found for limb, diaphragm and
masseter muscle compartments and this organization may have a role in the targeting of
segmental and descending inputs. The formation of neuromuscular compartments in muscles
associated with locomotion, respiration and mastication appears to be based on a patterned
developmental program that occurs prior to birth with refinement of innervation to
compartments achieved by selective synapse elimination and potentially secondary
myogenesis. The specific mechanisms by which appropriate innervation of compartments by
their motoneurons is accomplished still remains to be determined, but may be similar to
those active in whole muscle development. During puberty, androgens appear to influence
the proportion of fibers with a fast MyHC phenotype in some muscles such as masseter,
while causing hypertrophy of fast MyHC fiber types in other muscles such as the diaphragm.
The pre-programmed formation of neuromuscular compartments involved in locomotion,
respiration and mastication, combined with hormonally-induced maturational changes,
establish a repertoire of functional output elements to generate the biomechanical actions
necessary to perform the varied tasks of each of these three motor systems. Due to the more
complex organization of muscle into neuromuscular compartments, it would seem
advantageous to record activity at the compartment level rather than a single muscle site
(when appropriate) so that investigations of motor control mechanisms in these three motor
systems might have a common anatomical substrate to better understand the selective
recruitment of these output elements for specific tasks.
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Cr crural nerve branch of the phrenic nerve
EMG electromyography

LG lateral gastrocnemius

LG1 LG compartment 1

LG2 LG compartment 2

LG3 LG compartment 3
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Vector plots of mean lateral gastrocnemius compartment torques about the ankle in the cat
(n=6) (A) (Carrasco et al. 1999) and typical masseter compartment torques about the
temporomandibular joint in rabbit (B). Each plot represents pitch vs yaw or pitch vs roll for
the two muscles. For the LG compartments, negative pitch is plantarflexion, negative roll is
eversion, and negative roll is adduction. For the masseter compartments, negative pitch is
jaw closing, negative yaw is working side rotation and negative roll is lingual tipping. All
compartments were statistically different (ANOVA, Bonferroni or LSD test, p<0.05) in at
least one torque component (pitch, yaw, roll or magnitude) for both the LG (n=6) and

masseter (n=5) muscles.

Prog Brain Res. Author manuscript; available in PMC 2011 November 1.



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

1duasnuey Joyiny vVd-HIN

Widmer and Morris-Wiman Page 16

Figure 2.

Parasagittal sections of mouse diaphragm representing mid-costal (A) and sternocostal (B)
regions of an adult male mouse. Fibers containing MyHC type Ila can be observed in both
regions of the diaphragm. However, the sternocostal region (B) and the crural region (not
shown) have fibers containing type Ilb MyHC (asterisks). The discrete localization of
MyHC type 1lb fibers supports the presence of individual compartments in the mouse
diaphragm.
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Figure 3.
Representative transverse cryosections of male and female mouse adult mouse masseter

muscles immunolabeled for MyHC type Ila (red) or 1lb (green). MyHC fiber types are non-
uniformly distributed within the masseter in both male and female mice. A higher density of
Ila-containing fibers is observed within the anterior region while Ilb-containing fibers
occupy the posterior region of the muscle. A sexual dimorphic distribution of MyHC I1b is
apparent in the posterior region of the masseter. Arrows denote regions in which females are
devoid of Ilb-containing fibers. In contrast males have a relatively uniform distribution of
MyHC I1b in the posterior masseter.
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Figure 4.

Spatial organization of motoneurons innervating the anterior and posterior regions of the
intermediate masseter layer identified by retrograde labeling using cholera toxin B
conjugated to Alexa 555 (anterior region-red) or Alexa 488 (posterior region-green). Tracer
(1-3 pl) was injected into the anterior or posterior intermediate masseter of anesthetized
mice and allowed to transport for four-five days prior to harvesting of the brainstem.
Cryosections were mounted on slides and immunostained for NeuN to identify
motoneurons. lllustrated are labeled motoneurons (inset magnified) detected within the
masseteric motor nucleus (motV) at the brainstem level shown in the linked left panel (A). A
three-dimensional map of the labeled motoneurons for each tracer was constructed and

Prog Brain Res. Author manuscript; available in PMC 2011 November 1.



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

1duasnuey Joyiny vd-HIN

Widmer and Morris-Wiman Page 19
centroids for each group of motoneurons in each section were calculated and plotted (B). An

obvious central partitioning of motoneurons innervating these two masseter intermediate
layer compartments of the muscle was observed.
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Figure 5.

The developmental process of presumptive jaw muscle mass segmentation begins
concomitant with motor root nerve branching at gd11. This mass eventually segments into
specific jaw muscles and, in the mouse masseter, into anatomical layers. The right image is a
frontal section through the jaw muscles (Temp, temporalis; Massgp, superficial masseter;
Massinter, intermediate masseter; LPt, lateral pterygoid; MPt, medial pterygoid) at gd16 that
was immunolabeled for desmin to identify the muscle masses. Other structures labeled for
orientation include tongue and trigeminal ganglion (V-gang).
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Figure 6.

Androgen responsiveness of adult limb, diaphragm and masseter muscles. CD-1 male mice
at 11 weeks post-castration were supplemented for three weeks with testosterone (T) or
testosterone and finasteride. Controls had no supplementation. Graphs represent wet weights
of muscle from the supplementation/control groups normalized to corresponding wet
weights from a parallel group of castrated animals. Significant differences in wet weights
between experimental groups and castrated condition are indicated by an asterisk (*). The
masseter muscle was the only one of the four muscles examined that had a significant
reduction in wet weight after castration. Three muscles were found to significantly increase
their wet weight after testosterone supplementation (triceps surae, diaphragm and masseter).
Only diaphragm had a significant reduction with testosterone and finasteride. Significant
differences between experimental groups are indicated by a t symbol (p < 0.05).
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