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Abstract

Because tongue position and stiffness help insure that the pharyngeal airspace is sufficiently open
during breathing, the respiration-related behavior of the tongue muscles has been studied in detail,
particularly during the last two decades. Although eight different muscles act upon the mammal
tongue, we know very little about the respiration-related control of the majority of these, and
almost nothing about how they work together as a complex electro-mechanical system. Other
significant gaps include how hypoglossal motoneuron axons find their appropriate muscle target
during development, whether the biophysical properties of hypoglossal motoneurons driving
different muscles are the same, and how afferent information from cardiorespiratory reflex
systems is transmitted from major brainstem integrating centers to the hypoglossal motoneuron
pool. This brief review outlines some of these issues, with the hope that this will spur research in
the field, ultimately leading to an improved understanding of the respiration-related control of the
mammalian tongue musculature.
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1. INTRODUCTION

The mammal tongue is mechanically complex, and its shape, stiffness and position in space
are controlled by the combined actions of seven different muscles (Fregosi and Fuller, 1997;
Smith et al., 2005). Because tongue position and stiffness help insure that the pharyngeal
airspace is sufficiently open during breathing (Hoffstein, 1996; Oliven et al., 2007a; Oliven
et al., 2007b; Remmers et al., 1978), the respiration-related behavior of the tongue muscles
has been studied in detail, particularly during the last two decades. The mammal tongue is
composed of four extrinsic musclesl, which originate on bony structure or connective tissue
and insert into the tongue body, and four intrinsic muscles that originate and insert within
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INote that the palatoglossus elevates the tongue dorsum, but because it originates on the palatine aponeurosis and inserts into the
posterolateral tongue, it is sometimes considered to be a palatal muscle and sometimes a tongue muscle. Importantly, the motor
innervation of palatoglossus is via the pharyngeal plexus, not the hypoglossal motoneuron pool. Accordingly, in the remainder of this
review, and including Fig.1, I exclude the palatoglossus in my descriptions and discussions of the extrinsic tongue muscles.
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the tongue body [see Fig. 1, and (Fregosi and Fuller, 1997) for review]. The tongue has been
described as a muscular hydrostat (Smith, 1985), which refers to a cylindrical muscular
structure that retains a constant volume. Thus, contraction of the tongue muscles changes the
shape and rigidity of the tongue, but not its volume. Another important part of the muscular
hydrostat theory is that all tongue muscles participate in all tongue movements (Smith,
1985). Nonetheless, studies of the respiration-related activity of the tongue muscles has
focused almost exclusively on the genioglossus muscle; the whole hypoglossal nerve, which
contains the axons of up to seven muscles (Fig. 1, and see footnote 1), or on hypoglossal
motoneurons without identification of the neuron’s target muscle. The failure to understand
the function and interactions among all components of this complex neuromuscular system
has left us with a narrow view of the respiration related function of the tongue muscles. The
remainder of this section will briefly describe some of the reasons for these deficits, setting
the stage for a brief summary of what | perceive as the major unresolved issues regarding
the respiration-related control of the tongue musculature.

The advantage of studying human subjects and unanaesthetized animals is that the
confounding influence of drugs is avoided, and natural state-dependent changes (e.g., sleep
vs. waking, rest vs. exercise, disease vs. health, hypoxia vs. normoxia, etc.) in activity can
be investigated. However, recording EMG activity in the tongue is challenging owing to the
complex anatomy and accessibility. For example, the complex interdigitation of the intrinsic
muscles in the body of the tongue precludes us from knowing which of the muscles is being
sampled (Pittman and Bailey, 2009). And although the extralingual portions of the extrinsic
muscles allow recordings that are free of contamination from adjacent muscles, accessing
the hyoglossus and styloglossus requires invasive procedures that should be done by a
qualified physician (Mateika et al., 1999). In contrast, because the extralingual portion of the
genioglossus muscle is easily accessed, most available data comes from EMG recordings of
this muscle, which protrudes and depresses the tongue. Because of this, there has been an
inclination to consider the genioglossus as “the most important” tongue muscle for normal
breathing, though we have no idea if this is so. Indeed, the single study that recorded the
EMG activity of both genioglossus and hyoglossus muscles in healthy human subjects
showed clearly that the respiration-related behavior of these muscles is virtually
indistinguishable (Mateika et al., 1999). On the other hand, although anesthetized and
decerebrate animal models allow access to all of the tongue muscles, the influence of drugs
precludes the study of natural state changes on the respiratory drive to the motoneuron pool.
Moreover, studies are typically done in tracheotomized animals, allowing airflow to bypass
the upper airway, which greatly disturbs not only the natural function of the upper airway,
but presumably the neural drive to the hypoglossal motoneuron pool (Berry et al., 2003;
Chamberlin et al., 2007; Doherty et al., 2008; Eckert et al., 2007; Horner et al., 1991; Leiter
and Daubenspeck, 1990; Malhotra et al., 2002; Mathew et al., 1982; van Lunteren et al.,
1984).

Although modern electrophysiological techniques have allowed detailed in vitro study of
hypoglossal motoneuron biophysical properties and synaptic transmission, there are several
caveats that have slowed our understanding of the respiration related control of hypoglossal
motoneurons. First, most studies are done in the rhythmic brainstem slice which provides an
intact but very rudimentary respiratory control network, consisting of the preBotzinger
complex, interneurons in the intermediate reticular formation and the hypoglossal
motoneuron pool (Fig. 1). But this preparation must be prepared from the neonatal
brainstem, because in adult brains the thickness needed to capture the entire network results
in anoxia within the tissue core (Ballanyi and Ruangkittisakul, 2009; Morawietz et al., 1995;
Wilken et al., 2000). As a result, we know a considerable amount about neonatal
hypoglossal motoneurons, but whether or not the adult system functions in the same manner
or instead changes with development is unknown. More importantly, in vitro studies
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consider the hypoglossal motoneuron pool as a homogenous and assume that the properties
of all hypoglossal motoneurons are identical. As a result, understanding how respiration-
related drive targets motoneurons of individual tongue muscles within the hypoglossal motor
nucleus is a complete mystery.

The remainder of the review focuses on some key unresolved issues pertaining to the motor
supply of the tongue musculature; the respiration related motor drive to hypoglossal
motoneurons; and the distribution of afferent inputs to the pool. Since we know very little
about each of these topics, the review of these issues is designed to identify the major gaps
and perhaps guide future work on the respiration-related control of this important
motoneuron pool.

2. WHAT WE DO NOT KNOW ABOUT MOTOR SUPPLY TO THE TONGUE
MUSCLES

Figure 1 demonstrates how the axons of hypoglossal motoneurons are distributed to the
tongue muscles of the rat. The axons emerge from their cell bodies, pass ventrally through
the medulla and emerge as six or seven separate branches (10-15 branches in humans),
roughly between the pyramid and the olive. The branches then join together to form the
main hypoglossal nerve trunk which then separates distally into distinct medial and lateral
branches. As shown in Fig. 1, the lateral branch supplies the retractor muscles (the extrinsic
hyoglossus and styloglossus, and the intrinsic inferior and superior longitudinal muscles),
while the medial branch supplies the protrudor muscles (the extrinsic genioglossus, and the
intrinsic verticalis and transversus muscles). Remarkably, we still have no idea how the
axons of developing hypoglossal motoneurons are guided to their target muscle. Data
showing that the motor nucleus is somatotopically organized suggests that this is not a
random process, and it is likely that signals released from muscle guide axon growth cones
toward the appropriate target. Studies of the vertebrate spinal cord show that the
organization of motoneurons into pools and/or columns is determined by a sequential
activation of inductive agents and transcription factors that give rise to five or more classes
of motoneuron progenitor cells [for review, see (Jessell, 2000)], typically distinguished by
their location in the neural tube and whether they target axial or limb muscles. Soon after
they are born, the motoneuron axons are guided to their target by their ability to respond to
specific local cues, as determined by other transcription factors, with the LIM-HD and HOX
family proteins playing a major role (Dasen et al., 2005; Tsuchida et al., 1994).
Interestingly, the number and type of transcription factors expressed by motoneurons change
dynamically as axons are directed to their target. This, in turn, allows the motoneurons to
respond to different local cues that can either attract or repel the growth cones. Thus, the
genes responsible for motoneuron wiring are regulated by one system that exerts control
over the organization of motoneurons into pools and columns, and another that guides the
axon to its ultimate target (Bonanomi and Pfaff).

As indicated above (Fig. 1), the axons of hypoglossal motoneurons exit the ventral surface
of the brainstem, an event that likely depends on specific diffusible cues that guide axon
growth cones to the ventral exit point. Spinal motoneurons acquire a unique identity and the
ability to respond to the appropriate guidance cues, based on their positions in the neural
tube. These developmental changes help to dictate a motoneuron’s response to diffusible
morphogens, such as sonic hedgehog. This early patterning is followed closely by the
expression of transcription factors that turn on specific subsets of genes, which in turn
encode a variety of proteins important for motoneuron function, such as ion channel
subtypes, neurotransmitter receptors and cell surface molecules that provide path finding
information, such as ephrin receptors (Drescher). Some of the path finding information is
general (e.g., exit the spinal cord laterally, or go into a specific nerve root) whereas other
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information is very specific, guiding the axon all the way to a particular target muscle
(Jessell, 2000). Transplantation of newborn neurons or genetic manipulations that force cells
to express aberrant transcription factors results in inappropriate axon targeting (Sander et al.,
2000). Interestingly, the progenitor cells of cranial nerves exiting the brainstem more
dorsally express different transcription factors than hypoglossal motoneuron progenitors
(Fig. 1) (Ericson et al., 1997). Finally, muscle use early in development can strengthen
appropriate innervation pathways, and prevent erroneous innervation (Personius and Balice-
Gordon, 2000). There is no obvious reason to believe that hypoglossal motoneurons develop
differently from motoneurons driving other muscles. However, in the context of respiration-
related control, we have no knowledge of the muscle-derived factors that guide hypoglossal
motoneurons to specific muscle targets, nor how tongue muscle use early in development
alters synaptic connections, neurotransmitter expression and the details of ion channel
development.

3. WHAT WE DO NOT KNOW ABOUT RESPIRATION-RELATED MOTOR
DRIVE TO HYPOGLOSSAL MOTONEURONS

The advent of the rhythmic brainstem slice (Fig. 1) has provoked a number of detailed
studies of hypoglossal motoneurons in a circuit containing the preBotzinger complex,
interneurons and hypoglossal motoneurons (Koizumi et al., 2008; Smith et al., 1991).
Initially, the recording of the hypoglossal nerve in this preparation was a matter of
convenience, as recording from the nerve roots with suction electrodes provides a reliable
index of hypoglossal motoneuron population activity. This population activity is strong,
consisting of multiunit bursts of activity corresponding to the excitatory drive from the
preBotzinger complex. Subsequent studies have identified a population of interneurons in
the intermediate reticular formation that provide premotor input to the hypoglossal
motoneurons (Koizumi et al., 2008).

Now that a complete circuit has been identified, important but unresolved issues can be
addressed. First, is the input from the preBotzinger complex to the interneuron pool
homogenous (right hand side of Fig. 1), or are their discrete connections to collections of
cells that in turn innervate the motoneurons of specific muscles? Second, is the interneuron
pool organized somatotopically such that pools of interneurons target pools of motoneurons
that map to a specific muscle, or do the interneurons provide a broadband input to the
motoneuron pool (left-hand side of Fig. 1), with intrinsic motoneuron properties determining
whether they are brought to threshold or not? Third, are the biophysical properties, receptor
expression patterns and presynaptic inputs to the pool homogenous, or unique to the target
muscle that each motoneuron innervates? Fourth, does the neonatal slice preparation
adequately reflect the functional connectivity in the intact adult brainstem? To answer these
questions, a variety of anatomic, electrophysiological, pharmacologic and modeling
approaches will have to be employed. Nevertheless, a thorough understanding of the
respiration-related control of the tongue musculature will not be realized until these issues
are resolved. Recent work in anesthetized rats indicates that both intrinsic and extrinsic
tongue muscles are active during breathing (Bailey and Fregosi, 2004), that both muscle
groups play an important role in modulating the size of the pharyngeal airway (Bailey et al.,
2006), and that there is some difference in the sensory afferent modulation of the different
tongue muscles (Bailey and Fregosi, 2004; Bailey et al., 2005; Bailey et al., 2001; Lee et al.,
2007; Mateika et al., 1999). Nevertheless, with a single exception (Mateika et al., 1999), all
of this work was done in anesthetized animal models. In addition to the important caveats
already discussed, the use of urethane in most studies of upper airway muscle activities in
the rat may actually enhance drive to the upper airway musculature. | say this because
studies in awake rats show relatively low levels of genioglossus muscle activity (Horner et
al., 2002; Lu and Kubin, 2009). The reason for such differences is unknown. One
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interpretation is that urethane somehow excites hypoglossal motoneurons, but it is difficult
to envision how this might occur given that in, in the rat, urethane anesthesia evokes a
condition of unconsciousness that closely mimics natural sleep (Clement et al., 2008), and
sleep has been shown to depress the drive to hypoglossal motoneurons (Fenik et al., 1998;
Horner et al., 2002; Morrison et al., 2003). Other interpretations are that muscle activity is
inhibited in the awake animal due to painful stimuli that force the animal to use motor units
that are distant from the pickup area of the chronically implanted wire electrodes, or perhaps
chronic electrode placement damages motor units; for example, chronically implanted
electrodes in rodent limb muscles damage an area ranging from 10-50 mm?2, depending on
electrode type (Tamaki et al., 2006), suggesting that this could be a vexing problem for
small muscles such as the tongue muscles. Whatever the mechanism, it is important to
resolve these conflicting findings so that the limitations of widely used experimental models
are clearly understood.

4. WHAT WE DO NOT KNOW ABOUT RESPIRATION-RELATED SENSORY
INPUT TO HYPOGLOSSAL MOTONEURONS

In vivo studies in human and animal models have demonstrated that hypoglossal
motoneurons receive afferent inputs from peripheral and central chemoreceptors, pulmonary
stretch receptors, and receptors in the upper airway, including those in the pharynx and
larynx (Bailey and Fregosi, 2006; Kubin et al., 2006), although the intensity of the reflex
responses does vary with species, anesthetic state, level of consciousness and the muscle
being studied. Lung, airway and peripheral chemoreceptor afferents terminate primarily in
the nucleus of the solitary tract (NTS), and NTS relay neurons then project to many regions
of the brainstem, including the pre-Bdétzinger complex as well as motor and premotor neuron
populations (Kubin et al., 2006). However, evidence for direct connections between the NTS
and the hypoglossal motor nucleus is lacking (Ezure et al., 2002; Kubin et al., 2006) (DR
McCrimmon, personal communication). Crucial unanswered questions include the
following: 1) How is information from the NTS conveyed to hypoglossal motoneurons? 2)
Is information from the NTS conveyed uniformly to all hypoglossal motoneuron pools, or
do neurons targeting specific muscles receive more or less input from one or more of these
major protective reflex systems? 3) Is the phenotype of NTS interneurons similar for a given
sensory system (e.g., peripheral chemoreceptors), and does the phenotype correspond to a
particular motoneuron pool? Figure 2 schematically depicts just some of the possible
scenarios. In scenario 1, sensory interneurons (orange triangles) project to interneurons in
the intermediate reticular formation and/or the nucleus of Roller, the latter containing
principally GABAergic inhibitory neurons (Altman and Bayer, 1980; Sousa-Pinto, 1970;
van Brederode et al.). If this pathway were indeed identified, it would be extremely
interesting to determine if the inputs are broadband or motoneuron pool specific. Recent
studies have used techniques such as coherence analysis and cross correlation of
motoneuron spike trains to address this issue, and it appears that synchronous discharge of
ensembles of motoneurons is a characteristic of the respiration-related drive to tongue
muscles, at least under some conditions (Laine and Bailey; Rice et al.; Sebe et al., 2006).
Similarly, collections of interneurons in the nucleus of Roller, which has major projections
throughout the hypoglossal motor nucleus, discharge synchronously and activate subsets of
hypoglossal motoneurons (van Brederode and Berger). Whether or not the motoneuron
subsets are muscle specific, or represent across-muscle synchronous activation is unknown.
Scenario 2 depicts directs connections from NTS interneurons to hypoglossal motoneurons,
bypassing the interneuron pool. In this case, specific NTS interneurons synapse on unique
populations of hypoglossal motoneurons. Although this connectivity may exist, as
mentioned above, anatomic analyses have thus far been unable to provide supportive
evidence. Scenario 3 is similar to scenario 2, inasmuch as synaptic connections from the
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NTS bypass the interneuron pool, but in this case a single NTS interneuron branches to
provide divergent input to multiple motoneurons. This scenario would be highly efficient
because even relatively weak and focused sensory afferent input could activate an ensemble
of motoneurons simultaneously, resulting in a strong motor response. But again, | am
unaware of evidence supporting this wiring diagram. Scenario 4 is similar to scenario 1, but
in this case the interneurons receiving input from the NTS diverge, activating multiple
motoneurons. The advantage of this scenario is that the sensory activation of only a few
NTS interneurons could result in the activation of many motoneurons, increasing the fidelity
of cardiorespiratory reflex responses.

5. CONCLUSIONS

Our understanding of the respiration-related control of hypoglossal motoneurons is
primitive. It is clear that many of the important knowledge gaps are due to incomplete
understanding of the functional anatomy of brainstem respiratory neurons and hypoglossal
motoneurons. We also know very little about the complex molecular signals that guide
developing hypoglossal motoneurons to their appropriate target muscle; the synaptic
connections within the hypoglossal motoneuron pool; the pattern of afferent inputs from
major brainstem integrative sites, such as the NTS, to the hypoglossal motoneuron pool; the
integrated control of the seven different tongue muscles; and if the unique hypoglossal
motoneuron pools are distinguished by their biophysical properties, including
neurotransmitter expression and ion channel phenotype.
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Figure 1.

Schematic diagram showing the preBotzinger complex (preBotC), the hypoglossal motor
nucleus (XIIn, blue and yellow pentagons) and the “premotor” interneuron population (blue
and yellow diamonds within the rectangles) that conveys synaptic input from the
preBotzinger complex to the motoneuron pool. The diagram also shows the nerve supply to
the seven tongue muscles innervated by hypoglossal motoneurons in the mammal (please
see Footnote 1), with the medial hypoglossal nerve branch activating extrinsic and intrinsic
protrudor muscles, and the lateral branch intrinsic and extrinsic retractor muscles. The left-
hand half of the diagram shows divergent input from a single interneuron to two hypoglossal
motoneurons. The right half shows unique input from interneurons to motoneurons (see text
for detailed explanation). VL, intrinsic verticalis muscle; TV, intrinsic transversus muscle;
GG, extrinsic genioglossus muscle; IL, intrinsic inferior longitudinalis muscle; SL, intrinsic
superior longitudinalis muscle; HG, extrinsic hyoglossus muscle; SG, extrinsic styloglosssus
muscle. 5SP, spinal trigeminal tract.
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Figure 2.

Schematic diagram showing interneurons of the nucleus of the solitary tract (NTS, orange
diamonds), interneurons in the intermediate reticular formation (yellow trapezoids) and
hypoglossal motoneurons (blue pentagons). Scenario 1 suggests that NTS sensory
interneurons project to interneurons in the intermediate reticular formation, which in turn
project to hypoglossal motoneurons; Scenario 2 depicts directs connections from NTS
interneurons to hypoglossal motoneurons, bypassing the interneuron pool; Scenario 3 is
similar to scenario 2, inasmuch as synaptic connections from the NTS bypass the
interneuron pool, but in this case a single NTS interneuron branches to provide divergent
input to multiple motoneurons; Scenario 4 is similar to scenario 1, but in this case the
interneurons receiving input from the NTS diverge, activating multiple motoneurons. See
text for detailed description. Xl1In, hypoglossal motor nucleus; AP, area postrema; CC,
central canal.
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