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Abstract
Respiratory motoneurons provide the exclusive drive to respiratory muscles and therefore are a
key relay between brainstem neural circuits that generate respiratory rhythm and respiratory
muscles that control moment of gases into and out of the airways and lungs. This review is
focused on postnatal development of fast ionotropic synaptic transmission to respiratory
motoneurons, with a focus on hypoglossal motoneurons (HMs). Glutamatergic synaptic
transmission to HMs involves activation of both non-NMDA and NMDA receptors and during the
postnatal period co-activation of these receptors located at the same synapse may occur. Further,
the relative role of each receptor type in inspiratory-phase motoneuron depolarization is dependent
on the type of preparation used (in vitro versus in vivo; neonatal versus adult). Respiratory
motoneurons receive both glycinergic and GABAergic inhibitory synaptic inputs. During
inspiration phrenic and HMs receive concurrent excitatory and inhibitory synaptic inputs. During
postnatal development in HMs GABAergic and glycinergic synaptic inputs have slow kinetics and
are depolarizing and with postnatal development they become faster and hyperpolarizing.
Additionally shunting inhibition may play an important role in synaptic processing by respiratory
motoneurons.
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1. Introduction
This review is focused on the postnatal development of fast ionotropic synaptic transmission
to respiratory-related motoneurons, with an emphasis on studies of hypoglossal motoneurons
(HMs) during the postnatal period. This review will not cover synaptic transmission
involving modulatory neurotransmitters such as serotonin, norepinephrine and
neuropeptides, nor the metabotropic receptors such as mGlu- and GABAB- receptors (see an
earlier review by Rekling et al (2000) for information on these subjects).

Before discussing the development of fast ionotropic synaptic transmission to HMs it is
important to understand the target muscle of these motoneurons. The tongue muscle is
heterogeneous, containing 8 difference muscle groups, 4 are extrinsic and 4 are intrinsic
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(Sokoloff and Deacon, 1992). The tongue takes part in a number of basic functions
including mastication, swallowing, suckling, and vocalization. It is also important in
respiration due to its position in the upper airway, thereby having a role in upper airway
patency. Regarding the latter function the main protrusor muscle group of the tongue, the
genioglossus muscle, exhibits inspiratory-related electrical activity. Thus inspiratory-phase
(I-phase) activation of this tongue muscle group promotes stabilization and patency of the
upper airway posterior to the tongue. Failure of this activation to adequately occur is thought
to be an important contributing factor to obstructive sleep apnea.

2. Morphology of hypoglossal motoneurons with respect to synaptic
transmission

Brainstem motoneurons, such as HMs, are found in distinct bilaterally located nuclei within
which the motoneurons are somatotopically organized. This is in contrast to spinal
motoneurons which are found in longitudinally organized columns in the spinal cord ventral
horn. A number of anatomical studies have shown that HM dendrites, while elaborate within
the XII nucleus itself, also penetrate into reticular formation around the lateral and ventral
sides of the XII nucleus (Altschuler et al., 1994; Nunez-Abades et al., 1994; Tarras-
Wahlberg and Rekling, 2009; Van Brederode et al., 2011).

Although we do not know the relative distribution of inhibitory versus excitatory synapses
onto HMs some indication of this may be gleaned from detailed studies at the ultrastructural
level regarding this distribution in adult cat spinal motoneurons (Ornung et al., 1998). In
spinal motoneurons it is the dendritic tree and not the somal membrane that dominates the
synaptic receptive area by over 9 to 1. In primary first order (stem) dendrites of spinal
motoneurons about 70% of synaptic boutons are γ-aminobutyric acid (GABA) and/or
glycine containing, while only approximately 20% are glutamate containing. In non-primary
dendrites approximately 55% are GABA and/or glycine containing, while approximately
40% are glutamate containing. Thus in the dendritic space close to the soma there is a strong
inhibitory synaptic influence (Ornung et al., 1998). This may have importance with respect
to synaptic integration that is described later in this review.

3. Glutamatergic synaptic transmission
There has been a recent overall review of ionotropic glutamate receptors by Traynelis, et al.
(2010). Ionotropic glutamate receptors which mediate fast excitatory synaptic transmission
have for the most part been separated into three broad classes based on structural, functional
and pharmacological characteristics. These three classes are kainate receptors; AMPA (α-
amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid) receptors; and NMDA (N-methyl-D-
aspartic acid) receptors. These are assembled from different combinations of four large
glutamate receptor subunits (Traynelis et al., 2010). AMPA and kainate receptors have fast
activation and deactivation rates as well as strong and rapid desensitization. NMDA
receptors have slower gating kinetics and deactivate over a longer time-scale. NMDA
receptors also exhibit modest and slow desensitization (Traynelis et al., 2010).

Developmental changes in glutamatergic synaptic transmission to HMs have been
demonstrated. It has been shown that tritiated glutamate binding within the rat hypoglossal
motor nucleus peaks in intensity at around nine days postnatal and then declines
progressively at later postnatal ages. This likely reflects changes in glutamatergic receptor
density and/or glutamate affinity (Rao et al., 1995).

Another feature of glutamatergic transmission is the presence at single postsynaptic sites on
respiratory motoneurons of both non-NMDA and NMDA receptors. O’Brien at al. (1997)
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studied the properties of glutamatergic miniature excitatory postsynaptic currents (mEPSCs)
recorded in neonatal rat HMs. They observed dual component mEPSCs that were generated
by non-NMDA and NMDA receptors (Fig. 1). The separation of these components on the
basis of their kinetics (decay times) led to the conclusion that non-NMDA and NMDA
receptors are co-localized at individual synapses (O’Brien et al., 1997).

The role of glutamate-receptor mediated respiratory-cycle related excitation of respiratory
motoneurons has been studied extensively. The excitatory synaptic input to respiratory
motoneurons is a consequence of the synaptic release of glutamate from glutamatergic
synaptic terminals apposed to these motoneurons. Receptor expression studies have revealed
that the three classes of the glutamate receptor are present in HMs (Rekling et al., 2000).
Functionally both non-NMDA and NMDA gated channels have been demonstrated on HMs
(Berger et al., 1998; Funk et al., 1993; O’Brien et al., 1997; Rekling, 1992), and this is
shown in Fig. 1.

The relative contribution of non-NMDA and NMDA receptor activation to the respiratory-
related drive to respiratory motoneurons is controversial and depends on the preparation
used. For example, Funk et al (1993), using the in vitro rhythmic rat medullary slice
preparation, found that local blockade of NMDA-receptors in the hypoglossal nucleus did
not alter the inspiratory burst amplitude observed in HMs, but blockade of non-NMDA-
receptors caused a dose-dependent reduction in inspiratory burst amplitude. Thus even
though HMs possess both non-NMDA and NMDA receptors they concluded that it was
activation of primarily non-NMDA receptors that mediate transmission of inspiratory drive
to HMs (Funk et al., 1993). Subsequently this group showed in an in vitro preparation from
mutant neonatal mice lacking the important NMDA-receptor gene (they were unresponsive
to application of exogenous NMDA), that respiratory-related activity recorded from either
HMs or phrenic motoneurons was virtually identical with activity in control animals (Funk
et al., 1997). Thus, these in vitro neonatal studies indicate that it is the non-NMDA receptor
mediated I-phase excitatory synaptic input to these motoneurons that mediates the
inspiratory-related drive. These in vitro neonatal results leave open the question of whether
later in life there is a role for NMDA-receptors in the respiratory drive to motoneurons.
Additionally, the in vitro nature of these experiments may influence the results.

Indeed a role for NMDA-receptors in mediating respiratory drive to respiratory motoneurons
has been demonstrated in in vivo experiments involving mature animals. For example, it has
been shown that in the adult rat both non-NMDA and NMDA receptors are involved in the
inspiratory-drive that is seen in phrenic motoneurons (Chitravanshi and Sapru, 1996).
Recently, it has been shown in the anesthetized adult rat, using microdialysis perfusion of
non-NMDA and NMDA receptor antagonists into the hypoglossal nucleus, that activation of
both non-NMDA and NMDA glutamate receptor types are involved in the excitatory
synaptic I-phase drive to HMs (Steenland et al., 2006; Steenland et al., 2008). Significant
reductions in respiratory-related genioglossus muscle activity with blockade of non-NMDA
receptors by the antagonist CNQX (Fig. 2A), and separately the blockade of NMDA
receptors by the antagonist D-APV (Fig. 2B), were observed. When this microdialysis
perfusion technique was applied to intact free behaving rats it was found that the I-phase
drive to HMs via activation of non-NMDA receptors in the hypoglossal motor nucleus was
low. Interestingly local antagonism of NMDA receptors resulted in a significant depression
of respiratory-related hypoglossal activity during wakefulness (Steenland et al., 2008). This
importance of NMDA-receptor mediated I-phase drive to HMs in the intact awake animal
may be a consequence of a tonic arousal-dependent depolarization of HMs. This
depolarization relieves the voltage-dependent magnesium block of NMDA-receptors
(Traynelis et al., 2010).
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During early postnatal life the morphology of motoneurons can be affected by NMDA
receptor activation. It has been shown that blockade of NMDA receptors acts to inhibit
motoneuron somal growth and dendritic branching (Kalb, 1994). This important role of
NMDA receptors in development maybe related to permeability of this receptor to calcium,
intracellular calcium has a role in neuronal development. An interesting effect of NMDA-
receptor activation by exogenously applied NMDA onto neonatal rat HMs in vitro, was the
finding in many but not all motoneurons that this resulted in bursting behavior (Sharifullina
et al., 2008). The similarity of the observed NMDA-evoked bursting pattern to that
previously recorded during suckling led to the suggestion that suckling during the postnatal
period may involve NMDA-receptor activation on HMs.

Concerning NMDA-receptors an important feature of their activation is the obligatory role
that glycine has as a co-agonist at this receptor. This characteristic has important
implications for NMDA-receptor activation of respiratory motoneurons. Work of Lim et al.
(2004), showed that blockade of the glycine transporter-1 (GLYT-1) with NFPS potentiated
NMDA-receptor-mediated synaptic transmission to HMs. Immunohistochemistry showed
that there was GLYT-1 (primarily in glial cells) and GLYT-2 (primarily expressed in
neurons) labeling in the hypoglossal motor nucleus. With postnatal development it was
found that GLYT-1 becomes more intense and uniform, GLYT-2 labeling was observed
throughout the motor nucleus and increased in intensity with postnatal age. Early work by
Zafra et al (1995) showed that GLYT-1 and GLYT-2 mRNA and the corresponding protein
levels rose in the brainstem during the first two weeks of postnatal life. The results of Lim et
al. (2004) also demonstrated that the glycine binding site of the NMDA-receptor in HMs is
not saturated during the first two weeks of postnatal life. Thus the level of glycine and its
modulation by GLYT-1 can act to regulate NMDA-receptor-mediated synaptic transmission.
The availability of the glycine binding site has been demonstrated in neonatal HMs studied
in brainstem slices where NMDA-receptor-mediated spontaneous miniature excitatory
postsynaptic currents (mEPSCs) and NMDA-induced responses are potentiated by addition
of exogenous glycine (Berger et al., 1998; Berger and Isaacson, 1999).

4. Glycinergic and GABAergic synaptic transmission
There have been recent reviews of ionotropic glycine- and GABA-receptors (Ben-Ari et al.,
2007; Lynch, 2009). Glycine and GABA are the primary inhibitory neurotransmitters in the
central nervous system. Both activate different ionotropic ligand gated receptors whose
primary permeable ion is chloride. While glycine is the predominant inhibitory
neurotransmitter in spinal cord and brainstem, GABA is also present and phasic GABAergic
synaptic transmission to motoneurons is readily observed. (Donato and Nistri, 2000; Gao et
al., 1998; Jonas et al., 1998; O’Brien and Berger, 1999; O’Brien and Berger, 2001).

There is evidence that in general respiratory motoneurons, whether brainstem or spinal cord,
receive both glycinergic and GABAergic inhibition. In vivo and in vitro studies have shown
that HMs receive both GABAergic and glycinergic synaptic inputs (Altmann et al., 1972;
Donato and Nistri, 2000; O’Brien and Berger, 1999; Rekling et al., 2000; Takata and Ogata,
1980). Synaptic inhibition of HMs has been shown to occur concurrently with I-phase
synaptic excitation, but in contrast to phrenic motoneurons where expiratory-phase synaptic
inhibition also occurs, rhythmic expiratory-phase inhibition is not present in HMs (Peever et
al., 2002; Saywell and Feldman, 2004; Withington-Wray et al., 1988; Woch and Kubin,
1995). Thus for HMs it is disfacilitation that causes expiratory-phase repolarization, active
synaptic inhibition does not contribute to the repolarization. During inspiration phrenic as
well as HMs receive concurrent glutamatergic excitation and GABAergic inhibition (Parkis
et al., 1999; Saywell and Feldman, 2004). While I-phase GABAergic inhibition of HMs may
have an important function in gain modulation of HM activity, it appears that in the dog I-
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phase glycinergic inhibition may not have such a role (Sanchez et al., 2009). In contrast to
these results in the dog, it has been shown in freely behaving rats, using the technique of
local microdialysis perfusion of the glycine-receptor antagonist strychnine and the GABAA-
receptor antagonist bicuculline into the XII nucleus, that functionally there is tonically active
inhibition of HMs. This inhibition is mediated by both inhibitory transmitter systems and
what has been observed with receptor blockade was that inspiratory-related genioglossus
activity increased demonstrating that there is a functional glycinergic and GABAergic
inhibition of genioglossus activity and this was shown to be dependent on the sleep-wake
state of the animal (see Fig. 3 and (Morrison et al., 2003b; Morrison et al., 2003a)).

4.1 Inhibitory synaptic events change during postnatal development
During the postnatal period in many neurons there is a marked change in intracellular
chloride concentration and this occurs due to maturation of the chloride ion transport system
(Singer and Berger, 2000). As a consequence glycine and GABA-mediated synaptic
transmission, which involves chloride ion movement across the cell membrane, changes
from causing depolarization to hyperpolarization as animals mature. Whether one observes
depolarization or hyperpolarization in response to activation of GABAA- or glycine-
receptors is dependent on the sign of the driving force for chloride ion movement. The
driving force is determined by the difference between a neuron’s membrane potential and
the equilibrium potential for chloride ion. The latter being set by the Nernst relationship for
chloride and is a function of the ratio of intracellular and extracellular chloride
concentrations. These changes have has been studied in detail in HMs using the neonatal in
vitro medullary slice preparation (Singer et al., 1998). Fig. 4 shows, using a gramicidin
perforated-patch recording technique, that does not alter the intracellular chloride
concentration, that the reversal potential for glycine-receptor-mediated currents recorded in
HMs became more hyperpolarized from −37 mV (P0–3 rats) to −73 mV (P10–18 rats) with
postnatal development (Singer et al., 1998) (see also confirming results of Marchetti et al.
(2002)). Therefore, at birth in HMs glycinergic and GABAergic postsynaptic potentials in
HMs are depolarizing, and become hyperpolarizing with postnatal development. It is of
interest, and as stated above, that this maturation process appears to be dependent on the
development of chloride transporters (Ren and Greer, 2006). For example, it has been shown
based on recordings from fetal respiratory neurons in the ventrolateral medulla that prior to
embryonic day 19 (in rat) that chloride-mediated conductances are depolarizing, and after
this time and extending into the postnatal period they are hyperpolarizing. This change for
ventrolateral medullary respiratory neurons is dependent on the early ontogenesis of chloride
transporters in these neurons (Ren and Greer, 2006). Interestingly chloride transporters were
strongly modulated by extracellular potassium concentration, thus depending on the
preparation used to study in vitro respiratory rhythm (slice versus more intact preparations,
and the corresponding extracellular potassium concentration used) one could obtain different
results with respect to the effect of activating GABAA- or glycine receptors.

In HMs it has been shown that the mean amplitude of spontaneous glycinergic inhibitory
post synaptic currents (mIPSCs) increases by almost 100% over the course of the first 3
weeks of postnatal life (Singer and Berger, 1999). The reason for this increase is associated
with a developmentally related increase in the number of glycine-receptors at each synapse
(Singer and Berger, 1999).

Another feature of postnatal development is the speeding up of the time course of inhibitory
synaptic events during this period (Singer et al., 1998). In the case of the glycine-receptor it
has been demonstrated in HMs that expression of the fetal (α2) glycine-receptor subunit
mRNA decreases while expression of the adult (α1) glycine-receptor subunit mRNA
increases postnatally (Singer et al., 1998). It is this switch in subunit expression that is
primarily responsible for the speeding up of glycinergic synaptic events in HMs during
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postnatal development. In the case of GABAA-receptor-mediated synaptic transmission to
HMs, it was found that it also becomes faster with postnatal development (O’Brien and
Berger, 2001). This manifested itself by a reduction in the decay time of single GABAergic
synaptic events.

4.2 Co-transmission of glycinergic and GABAergic synaptic transmission
The transport of glycine and GABA by the same vesicular transporter (Burger et al., 1991)
suggests the possibility that glycine and GABA maybe co-released by single synaptic
vesicles. Further, if the postsynaptic cell membrane possesses both glycine- and GABAA-
receptors at single synaptic sites, co-transmission of these two inhibitory transmitters may
occur. Important anatomical evidence related to co-transmission to HMs of glycinergic and
GABAergic synaptic transmission was provided by Muller et al. (Muller et al., 2004). They
showed that there was co-clustering of glycine-receptor clusters and GABAA-receptor
clusters on HMs. Importantly they demonstrated that these co-clusters increased during
postnatal period into adulthood. Jonas et al. (1998) were the first to definitively show that
GABA and glycine are co-released from single synaptic terminals in the spinal cord. Based
on an analysis of the kinetics of spontaneous inhibitory miniature synaptic events they
concluded at 44% of events were due to co-transmission, 41% were pure glycinergic events
and 15% were pure GABAergic. Subsequently O’Brien and Berger (1999) showed that this
also occurred in the case of inhibitory synaptic transmission to HMs (Fig. 5).

An important issue in regard to co-transmission of GABA and glycine is what might be its
functional role. Since glycine synaptic events occur on a much faster time scale than GABA
synaptic events, having co-transmission may enable these synaptic events to occur with a
much longer duration. Given that early in the postnatal period glycinergic synaptic events
are depolarizing due to the developmentally related change in intracellular chloride in HMs
(Marchetti et al., 2002; Singer et al., 1998), and it is likely that GABAergic events are also
depolarizing early in the postnatal period, then the large longer duration depolarizing
synaptic events due to glycinergic and GABAergic co-transmission may lead to additional
activation of voltage-gated calcium channels. Calcium channels are activated by membrane
depolarization. A low-voltage-activated calcium current (so-called T-type current) is present
in HMs (Umemiya and Berger, 1994). This current has a half-activation voltage that is near
the reversal potential of the glycine-receptor-current in newborn rat HMs (see above). It was
also found that the T-type calcium current decreases with postnatal age in HMs (Umemiya
and Berger, 1994). Calcium influx is important in neuronal development (Cherubini et al.,
1991). An additional function of the co-release of GABA and glycine may involve the
feedback regulation of inhibitory transmitter release. This could be accomplished by
synaptically released GABA-mediated feedback activation of presynaptic metabotropic
GABAB-receptors located on inhibitory transmitter releasing terminals. Supporting this
hypothesis we previously showed that activation of presynaptic GABAB–receptors inhibits
GABA and glycine release from terminals that synapse on HMs (O’Brien et al., 2004).

4.3 Role of shunting inhibition
The dominance of inhibitory synaptic terminals on primary dendrites of motoneurons (see
above) may have a function to shunt via inhibition more distally located synaptic inputs.
Shunting inhibition is ordinarily seen when the reversal potential of a synaptic current is
close to the resting membrane potential of a neuron. Activation of postsynaptic receptors
causing shunting inhibition is the result of an increase in membrane conductance without a
significant change in membrane potential. Modulation of this type may be particularly
effective if it is present on the primary dendrites of a neuron. Thus, with the arrival of more
distally located excitatory synaptic inputs and the near coincident arrival of more proximally
located inhibition, the resultant shunting inhibition will cause the excitatory input as
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observed in the soma to be reduced compared with its magnitude if shunting inhibition were
not present. Therefore, it is possible that one of the reasons for the prolonged time course of
inhibitory synaptic events (especially GABA-receptor mediated events – or the longer
duration glycinergic synaptic events seen early in postnatal development) compared with the
time course of non-NMDA excitatory synaptic events is that it provides a mechanism
whereby the prolonged IPSCs can modulate, via shunting inhibition, excitatory related
inputs.

Marchetti et al. (2002) studied shunting inhibition in both spinal motoneurons and HMs.
They used an in vitro slice preparation derived from early postnatal mice. In spinal
motoneurons, where Renshaw inhibition of motoneurons is present, they observed
glycinergic and GABAergic depolarizing synaptic events (due to the elevated levels of
intracellular chloride in motoneurons at early postnatal ages discussed above) they found
that these recurrent postsynaptic potentials consistently reduced synaptic excitation. They
concluded that their observations were due to a GABA and glycine synaptically mediated
increase in motoneuronal input conductance. In the case of HMs, which lack a recurrent
Renshaw-like inhibitory pathway, they observed that focally stimulated GABAergic and
glycinergic synaptic events in HMs inhibited in a majority of HMs evoked motoneuron
firing. Again, this suggested to them that in the early neonatal period there is strong shunting
inhibition of HMs due to the presence of depolarizing GABA and glycine mediated synaptic
events, and these cause a large reduction in HM input resistance (Marchetti et al., 2002).

A key feature of a tonic shunting conductance is that it can have profound effects on both
excitability as well as what is termed “gain control” of neurons (Bonin et al., 2007; Bright et
al., 2007; Stell et al., 2003) and network excitability (Semyanov et al., 2003). In addition to
phasic inhibition it has been shown that tonic inhibition of HMs occurs and that blockade of
this results in an increase in HM input resistance (Nunez-Abades et al., 2000).

Recently in preliminary studies we showed that a tonic GABAA-receptor-mediated current
is present in HMs (Numata et al., 2010). These studies were performed using whole-cell
patch-clamp recordings on visually identified postnatal mouse HMs in an in vitro slice
preparation. In the presence of blockers of glutamatergic, glycinergic and GABAB-receptor
mediated transmission and blockade of GABA transporters, application of exogenous
GABA to the bathing solution resulted in a tonic GABA current in HMs. Additional
pharmacological studies showed that this tonic current was mediated by GABAA-receptors
containing the δ subunit (Numata et al., 2010).

4.4 A role for inhibitory synaptic transmission in the generation of inspiratory
motoneuronal synchronous activity

One of the ubiquitous findings regarding I-phase activity of all inspiratory motor pools,
whether they be phrenic, laryngeal, external intercostals and hypoglossal, is the observation
that there is synchronous discharge of inspiratory motoneurons during inspiration (Funk and
Parkis, 2002). The frequency of the dominant spectral peak of these oscillations increases
with postnatal development (Sebe et al., 2006). The functional relevance of these
synchronous oscillations maybe related the input-output efficiency by which a respiratory
motoneuron generates action potentials. It has been shown that in the absence of
synchronous inputs to inspiratory motoneurons the number of I-phase spikes generated
decreases significantly (Parkis et al., 2003). Additionally, neuromodulator induced changes
in inspiratory motoneuron firing can be constrained by these synchronous oscillations
(Parkis et al., 2003), and if we extrapolate from motoneuron-muscle computer modeling
studies (Baker et al., 1999) to the HM-tongue muscle system then synchronized I-phase
activity can increase tongue muscle force output.
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Inhibitory synaptic transmission has been shown to be critical for the generation of
synchronous oscillatory activity (Bou-Flores and Berger, 2001; Marchenko and Rogers,
2009; Sebe et al., 2006). For example, in the neonatal mouse brainstem spinal cord and the
medullary rhythmic slice preparations blockade of GABAA- and glycine-receptors results in
a dramatic reduction in the peak in the I-phase power spectra both for phrenic motoneurons
and HMs (Bou-Flores and Berger, 2001; Sebe et al., 2006). This was found to not be due to
the increased peak in integrated I-phase activity also seen with blockade of synaptic
inhibition, because application of substance P alone, which also increased peak integrated
hypoglossal activity, does not significantly affect oscillation power (Sebe et al., 2006). Thus,
changes in oscillation power are not explained by changes in excitability, but are specific to
blockade of synaptic inhibition. Consistent with this hypothesis is the observation that
manipulation of the time course of GABAergic synaptic transmission can alter the median
frequency of the power spectrum (Sebe et al., 2006). Further evidence for the role of
GABAergic and glycinergic synaptic transmission comes from the observation that the time
course of inhibitory synaptic transmission speeds up with postnatal development (see
above), thus the speeding up of the inhibitory synaptic transmission time course with
postnatal development may contribute to the observed postnatal developmental increase in
HM synchronous oscillation frequency (Sebe et al., 2006).

Whether or not these I-phase synchronous oscillations are generated within or upstream of
the inspiratory motor pool is an important question. Recent data showed that in the neonatal
mouse rhythmic slice preparation that these inhibitory-synaptic transmission dependent
synchronous oscillations are likely generated immediately upstream of HMs (Sebe and
Berger, 2008). Additionally, in the adult rat in vivo it was recently shown that local injection
of antagonists of GABAA- and glycine-receptors directly into the phrenic motor nucleus
resulted in a marked reduction in I-phase phrenic motorneuronal synchrony (Marchenko and
Rogers, 2009). Thus in both HMs in vitro and phrenic motoneurons in vivo local blockade
of inhibitory synaptic transmission in or very close to the respective motor nuclei results in
I-phase motor discharge becoming asynchronous or disorganized (Marchenko and Rogers,
2009; Sebe and Berger, 2008), this shows that local inhibitory synaptic transmission has a
key role in the generation of motoneuronal I-phase synchrony.

5. Sources of synaptic inputs to hypoglossal motoneurons
An important question is where are the premotor neurons located that supply both excitatory
and inhibitory monosynaptic inputs to HMs. Premotor neurons located in the medullary and
pontine reticular formation constitute the greatest aggregation of hypoglossal premotor cells
(Chamberlin et al., 2007; Dobbins and Feldman, 1995; Peever et al., 2002; Rekling et al.,
2000). Additionally premotor neurons are located in the spinal trigeminal nucleus (Borke et
al., 1983). These premotor cells have been shown to be GABAergic, glycinergic and
glutamatergic (Li et al., 1997; Travers et al., 2005). It is likely that some of these neurons
are involved in processing sensory information from the periphery and then project
monosynaptically to HMs. For example, it has been shown that electrical stimulation of
either the inferior alveolar nerve or the masseter nerve, both components of the trigeminal
mandibular nerve and containing afferent fibers from oral structures, results in complex
post-synaptic potentials in HMs (Sumino and Nakamura, 1974). These included various
sequences of excitatory and inhibitory postsynaptic potentials. Other studies have shown
that electrical stimulation of the lingual nerve (also a branch of the trigeminal) evokes at
short latency complex depolarizing and hyperpolarizing synaptic potentials in HMs (Porter,
1967). These results are consistent with a disynaptic pathway between oral afferents,
medullary interneurons and HMs. Thus HMs receive monosynaptic EPSPs (glutamatergic)
and IPSPs (glycinergic and GABAergic) from medullary interneurons that are excited by
oral sensory afferent fibers.
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An important source of inhibitory inputs to the XII nucleus is located just ventral and
ventrolateral to the XII nucleus, in a collection of inhibitory neurons called the Nucleus of
Roller (Fig. 6A) (Aldes et al., 1988; van Brederode et al., 2011). For example electrical
stimulation of the Nucleus of Roller produces both glycinergic and GABAergic evoked
IPSCs in HMs (Umemiya and Berger, 1995; van Brederode et al., 2011) (Fig. 6B and C).
Sumino and Nakamura in 1974 provided compelling evidence that interneurons in the
Nucleus of Roller monosynaptically inhibited HMs and these interneurons were a part of the
trigemino-hypoglossal reflex.

Regarding inhibitory inputs studies based on immunohistochemistry have shown that the
medullary reticular formation contain inhibitory neurons, both glycinergic and GABAergic,
that bilaterally project to the hypoglossal nuclei (Li et al., 1997; Travers et al., 2005). Recent
studies (van Brederode et al., 2011) using GAD67-GFP knock-in mice have shown that
there is almost a complete absence of GABAergic neurons within the XII motor nucleus
(Fig. 6A). The paucity of local inhibitory interneurons within the XII motor nucleus is
compatible with the anatomical finding that axons of HM do not have collaterals (Laursen
and Rekling, 1989; Withington-Wray et al., 1988). This suggests that, in contrast to spinal
motoneurons, there is an absence of local feedback inhibition in HMs.

Early studies have shown that GABAergic synaptic terminals were located on both dendrites
and to a lesser extent somata of HMs (Takasu et al., 1987). Other studies have shown that
GABAergic innervation is not uniform across the XII motor nucleus, and this depends on
the postnatal age of the animal. GABAergic innervation has been found to be densest in the
ventral part of the nucleus that contains the somata of genioglossus motoneurons (Muller et
al., 2004; O’Brien and Berger, 2001).

Although the tongue has a diversity of motor functions, Ono et al. (1994) and Peever et al.
(2002) were able to find in the medullary reticular formation neurons that fired with
inspiration and some of these glutamatergic neurons appeared to monosynaptically excite
HMs.

6. Conclusions
Inhibitory and excitatory synaptic transmission to respiratory motoneurons as well as the
interactions of these on a given motoneuron can result in significant effects on the output of
these motoneurons to the target respiratory muscle. During the postnatal period there occur
changes in synaptic inputs to motoneurons. As discussed these include but are not limited to
the relative role of non-NMDA versus NMDA receptor-mediated respiratory related
excitatory drive; the switch from depolarizing to hyperpolarizing GABAergic and
glycinergic synaptic inputs; co-release of GABA and glycine from single synaptic vesicles
and the developmentally dependent difference in the kinetics of these synaptic inputs; and
the role of inhibition in contributing to the generation and developmentally dependent
frequency of the synchronous activity that is seen during inspiration in all inspiratory
motoneurons. Thus developmentally determined changes in various ionotropic synaptic
inputs to respiratory motoneurons can have profound effects on their pattern of spike-firing
and thereby ultimately on respiratory muscle contraction.
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Fig. 1.
NMDA and non-NMDA glutamatergic receptors are co-localized in the postsynaptic
membrane of hypoglossal motoneurons. This is shown by the presence of spontaneous
miniature excitatory postsynaptic currents (mEPSCs) that have dual temporal components.
(A) When recorded in the presence of bicuculline to block GABAA-receptors, strychnine to
block glycine receptors and TTX to block action potential generated synaptic events, the
majority of mEPSCs show slow decay kinetics (Control – top two traces). With the addition
of AP5 to block NMDA receptors the slow decaying component is abolished leaving only a
fast decaying component due that is due to activation of non-NMDA receptors (AP5 - lower
two traces). (B) Distribution of mEPSC decay time constants before and after application of
AP5. Inset: Average of mEPSCs before and after addition of AP5. Data show that the AP5
sensitive component of the mEPSC has a significantly longer decay time constant. Data
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from HMs voltage clamped at +50 mV to remove the voltage-dependent Mg block of the
NMDA receptor. (Adapted from O’Brien et al., 1997).
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Fig. 2.
In the adult anesthetized rat both non-NMDA and NMDA receptors in the hypoglossal
motor nucleus contribute to the excitatory synaptic I-phase drive to HMs. Shown are data for
respiratory-related genioglossus muscle activity (GG activity) in response to microdialysis
perfusion of the non-NMDA receptor antagonist CNQX and separately of the NMDA
receptor antagonist D-APV (also known as AP5) into the hypoglossal motor nucleus. (A)
Shows the dose-dependent reduction of respiratory-related activity with CNQX. (B) Shows
the dose-dependent reduction with D-APV. Data reported at means ± SEM and * indicates a
P< 0.05 level of significance compared to microdialysis perfusion of the artificial
cerebrospinal fluid (ACSF) control solution. (Adapted from Steenland et al., 2006).
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Fig. 3.
Microdialysis of bicuculline into the hypoglossal motor nucleus blocks GABAA-receptors
and significantly increases inspiratory-phase related hypoglossal motoneuron activity in the
awake rat. Shown are group data assessing changes in respiratory-related genioglossus
muscle activity (GG activity) across sleep-wake states during microdialysis perfusion of
artificial cerebrospinal fluid (ACSF) control solution and bicuculline into the hypoglossal
motor nucleus during room-air breathing. Data reported at means ± SEM. (Adapted from
Morrison et al., 2003b).
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Fig. 4.
The reversal potential of glycine-receptor-mediated currents recorded in HMs becomes more
hyperpolarized with postnatal development. (A) Local glycine application onto a voltage-
clamped HM shows the reversal potential from a neonate (P2) and a juvenile (P15) rat.
Various holding potentials indicated in mV. (B) Neonate and juvenile group data for the
current-voltage relationship of the glycine-evoked responses. Results show the
hyperpolarizing shift in the glycine-evoked response with postnatal development. All
recordings were done using the gramicidin perforated-patch technique so as not to disturb
the native intracellular chloride concentration. (Adapted from Singer et al., 1998).
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Fig. 5.
Co-transmission of GABA and glycine to a HM is shown by the presence of dual component
spontaneous miniature inhibitory postsynaptic currents (mIPSCs). (A1) Control recording
show the presence of three types of mIPSCs based on their temporal kinetics. Slow decaying
GABAergic mIPSCs, fast decaying glycinergic mIPSCs and dual component mIPSCs,
having both fast and slow decaying components. Presumably the dual component mIPSCs
are due to co-release of both GABA and glycine from a single presynaptic vesicle. (A2)
Distribution of mIPSC decay times in control conditions showing that the distribution is
skewed toward longer decay times. (B1) In the presence of strychnine to block glycine
receptors, isolated slow decaying GABAergic mIPSCs are recorded (top two traces). In the
presence of bicuculline to block GABAA receptors, isolated fast decaying glycinergic
mIPSCs are recorded (lower two traces). (B2) Distribution of mIPSC decay times of
GABAergic and glycinergic mIPSCs shows two unique distributions (P<0.001) based on
Kolmogorov-Smirnoff statistical testing of these distributions. (Adapted from O’Brien and
Berger, 1999).

Berger Page 19

Respir Physiol Neurobiol. Author manuscript; available in PMC 2012 October 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 6.
The Nucleus of Roller located just ventrolateral to the hypoglossal motor nucleus contains
GABAergic and glycinergic neurons that monosynaptically inhibit HMs. (A) A confocal
fluorescent photomicrograph of a transverse section of the medulla from a GAD67-GFP
knock-in mouse showing the high density of GABAergic cells in the Nucleus of Roller, but
an absence of GFP containing cells within the hypoglossal motor nucleus (XII). (B) Local
electrical stimulation of the Nucleus of Roller produces GABAA receptor-mediated currents
in a HM. Data shown are average traces of GABAA receptor-mediated evoked IPSCs before
and during bath application of SR95531 (also known as gabazine) to block GABAA
receptors. Application of SR95531 almost completely blocked the evoked response. (C)
Local electrical stimulation of the Nucleus of Roller also can produce glycine-receptor-
mediated currents in a HM. Data points are the amplitude of single evoked IPSCs plotted
against time. Strychnine applied during the time indicated almost completely abolished the
evoked glycinergic IPSCs. Inset: Shows average traces before and during application of
strychnine. Calibration bars indicate 50 pA and 20 ms. (A and B adapted from van
Brederode et al., 2011; C adapted from Umemiya and Berger, 1995).
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