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Abstract

The rat retrotrapezoid nucleus (RTN) contains about 2000 Phox2b-expressing glutamatergic
neurons (ccCRTN neurons; 800 in mice) with a well-understood developmental lineage. cCRTN
neuron development fails in mice carrying a Phox2b mutation commonly present in the congenital
central hypoventilation syndrome. In adulthood, ccRTN neurons regulate the breathing rate and
intensity, and may regulate active expiration along with other neighboring respiratory neurons.
Prenatally, ccRTN neurons form an autonomous oscillator (embryonic parafacial group, e-pF) that
activates and possibly paces inspiration. The pacemaker properties of the ccRTN neurons probably
vanish after birth to be replaced by synaptic drives. The neonatal parafacial respiratory group
(pfRG) may represent a transitional phase during which ccRTN neurons lose their group
pacemaker properties. cCRTN neurons are activated by acidification via an intrinsic mechanism or
via ATP released by glia. In summary, throughout life, ccRTN neurons seem to be a critical hub
for the regulation of CO, via breathing.

1. Introduction

The retrotrapezoid nucleus, RTN, is a rostral and ventral portion of the medullary reticular
formation that was originally delineated in adult cats and rats (Connelly et al., 1989; Smith
et al., 1989). The function of the RTN has been investigated primarily from the standpoint of
its contribution to the homoeostatic regulation of breathing, namely how breathing is
unconsciously regulated to maintain the constancy of blood gases (Feldman et al., 2003;
Ritucci et al., 2005; Nattie and Li, 2008; Guyenet, 2008). This perspective traces its roots to
the 1960s when it was suggested that the ventral surface of the medulla was the principal
site of central respiratory chemoreception (Mitchell et al., 1963; Mitchell, 2004). RTN
research has been performed in intact adult animals and in tissue slices from rodents older
than 7 days.

The research that has led to the concept of parafacial respiratory group (pfRG) and its
presumed embryonic precursor the e-pF (embryonic parafacial oscillator) has been carried
out in rodent embryos or neonates less than 4 day old (Ballanyi et al., 1999; Onimaru and
Homma, 2008; Thoby-Brisson et al., 2009). The physiological experiments were
predominantly done in vitro using brainstem slices or brainstem-spinal cord preparations.
Finally, the rationale of the research was also somewhat different because it has been carried
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out by scientists whose overriding interest was to understand how the breathing rhythm is
generated and how this function evolves during development.

Both research lines have recently converged on one particular type of interneurons (hereafter
called the ccRTN neurons, Figure 1A) that are the main focus of this review (Stornetta et al.,
2006; Onimaru et al., 2008; Thoby-Brisson et al., 2009; Lazarenko et al., 2009). The term
ccRTN neuron introduced by Lazarenko et al. (2009) refers specifically to the non-
cholinergic, non-aminergic, CO,-activated neurons of the RTN region that express vesicular
glutamate transporter2 (VGLUT?2), transcription factor Phox2b and substance P (NK1)
receptors (Mulkey et al., 2004; Lazarenko et al., 2009). These neurons seem to be critical
components of the breathing network at all stages of life but the way in which they control
breathing changes during development. Interest in the ccRTN neurons has surged in the
wake of recent evidence that an abnormality of their prenatal development may cause the
severe respiratory deficits that characterize the congenital central hypoventilation syndrome
(CCHS) (Dubreuil et al., 2008; Weese-Mayer et al., 2009).

Many other types of respiratory interneurons reside within or very close to the region of the
reticular formation that contains the ccRTN neurons. The well studied Botzinger region is
not far and the reticular formation that borders on the facial motor nucleus, sometimes also
called pfRG in a generic sense, may harbor novel or at least insufficiently characterized
respiratory interneurons (Janczewski and Feldman, 2006; Abdala et al., 2009). These
neurons may regulate active expiration selectively, possibly in cooperation with the ccRTN
neurons, and may form the basis of a partially autonomous expiratory oscillator.

The present paper is an attempt to synthesize the literature on the related topics of the RTN
and pfRG/e-pF in view of identifying the key issues that need further clarification.

of the concepts of RTN and pfRG

The RTN was initially defined in adult cats as a cluster of rostral medullary neurons that
were retrogradely labeled following tracer injection into the dorsal or the ventral respiratory
groups (Smith et al., 1989). A presumably homologous group of neurons was described soon
after in rats (Connelly et al., 1989). These neurons were detected ventral to the facial motor
nucleus up to the level of the trapezoid body hence the name “retrotrapezoid” nucleus
(Figure 1A). RTN neurons had two potentially interesting characteristics from a respiratory
physiology perspective. They were located rostral to the Botzinger (a.k.a. retrofacial) region
of the ventrolateral medulla oblongata (Merrill et al., 1983; Alheid et al., 2002; Alheid and
McCrimmon, 2008) which contains the most rostral component of the ventral respiratory
group identified at that time. Secondly, RTN neurons were in reasonably good register with
area M of the cat, a region of the ventral medullary surface previously associated with
respiratory chemosensitivity but very poorly defined from a cytological standpoint (Mitchell
et al., 1963; Mitchell, 2004). Because of its location and connections, Smith et al. (1989)
suggested that the RTN might contain neurons that regulate breathing, possibly contributing
a CO,-modulated drive to the respiratory pattern generator. As detailed later on, the region
of the brain originally defined as RTN does indeed contain a cluster of about 2000 acid-
sensitive glutamatergic neurons in rats, (800 in mice) that makes an important if not fully
understood contribution to breathing (Stornetta et al., 2006; Takakura et al., 2008;
Lazarenko et al., 2009) These neurons are identified by a specific combination of
biochemical markers and are called here the chemically coded or ccRTN neurons
(Lazarenko et al., 2009) to distinguish them from other neurons that may reside within the
RTN or in its immediate vicinity.

The concept of the pfRG originates from neurophysiological experiments done by Onimaru
and his colleagues since the late “‘80s (Onimaru et al., 1987; Onimaru and Homma, 1987)
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although the expression “parafacial respiratory group” seems to have been introduced much
later (Onimaru and Homma, 2003). The work has been carried out in an isolated brainstem
and spinal cord preparation of newborn rat (PO-P4) in which the phrenic and hypoglossal
nerves exhibit periodic bursts of respiratory-like activity (Suzue, 1984). This preparation
contains neurons with an unusual discharge pattern never observed in anesthetized adult
preparations. This pattern consists of twin bursts of action potentials that bracket the phrenic
nerve discharge (Onimaru et al., 1987; Onimaru and Homma, 1987). Despite the fact that a
majority of their action potentials typically occurs in the post-inspiratory phase, these twin-
bursting neurons were named “pre-inspiratory” (pre-1) neurons, a choice evidently motivated
by the budding theory that these neurons were somehow involved in the timing of the
inspiratory bursts. Pre-1 cells are frequently encountered in the vicinity of the facial motor
nucleus and this particular subset of pre-1 cells is usually called the parafacial respiratory
group (pfRG) (Onimaru et al., 1987; Onimaru and Homma, 1987; Ballanyi et al., 1999;
Onimaru and Homma, 2003). Further research revealed that these pre-I cells are also
neurochemically and functionally heterogeneous but that the most rostral and superficial of
them are ccRTN neurons (Onimaru et al., 2008).

More recently, the term pfRG has also been used in a broader sense to refer to all the
respiratory neurons that might be present within the portion of the reticular formation
located in proximity to the facial motor nucleus (Janczewski and Feldman, 2006). This
region is suspected to contain neurons that are selectively implicated in the generation of
active expiration (Figure 1B).

3. Towards a biochemical definition of the RTN

Early on, RTN neurons were found to lack serotonergic markers (Connelly et al., 1989) but
their biochemical phenotype remained unknown for 15 years. During this period, the
anatomical descriptions of the rodent RTN alluded to a region of the reticular formation with
rather imprecise borders that encroached to various extents on the medially located
paragigantocellular nucleus and the more caudal region claimed as the Rostroventrolateral
medulla (RVL) by cardiovascular physiologists and the Botzinger region by scientists
interested in respiration (Andrezik et al., 1981; Morrison et al., 1988; Cream et al., 2002;
Nattie and Li, 2006; Alheid and McCrimmon, 2008). Despite its name, the RTN of the rat
cannot be identified as a nucleus on mere architectonic grounds. The nearby
paragigantocellular nucleus also contains many neurons that innervate the ventral respiratory
column or at least neurons within it (Ellenberger and Feldman, 1990; Dobbins and Feldman,
1994). Caudally, the RTN merges with the Botzinger region which also projects massively
to the rest of the ventral respiratory column and to the nucleus of the solitary tract (Ezure et
al., 2003).

Weston et al. (2004) used in situ hybridization to first note the presence of extremely
superficial neurons that express the vesicular glutamate transporter VGLUT?2 in the region
of the rat brain previously defined as RTN. They showed that these cells projected to the
ventral respiratory column and therefore that they qualified as RTN neurons according to the
original definition of the term in rats (Connelly et al., 1989). The next major anatomical clue
was that the transcription factor Phox2b is expressed in the RTN region of the adult rat by
only two cell types, the C1 adrenergic neurons, and a group of non-aminergic, uniformly
glutamatergic neurons (the ccRTN neurons) (Stornetta et al. 2006). The distribution of the
ccRTN neurons is in excellent register with the RTN as originally defined by Connelly et al.
(1989). The somata of the ccRTN neurons are small and located consistently lateral to the
classically defined rostral paragigantocellular nucleus (Andrezik et al., 1981). The ccRTN
neurons are detectable up to the trapezoid body where the rostral limit of the RTN had
originally been postulated on various grounds, notably the presence of a respiratory response
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to topical acidification in vivo (Connelly et al., 1989; Cream et al., 2002). In the adult rat,
the ccRTN neurons express a low level of substance P receptor (NK1R)-immunoreactivity
although substance P is capable of activating these cells vigorously (Mulkey et al., 2007a;
Takakura et al., 2008). NK1-R immunoreactivity appears more strongly expressed in the
mouse, at least around birth (Dubreuil et al., 2009b). The cluster of ccRTN neurons
continues for some distance caudal to the facial motor nucleus ventrolateral to the C1
neurons within an extremely heterogeneous region of the reticular formation (Takakura et
al., 2008). The ccRTN neurons number around 2000 in rats and 800 in mice (Takakura et al.,
2008; Lazarenko et al., 2009). The ccRTN neurons whose axonal projections have been
traced so far were found to innervate exclusively the pontomedullary regions that contain the
respiratory pattern generator (Rosin et al., 2006; Abbott et al., 2009). Based on both
retrograde and anterograde tract-tracing evidence these neurons do not appear to innervate
respiratory motor neurons (Dobbins and Feldman, 1994; Rosin et al., 2006; Abbott et al.,
2009) .

In short, the ccRTN neurons are potentially glutamatergic because they contain VGLUT2,
they express Phox2b and NK1 receptors but they lack known aminergic markers. These
neurons lie at the core of the region previously defined as the RTN on the basis of
anatomical and functional studies. The ccRTN neurons appear biochemically homogeneous
at the present time but this interpretation may have to be reconsidered in the future. For
example, only 50% of the ccCRTN neurons express galanin (Stornetta et al., 2009) and a
thorough gene expression profile would most likely reveal additional heterogeneity.

4. The ccRTN neurons as a source of CO,-regulated drive to the pattern

generator

The RTN region expresses the protooncogene product cFos in rats exposed to hypercapnia
(e.g. (Sato et al., 1992) and many of these cells are ccRTN neurons (Fortuna et al., 2009). In
vivo acidification of the RTN region increases breathing in both anesthetized and conscious
rats (Li et al., 1999). ccRTN neurons are vigorously activated by increases in CNS pCO»,
and by peripheral chemoreceptor stimulation (Mulkey et al., 2004; Takakura et al., 2006).
Selective photoactivation of channelrhodopsin2-transfected ccRTN neurons in vivo
increases the activity of the phrenic nerve (Abbott et al., 2009). In brief, the ccRTN neurons
are physiologically activated by both central and peripheral chemoreceptor stimulation and
their direct and selective activation increases breathing. This evidence demonstrates that
they are a source of CO,-dependent excitatory drive to the respiratory controller.

The ccRTN neurons are also activated by acidification in tissue slices (Figure 1C)(Mulkey et
al., 2004; Ritucci et al., 2005; Lazarenko et al., 2009). Their response to acid in vitro persists
after blocking glutamatergic, GABAergic, glycinergic and purinergic receptors (Mulkey et
al., 2004) and, in adult anesthetized rats in vivo, these neurons maintain their response to
CO», under conditions of reduced synaptic activity (ionotropic glutamate receptor blockade)
(Mulkey et al., 2004). In other words, the ccRTN neurons respond to local changes in pH by
a mechanism that does not rely on conventional ionotropic synaptic transmission. Whether
their response to pH is an intrinsic property or involves neighboring cells via an autocrine
process is unsettled.

Results obtained in slices incubated at room temperature suggest that ccRTN neurons detect
changes of CO, via the proxy of pH (Mulkey et al., 2004), possibly via changes in
intracellular pH although a change in pHi is not absolutely required for chemosensitivity in
other putative chemoreceptor neurons (Ritucci et al., 2005; Hartzler et al., 2008). A pH-
sensitive resting potassium conductance contributes to their acid-induced depolarization
(Mulkey et al., 2004; Mulkey et al., 2007b) but the responsible potassium channel(s) is (are)
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unidentified at this time. In theory, these K channels could be downstream effector (s) of the
“real” pH sensor. Based on the study of knock-out mice, neither TASK1 nor TASK3
contribute significantly to respiratory chemosensitivity in adults nor to the pH-induced
current of ccRTN neurons in slices (Mulkey et al., 2007b). TASK2 is a closely related two-
pore potassium channel that also has some pH-sensitivity and is very uncommonly
expressed by brain neurons (L’Hoste et al., 2007; Dubreuil et al., 2009a). Intriguingly, this
channel is expressed by the ccRTN neurons (Dubreuil et al., 2009a). Whether these channels
are an integral part of the pH sensing mechanism of the ccRTN neurons has yet to be tested.

A paracrine mechanism has also been proposed to account for the pH-sensitivity of RTN
neurons and, more generally, for central respiratory chemosensitivity (Figure 1D). This
theory postulates that a subset of glial cells are depolarized by acidification and activate
central chemoreceptors such as the ccRTN neurons via the release of ATP (Spyer et al.,
2004; Gourine et al., 2005). This theory is supported by the following evidence. The glial
cells of the ventral medullary surface (presumably astrocytes) are depolarized by
acidification (Fukuda and Honda, 1975; Fukuda et al., 1978; Ritucci et al., 2005). Astrocytes
elsewhere in the brain can release many transmitters including ATP and ATP release is
required for the intercellular propagation of calcium waves in glia (Guthrie et al., 1999).
ATP is released by hypercapnia at the ventral medullary surface in vivo (Spyer et al., 2004;
Gourine et al., 2005). Finally, purinergic receptor antagonists delivered by iontophoresis
attenuate the activation by CO» of various types of respiratory neurons in vivo (Thomas and
Spyer, 2000; Gourine et al., 2005).

This evidence is substantial but several important questions or problems remain. The source
of the ATP released by hypercapnia at the ventral medullary surface has not been identified
and could be cells other than glia. Pia-arachnoid cells, for instance, communicate via ATP
very much like glial cells, both between each other and with the underlying superficial glia
(Grafstein et al., 2000). However, the major stumbling block is that purinergic P2-receptor
antagonists do not change the pH-sensitivity of the ccRTN neurons in slices (Mulkey et al.,
2004; Mulkey et al., 2006). The lack of effect of these antagonists could simply mean that
glial cells do not release ATP in coronal brain slices. This may be true but it evidently does
not explain why the ccRTN neurons are activated by acidification in these slices. Perhaps,
ATP release by glia contributes to the pH-sensitivity of the ccRTN neurons, but only in
vivo. Two arguments support this possibility to some extent. First, ccRTN neurons are very
mildly activated by P2Y receptor agonists in slices (Mulkey et al., 2006). Secondly, the pH-
sensitivity of the ccRTN neurons is perhaps 3 times higher in vivo (roughly 0-10 Hz when
end-expiratory CO, is increased from 4 to 8%, a presumed pH change of around 0.2 units)
(Mulkey et al., 2004; Guyenet et al., 2005a) than under the best circumstances in vitro (0-12
Hz between pH 7.5 and 6.9 when recorded at 35 degrees Celsius) (Guyenet et al., 2005b).
The difference in pH sensitivity (~5 Hz per 0.1 pH unit in vivo vs. 2 Hz per 0.1. pH unit in
slices) could have many causes including the age of the animals, a possible convergence of
other chemoreceptor inputs on RTN neurons in vivo, lower temperature and partial dendritic
pruning in slices. However, ATP release from glial cells could also account for this
difference in pH sensitivity. In addition, mature glial cells may also boost extracellular
acidification around the ccRTN neurons via the phenomenon called depolarization-induced
alkalosis (DIA), whereby an increase in extracellular potassium and or acidification causes
glial cell depolarization and the extrusion of protons from these cells (Figure 1D)(Fukuda et
al., 1978; Erlichman et al., 2008).

The different types of neurons contributing to central respiratory chemosensitivity and the
relative importance of each chemoreceptor candidate population to the overall process has
been thoroughly debated recently (Richerson et al., 2005; Nattie and Li, 2008; Guyenet et
al., 2008; Branco et al., 2009). In our opinion, the number and hierarchy of central
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chemoreceptors are issues that are unlikely to be settled until the pH-sensing mechanism is
identified and deleted in a cell-specific manner. Prior attempts at testing the importance of a
particular type of CNS neuron to central respiratory chemoreception have consisted of
deleting (by genetic manipulations or via a toxin) or silencing (via application of an
inhibitory substance such as muscimol) the cell type in question and examining whether the
chemoreflex is attenuated (orexinergic, noradrenergic, serotonergic, ccCRTN neurons) (Li
and Nattie, 2006; Penatti et al., 2006; Nattie and Li, 2006; Dubreuil et al., 2008; Hodges et
al., 2008; Takakura et al., 2008; Kuwaki, 2008). This approach implicates the targeted
neurons in some aspect of the breathing response to CO, but it does not distinguish between
the following three possibilities: the targeted neurons are intrinsically activated by acid in
vivo and contribute to the stimulation of breathing by CO, (i.e. these neurons are true
respiratory chemoreceptors), the targeted neurons are not respiratory chemoreceptors but
their ongoing activity normally facilitates the brain’s overall respiratory response to CO,
and, the targeted neurons are not respiratory chemoreceptors but they are indirectly activated
by hypercapnia and their activation facilitates the breathing response to CO».

The experiments designed to test the importance of the ccRTN neurons for central
chemoreception have not been immune to the experimental design problem evoked above.
The acid-sensing mechanism of the ccRTN neurons is unknown and may even partially
reside on surrounding glial cells. Thus, deleting it without killing or silencing the ccRTN
neurons has not been done. Nonetheless, recent evidence reinforces the impression that the
ccRTN neurons are a crucial hub for central chemoreception. For example, the ccRTN
neurons appear to target selectively, or at least preferentially, the respiratory pattern
generator. A similarly restricted projection pattern has not been shown in the case of the
noradrenergic, serotonergic and orexinergic neurons although pH-sensitive subgroups of
these neurons could conceivably have such characteristics. cCRTN neurons are necessary to
breathe, at least under anesthesia and at birth (Dubreuil et al., 2008; Takakura et al., 2008)
which highlights the potential importance of their pH sensitivity for breathing regulation.
Finally, the selective deletion of the ccRTN neurons eliminates the pH-dependence of the
respiratory-like outflow of the Suzue preparation (Dubreuil et al., 2009b). Because this
preparation still generates a periodic outflow, albeit at lower frequency than in controls, the
pre-Botzinger complex and whatever else generates the respiratory outflow in this
preparation must be, in the aggregate, insensitive to pH unless the ccRTN neurons are
present.

5. The pfRG is anatomically and functionally heterogeneous. The rostral
pfRG consists of ccRTN neurons

In the neonate brainstem preparation pfRG neurons are defined by the combination of two
criteria: location in the vicinity of the facial motor nucleus and the above described pre-I
discharge. Onimaru and colleagues had pointed out a while ago that neurons with a pre-I
pattern must be heterogeneous from a transmitter standpoint because some respiratory
neurons have membrane potential trajectories consistent with either an excitatory or an
inhibitory input from pre-I cells (Onimaru et al., 1992; Arata et al., 1998). These
investigators have also provided clear evidence that many pre-1 cells reside under the facial
motor nucleus in a region that seems in register with the RTN of the adult (Onimaru and
Homma, 2003). These particular pre-I neurons are undoubtedly ccRTN neurons because
they are non-catecholaminergic, Phox2b-expressing and glutamatergic (Onimaru et al.,
2008). Furthermore, like the ccRTN neurons, these particular pfRG neurons are depolarized
by acidification and this depolarization is associated with a reduction of membrane
conductance consistent with potassium channel closure (Mulkey et al., 2004; Mulkey et al.,
2007b; Onimaru et al., 2008). Finally this rostral group of pre-1 neurons have the same
peculiar dendritic structure as the ccRTN neurons recorded in more mature rodents, namely
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a profusion of very superficial dendrites oriented in the transverse plane (Mulkey et al.,
2004; Mulkey et al., 2007b; Onimaru et al., 2008). On the other hand, the same authors also
demonstrated that many neurons with a bona fide pre-I discharge pattern are not ccRTN
neurons (Onimaru et al., 2008). These cells are located caudal to the facial motor nucleus
and deeper below the medullary surface. They are acid-insensitive, do not express Phox2b
and have a dendritic structure that is very different from the Phox2b-positive pre-1 neurons.
The transmitter phenotype of this second class of pre-I neurons was not identified by
Onimaru and colleagues but an educated guess suggests that these cells could be the
Botzinger glycinergic neurons. The first evidence is their location and dendritic morphology
(Onimaru et al., 2008). Secondly, although the Bétzinger neurons normally fire in late
expiration, they can develop a post-inspiratory inhibition rebound under specific conditions
(hypoxia plus hypercarbia) in the adult rodent in vivo (Fortuna et al., 2008). These
conditions result in a pre-1 post-1 double discharge that is pfRG-like (Fortuna et al., 2008).
In the adult, this post-expiratory rebound is presumably caused by a reduction in inhibitory
input from nearby neurons that have a post-inspiratory discharge pattern (Fortuna et al.,
2008). The Botzinger region of the rodent contains a toggle that consists of mutually
inhibitory late-E and post-1 neurons (Abdala et al., 2009). Post-inspiratory rebound has not
been demonstrated per se in the Suzue preparation but is likely to occur given that many
respiratory neurons receive strong inhibitory volleys during inspiration and the preparation
contains few if any post-inspiratory cells to stop such a rebound (Ballanyi et al., 1999). The
absence of post-inspiratory neurons in the Suzue preparation is consistent with evidence that
this sort of discharge pattern requires the integrity of the pons (Smith et al., 2007; Abdala et
al., 2009). Finally, the Botzinger neurons are glycinergic and innervate multiple types of
respiratory neurons. These cells are therefore a plausible source for the inhibitory “pre-1”
inputs already documented in many respiratory neurons in this preparation.

It is also important to stress that cells with similar pre- and post-1 discharge are present in
many other regions of the ventrolateral medulla in the Suzue preparation including in caudal
regions containing expiratory premotor neurons (e.g.(Ballanyi et al., 2009)).

6. The rostral pfRG may consist of ccRTN neurons in a transitional state
between their embryonic and adult forms

As indicated above, a cluster of very superficial pre-1/post-1 (i.e. pfRG) neurons located
under the facial motor nucleus consist of ccRTN neurons (Onimaru et al., 2008). However,
during this critical period (PO to P4), only a fraction of the ccRTN neurons recorded in the
Suzue preparation have a pre-1I bursting pattern. Many more do not burst (Onimaru et al.,
2008). The latter cells discharge tonically under the influence of pH although they also
receive respiratory-related synaptic inputs (Onimaru et al., 2008).

A recent study of the ccRTN neuron developmental lineage indicates that these cells are
egr-2 dependent, i.e. originate in rhombomeres 3 or 5, before undergoing a caudal migration
alongside the facial motor neurons to their final rostral medullary destination (Thoby-
Brisson et al., 2009). Having reached this location, these neurons differentiate to form a
bilateral cluster of synchronized bursters that activate and, possibly pace, the more caudally
located pre-Botzinger inspiratory oscillator (Thoby-Brisson et al., 2009). The slow bursting
properties of the embryonic ccRTN neurons are attributed to intrinsic membrane properties
and their synchronization is likely caused by gap junctions (Thoby-Brisson et al., 2009). By
contrast, the pre-1/post-1 pattern has not been detected in adult ccRTN neurons in vivo nor
has any form of bursting been observed in ccRTN neurons recorded in slices prepared from
rodents older than 7 days (Guyenet et al., 2005a; Lazarenko et al., 2009).
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These various findings can be interpreted in two ways at least. The first possibility is that the
ccRTN neurons initially differentiate into bursters in the embryo and become pacers soon
after birth. The Suzue preparation is derived from rodents less than 4 days-old and could
therefore be a transitional stage in which a fraction of the ccRTN neurons retain enough of
their embryonic characteristics to generate synchronized bursts of action potentials and the
rest are silent or tonically active when acidified. A fuller understanding of the molecular
changes that shape the intrinsic properties of the ccRTN neurons during the critical period
surrounding birth will reveal whether this interpretation is correct. The second possibility is
that, throughout development and into adulthood, the ccRTN neurons include at least two
distinct subtypes of acid-sensitive cells, “tonic” neurons and rhythmogenic neurons with
intrinsic bursting properties. Whether the latter drive expiration or inspiration is unsettled
and will be discussed later on.

7. The ccRTN neurons stimulate inspiratory motor activity

The ccRTN neurons seem to be capable of activating the inspiratory motor outflow in all
three of their successive developmental avatars (e-pF, rostral pfRG, adult form)(Dubreuil et
al., 2008; Onimaru and Homma, 2008; Abbott et al., 2009; Thoby-Brisson et al., 2009). The
way in which this activation occurs (rate only, rate plus amplitude and its synaptic
mechanisms) is less obvious and presumably evolves during development.

The notion that the rostral pfRG activates inspiration is based on the following evidence
(Onimaru et al., 1987; Onimaru and Homma, 1987; Onimaru and Homma, 2003). By
definition, the pre-1 neurons of the rostral pfRG start bursting before inspiration (Onimaru
and Homma, 2003). Lesions of the pfRG region slows the phrenic nerve discharge and some
inspiratory neurons receive PSPs consistent with an excitatory input from some form of
glutamatergic pre-1 neuron (Onimaru et al., 1992). Although the interpretation is plausible
and seems generally accepted, we note that the evidence that the pre-1 neurons of the rostral
pfRG drive inspiration is either correlative (relative timing of discharges, PSPs originating
from pre-1 cells of uncertain location and phenotype) or derives from the effect produced by
brain lesions of undefined specificity (Onimaru and Homma, 2003). Given the possibility
that the rostral pfRG contains two subtypes of ccRTN neurons (double bursters a.k.a. pre-I
cells and tonic cells)(Onimaru et al., 2008) some uncertainty remains as to which one of the
two is responsible for the slowing/acceleration of the inspiratory rhythm caused by lesion/
stimulation of this region.

Recent work done at the embryonic stage in mice (Thoby-Brisson et al., 2009) indicates that
the ccRTN neurons form a cluster of neurons that have the ability to generate synchronous
bursts of activity that are driven by intrinsic properties and synchronized by gap junctions.
Physical separation of this embryonic parafacial oscillator produces a slowing of the
inspiratory-like outflow of the preparation, again supporting the possibility that the e-pF
activates the oscillation rate of the downstream pre-Bétzinger complex (Thoby-Brisson et
al., 2009).

Evidence that the ccRTN neurons activate inspiratory motor activity is even more
compelling in the adult given that it has been possible to activate these cells selectively in
vivo and to demonstrate that increased diaphragmatic activity ensues (Abbott et al., 2009).
This evidence refines and extends a large body of work by Nattie and colleagues who had
shown that activation of the RTN region by topical acidification or local microinjection of
excitatory transmitters increases breathing whereas inhibitory substances produce the
converse effect (Li and Nattie, 1997; Cream et al., 1999; Nattie and Li, 2000; Feldman et al.,
2003). The literature contains interesting discrepancies as to whether RTN stimulation
activates primarily the breathing rate or the breathing amplitude. In the Suzue preparation,
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the amplitude of the C4 rootlet discharge is essentially invariant and only rate changes are
observed including under the influence of acidification. In our personal opinion, this
peculiarity may largely explain why the rostral pfRG is often viewed as solely involved in
rate control. Under anesthesia in the adult, selective photostimulation of channelrhodopsin-2
transfected ccRTN neurons in vagotomized rats activates both the frequency and the
amplitude of the phrenic nerve discharge (Abbott et al., 2009). In similar experiments
performed in conscious rats, both the rate and the amplitude of the diaphragmatic EMG were
increased by photostimulation of transfected ccRTN neurons (unpublished results of Kanbar
and Guyenet). Effects on both rate and amplitude make good physiological sense because
ccRTN neurons are not only sensitive to local changes in pH (Lazarenko et al., 2009) but
they are also excited by activation of the carotid bodies, probably via a direct projection
from the nucleus of the solitary tract (Bodineau et al., 2000a; Takakura et al., 2006). Their
activation should therefore partially reproduce the effect of a normoxic hypercapnic stimulus
which, in rodents with intact peripheral chemoreceptors, consists of an increase in the rate
and the amplitude of breathing (e.g.(Li and Nattie, 2002)). Injections of thyrotropin
releasing hormone, a substance that activates the ccRTN neurons also activate both phrenic
rate and amplitude (Cream et al., 1997) and injections of muscimol into the RTN region
reduce breathing frequency in conscious rats, at least transiently (Nattie and Li, 2000). Yet,
RTN acidification in conscious and in anesthetized rats stimulate breathing exclusively
through an increase in tidal volume (Li and Nattie, 1997; Li et al., 1999). These
discrepancies are not resolved. Anesthetic conditions certainly play a part since, in
vagotomized rats, hypercapnia can modulate preferentially frequency (isoflurane) or
amplitude (urethane; unpublished observations by Fortuna and Guyenet). It is also possible
that the ccRTN neurons include a subset of neurons that control inspiratory amplitude and
another that controls the respiratory rate. Also, more conventional forms of activation or
inhibition of the RTN region (i.e. with drugs or acidification) may produce their effects by
targeting both ccRTN and other neurons. A final confounding factor is that breathing rate
and amplitude are not independent variables in the process of CO, homeostasis. For
instance, an imperceptibly gradual increase in breathing rate in man automatically produces
a compensatory reduction in tidal volume (Haouzi and Bell, 2009) and the converse
phenomenon is not inconceivable. Evidence which suggests that the population of ccRTN
neurons could be anatomically and functionally heterogeneous will be presented later.

The physiological evidence that ccRTN neurons, or at least a subset of them, drive
inspiration is also supported by the results of neuroanatomical studies. For example, the
ccRTN neurons, collectively at least, target every segment of the ventral respiratory column
including the region of the pre-Botzinger complex and the rostral VRG (Abbott et al., 2009)
(Figure 1A). The pseudorabies virus experiment of Dobbins and Feldman (1994) showed
that at least some RTN neurons are connected oligosynaptically to diaphragmatic motor
neurons, possibly via a single intervening neuron. Admittedly, this evidence in itself does
not prove that these neurons activate inspiration because the retrogradely labeled cells could
conceivably have been synaptically connected to neurons that inhibit diaphragmatic motor
neurons during expiration. Furthermore the retrogradely labeled neurons may not have been
ccRTN neurons.

8. e-pF, pfRG and RTN as an inspiratory “rhythmogenic” center

As discussed above, the fact that the e-pF/pfRG/RTN activates inspiration and the breathing
rhythm is strongly supported by experimental evidence. Whether the e-pF/pfRG/RTN is
rhythmogenic is a separate issue. Two theories are currently being pursued. The first one (in
chronological order) is that this cell group is the master inspiratory rhythm generator
(Onimaru and Homma, 2003). The second view is that this region contains an expiratory
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oscillator (Janczewski and Feldman, 2006; Feldman et al., 2009) or something in-between
(Wittmeier et al., 2008). This section examines the first theory.

The notion that a group of neurons plays a respiratory rhythmogenic role seems intuitively
obvious but is in fact difficult to strictly define. To the best of our understanding the term
“respiratory rhythmogenic” requires that such neurons be capable of forming an oscillating
circuit and that this oscillating circuit is necessary for the generation of a regular phasic
motor outflow to the respiratory muscles. So far, only the pre-Bétzinger complex fits fully
the definition of a “respiratory rhythmogenic” center since these neurons are capable of
generating a regular motor output in isolation from the rest of the brain (Smith et al., 1991;
Johnson et al., 2001) and without them, rats cannot breathe (Tan et al., 2008). However, the
generation of the respiratory rhythm of intact adult mammals is not reducible to the up or
down regulation of the activity of the pre-Bétzinger complex. It is the expression of an
oscillating circuit of much greater complexity that incorporates the pre-Boétzinger complex
but also includes rhythmically active neurons located in many other brains areas (notably the
Botzinger region and the dorsal pons) (Rybak et al., 2007). In addition, this circuitry
requires so-called tonic excitatory drives to be active. The ambiguity of the term respiratory
rhythmogenic can be seen in reference to the Botzinger region. This region contains
phasically active E2 and post-1 neurons, mostly inhibitory, that interact with a host of other
types of respiratory neurons (Rybak et al., 2007). The presence of the Botzinger region is
not required for the pre-Bétzinger complex to form an oscillating circuit, at least in a slice of
neonate or embryonic brain and, unlike the pre-Bétzinger complex, the Bétzinger region of
the ventral respiratory column probably does not have the ability to form an oscillating
circuit in isolation. However, inhibition or stimulation of the Bétzinger cells by local
application of transmitters exerts massive effects on the respiratory rate in vivo (e.g.
(Monnier et al., 2003)). By all accounts, the E2 and post-1 neurons of the Bétzinger region
are an integral part of the complete (eupneic) respiratory rhythm-generating circuit and, on
that basis, they should qualify as rhythmogenic neurons (Rybak et al., 2007).

In the adult, the respiratory rate can also be greatly altered by increasing or decreasing the
activity of the ccRTN neurons in vivo (Abbott et al., 2009). Does this fact also qualify these
neurons as rhythmogenic? In our opinion the answer is negative, for the following reasons.
The first one is that these neurons, at least in anesthetized rats, have a largely tonic discharge
pattern unless the central respiratory drive is very high (Guyenet et al., 2005a). Secondly,
the respiratory modulation of the ccRTN neurons is phase-spanning and multiform but a
pfRG type of discharge (pre-inspiratory or double-burst pattern) has not been identified so
far under conditions when a robust phrenic outflow has been simultaneously recorded
(Guyenet et al., 2005a). Recordings made in the putative equivalent of the cat’s RTN could
suggest otherwise but the nature of the recorded neurons is uncertain (see below). Thirdly,
adult ccRTN neurons produce respiratory effects that decay with a time constant many times
longer than the respiratory period (Abbott et al., 2009). This observation suggests that the
postsynaptic effect of the ccRTN neurons may be much too slow for these neurons to be
able to specify the time of onset of each inspiration. In addition, the activation of ccCRTN
neurons does not only increase inspiratory rate but inspiratory amplitude and, probably,
active expiration (Kanbar and Guyenet, unpublished results). Finally, when the
hypothalamus is stimulated to cause an increase in breathing rate and amplitude, ccRTN
neurons are activated uniformly throughout the respiratory cycle (Fortuna et al., 2009). This
type of stimulation does not cause the phrenic nerve to discharge tonically between bursts
nor does it produce a background tonic discharge in the phasically-active respiratory
neurons that are assumed to be part of the pattern generator. In sum, the discharge
characteristics of the neurons identified to-date as ccRTN in the adult rat in vivo are very
different from that of the B6tzinger cells and other neurons assumed to be part of the
respiratory rhythm and pattern-generating circuit. The adult properties of the ccCRTN
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neurons seem particularly maladapted to a respiratory rhythmogenic role of any kind. They
suggest that these neurons are more likely to be a source of tonic drive to their downstream
targets than to be involved in the exact timing of their discharge.

Prenatally and at birth, the evidence that ccRTN neurons have respiratory rhythmogenic
properties is much stronger but, in our opinion, far from definitive. The concept is based in
large part on the fact that, under the appellation of e-pF or pfRG, these cells form an
autonomously active group whose activity anticipates that of the pre-Bétzinger complex.
One piece of evidence supporting the rhythm-generating theory is that electrical stimulation
of the “pfRG” can reset the inspiratory rhythm in the Suzue preparation (Onimaru et al.,
1987). This evidence is only modestly convincing because this procedure does not implicate
the ccRTN cells specifically. Not only is the pfRG heterogeneous but electrical stimulation
is notoriously unreliable and, as demonstrated only recently, may in fact preferentially
activate distantly located neurons with axons passing in the vicinity of the electrode tip
(Histed et al., 2009). The second evidence that the e-pF/pfRG is rhythmogenic is that its
activity is synchronized with that of the pre-Boétzinger complex. This much is undeniable but
there is very little evidence that the synchronization between these two oscillators is caused
by the input from the e-pF/pfRG to the pre-Bétzinger complex. The reverse, namely that the
synchronization operates via an input from the respiratory pattern generator to the e-pF/
pfRG, is much better documented since the e-pF/pfRG receives fast GABAergic synaptic
inputs during the inspiratory phase (Onimaru et al., 1990; Onimaru et al., 2008; Thoby-
Brisson et al., 2009). In our opinion, this issue is a critical one. The current theory that the e-
pF/pfRG is an inspiratory rhythm generator is based on two plausible but unproven
assumptions namely that these cells target the pre-Botzinger complex and that
neurotransmission between the e-pF/pfRG neurons and these targets is fast enough for the
former to be able to define the onset of the inspiratory burst. The e-pF/pfRG/ccRTN neurons
do express the vesicular transporter VGLUT?2 but this only means that they have the
potential to release glutamate. The orexinergic cells also express vesicular transporters
(Rosin et al., 2003) but the bulk of the evidence indicates that the orexin peptides are the
workhorses of these neurons (Kukkonen et al., 2002; Kuwaki et al., 2008). The ccRTN
neurons could release other transmitters than glutamate, galanin is a known example
(Stornetta et al., 2009), and the type of glutamatergic neurotransmission that these neurons
use, if any, is not known. Prior evidence from the Suzue preparation does indicate that some
respiratory neurons receive conventional EPSPs consistent with an excitatory input from
some form of pre-1 neurons (Onimaru et al., 1992). This information is insufficient to
attribute these PSPs to an input from the ccRTN neurons since the Suzue preparation
contains several types of pre-1 neurons not only within the pfRG region (Onimaru et al.,
2008) but elsewhere in the VRG (Ballanyi et al., 2009). In addition, the interpretation of the
function of the e-pF/pfRG in a “rhythmogenic” perspective may be largely influenced by the
fact that the properties of this cell group have been examined in preparations in which the
amplitude of the inspiratory-like outflow is essentially invariant and only frequency
modulation is observed, including under the influence of pH. This is not the case in vivo, at
least in the adult, in which ccRTN neuron stimulation increases the breathing rate,
inspiration amplitude and probably active expiration as well, as mentioned above.

In summary, neither the concepts of oscillator nor of inspiratory rhythm generator seem to
fit the known properties of the ccRTN neurons in their adult form. It is of course
conceivable that the rhythmogenic neurons of the adult are a subset of ccRTN neurons that
is small and has not yet been detected in vivo. In their embryonic and postnatal version,
there is excellent evidence that the ccRTN neurons or a large subset of them form an
autonomously active oscillator. There is also excellent evidence that the ongoing activity of
this oscillator increases the burst rate of the downstream pre-Bétzinger complex. An
interesting speculation is that the excitatory drive from the e-PF is necessary to counteract
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the respiratory depressant effects of endogenous opiates at birth (Feldman et al., 2009).
However, in our opinion, there is still insufficient evidence to conclude that the e-pF/pfRG
oscillator is rhythmogenic in the sense of being able to specify the time of onset of each
inspiratory burst.

9. RTN, pfRG and active expiration

Expiratory muscles are only recruited for breathing when a high level of lung ventilation is
required such as during exercise, hypoxia or exposure to abnormally high levels of CO,.
Classically, the respiratory drive of spinal expiratory motor neurons is attributed to the
activity of excitatory premotor neurons that are located in the caudal VRG (Iscoe, 1998).
These premotor neurons have an expiratory incrementing discharge pattern attributed to the
summation of a tonic excitatory drive of still uncertain origin (speculatively some
“locomotor center” and /or central chemoreceptors)(lwamoto et al., 1996) and inhibitory
volleys that occur during the inspiratory and post-inspiratory phases (Bainton and
Kirkwood, 1979; Ballantyne and Richter, 1986; Arita et al., 1987; Anders et al., 1991). The
post-inspiratory input could conceivably originate from neurons located in the immediate
vicinity of the expiratory premotor neurons (Ballantyne and Richter, 1986) although
inhibitory post-inspiratory interneurons are commonly found throughout the ventral
respiratory column, most particularly in the Botzinger region (Rybak et al., 2007). In the cat,
the inhibitory inspiratory input to the cVRG expiratory premotor neurons originates in part
from the “retrofacial region” (Anders et al., 1991), presumably what is now called the
Bdtzinger region. In short, the classic view is that the expiratory incrementing discharge of
expiratory premotor neurons is due to the breakthrough of a tonic drive during the relaxation
phase of the post-inspiratory volley rather than to an incoming excitatory drive during the
late expiratory phase of the respiratory cycle. These assumptions are currently being
reevaluated in the light of several challenging experimental results (Feldman and Del Negro,
2006; Feldman et al., 2009).

In juvenile rats (7-13 day-old) treated with the anesthetic ketamine, administration of the
opiate agonist fentanyl causes the activity of the diaphragm to skip cycles (“quantal”
breathing, (Mellen et al., 2003)) while the activity of the abdominal muscles retain their
initial regular periodicity (Janczewski and Feldman, 2006). Also, in this preparation, vagal
stimulation suppresses the inspiratory motor outflow while stimulating abdominal muscle
contractions (Feldman and Del Negro, 2006; Janczewski and Feldman, 2006). This
unexpected dissociation between the activity of inspiratory and expiratory muscles has led to
the concept that active expiration may be under the control of an oscillator that is normally
coupled with the inspiratory oscillator but can be artificially separated from it in very young
rats by the combined administration of ketamine and fentanyl (Feldman and Del Negro,
2006; Janczewski and Feldman, 2006). A phylogenetic argument has also been made for the
existence of two mammalian respiratory oscillators, because two rhythm generators are
involved in amphibian respiration, one for buccal breathing and the other for lung breathing
(Wilson et al., 2002; Duffin, 2004; Feldman and Del Negro, 2006; Feldman et al., 2009). In
theory, mammals could therefore have inherited these two rhythm generators in some
modified form.

According to Janczewski and Feldman (2006), this hypothetical mammalian expiratory
oscillator is located somewhere in the vicinity of the facial motor nucleus because
transections of the medulla oblongata midway through this nucleus eliminated the activity of
expiratory muscles while preserving the rhythmic activity of the diaphragm (Janczewski and
Feldman, 2006). Further experimentation performed in artificially perfused neonate and
juvenile rats have indicated that the critical region is within or very close to the RTN
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(Abdala et al., 2009) and the search is now on for the responsible cells and the “expiratory
oscillator”.

One possibility considered by Abdala et al. (2009) is that the excitatory drive from tonically
active ccRTN neurons is required for active expiration to break through. These neurons are
functionally excitatory, CO,-activated and innervate the cVRG (Guyenet, 2008; Abbott et
al., 2009) and therefore could contribute some fraction of the tonic excitatory drive assumed
to be required for expiratory premotor neurons to fire under hypercapnia (Bainton and
Kirkwood, 1979). In addition, the ccRTN neurons receive excitatory inputs from a region of
the hypothalamus which probably mediates some of the cardiorespiratory stimulation
associated with exercise (Fortuna et al., 2009). However, this explanation of the role of the
RTN in expiration is probably incomplete because Abdala et al. (2009) have also found that
the RTN region harbors neurons that are activated by hypercapnia concomitantly and in
phase with the abdominal nerves. These late-E neurons need further characterization. It
seems most critical to rule out that they are a subset of facial motor neurons with late-
expiratory discharges and to test whether they might a subset of ccRTN neurons (Huangfu et
al., 1993). Hypothetically, these late-E neurons could be driving the cVRG expiratory
premotor neurons (Figure 1B).

Other neurons that are important in shaping the membrane trajectory of cVRG expiratory
premotor neurons also probably reside in close proximity to the RTN (Figure 1B).
Inspiratory neurons that inhibit cVRG expiratory premotor neurons have been identified
within the retrofacial region of cats as indicated above (Anders et al., 1991). Potentially
homologous neurons have been described in the adult rat (Sun and Reis, 1996). These
neurons were called pre-inspiratory by these authors but their discharge anticipated the
phrenic outflow by a mere 10-20 ms. A large proportion of these inspiratory cells could be
antidromically activated from the spinal cord and therefore were clearly not motor neurons
(Sun and Reis, 1996). The Botzinger region which overlaps with the RTN also contains an
abundance of inhibitory post-1 neurons that could, in theory at least, provide an input to the
expiratory premotor neurons of the cVRG.

Another link between pfRG and expiratory motor outflow stems from the observation that,
in the Suzue preparation, the abdominal nerves display twin bursts of activity coinciding
with late expiration and post-inspiration like pfRG neurons (Taccola et al., 2007). However,
because the Suzue preparation is replete with twin bursting cells, the twin bursts of the
abdominal nerve rootlets are not necessarily driven by the discharge of the rostral pfRG
a.k.a. ccRTN neurons. In fact, a simple explanation for the double spiking of the abdominal
respiratory outflow could be, as mentioned above, that the expiratory premotor neurons of
the cVRG undergo rebound excitation after the inspiratory inhibition in this preparation due
to the absence of post-inspiratory inhibition. This speculative interpretation is supported by
evidence that the expiratory premotor cells of the cVRG, like the Botzinger neurons,
develop rebound excitation during the post-inspiratory phase under hypoxic/hypercapnic
conditions in the adult rat in vivo (Fortuna et al., 2008). It is also supported by evidence that
anoxia produces twin prel-postl bursts of activity in the lumbar nerve of the in situ perfused
neonate and juvenile rat (Abdala et al., 2009).

In summary, the RTN and the immediately adjacent Botzinger region contain neurons that
could potentially provide tonic drive (the ccRTN neurons) and phasic inhibition (I and post-I
neurons) to the expiratory premotor neurons of the cVRG. The RTN region also contains
neurons that may contribute a late expiratory excitation to the expiratory premotor neurons
of the cVRG. Volleys of late-expiratory EPSPs have not been identified so far in the latter
neurons by intracellular recording with sharp electrodes. The recent observations of Abdala
et al. (2009) suggest that this possibility should be revisited with improved recording
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methods. The putative presence within the RTN and its vicinity of many types of
interneurons that likely participate in shaping the membrane trajectory of the expiratory
premotor neurons, could explain why mechanical damage or non-selective inhibition of this
region interferes with expiratory motor activity (Janczewski and Feldman, 2006; Abdala et
al., 2009). An interesting issue raised by Janczewski and Feldman (2006) is whether these
rostrally located neurons retain the capability to produce a periodic motor outflow in the
expiratory muscles when the pre-Botzinger complex is silenced. Stated another way, the
question is whether these parafacial respiratory interneurons can operate as a partially
autonomous expiratory oscillator. A small piece of supporting evidence is that opiates
interfere only minimally with the activation of ccRTN neurons by CO, (Fortuna et al.,
2009). Therefore, even in the presence of such drugs, the ccRTN neurons could, in theory at
least, continue providing an adequate excitatory drive to the expiratory premotor neurons
and some of their phasically active inputs.

10. Possible functional heterogeneity of the ccRTN neurons

The ccRTN neurons were identified by location and shared phenotype (Phox2b, VGLUT?2,
NK1 receptors, lack of catecholamine or serotonergic markers). This phenotype is defined
by a limited number of attributes which leaves room for the possibility that it encompasses
more than one type of neuron.

In the Suzue preparation, ccRTN neurons include twice-bursting neurons and tonic cells, all
of them pH-sensitive. We have evoked the possibility that this distinction might be artificial
because, at birth, the entire cell group may be gradually transitioning between the embryonic
stage characterized by group pacemaker properties and an adult form in which these cells
become solely driven by synaptic inputs and their pH sensitivity. The complete process may
span a few days accounting for the co-existence of the two forms of ccRTN neurons
between birth and day 4.

About half of the ccRTN neurons express galanin (Stornetta et al., 2009). However, galanin-
positive and galanin-negative ccRTN neurons are both CO5 responsive in vivo and in slices.
In vivo, galanin-expressing neurons are respiratory modulated and display the same variety
of respiratory patterns as those without galanin (Stornetta et al., 2009). Thus, galanin does
not co-segregate with any known physiological difference between ccRTN neurons.

ccRTN neurons express several stereotyped respiratory patterns under anesthesia (Guyenet
et al., 2005a) indicating that they receive distinct complements of synaptic inputs. Many
types of phasically active neurons have also been recorded in the RTN region of the cat
along with tonic and respiratory-modulated units (Connelly et al., 1990; Nattie et al., 1993;
Bodineau et al., 2000b). Subsets of these cells are likely to have been ccRTN neurons. Input
heterogeneity exists even at the embryonic stage since e-pF neurons receive either
glutamatergic or GABAergic inputs during the inspiratory phase (Thoby-Brisson et al.,
2009). This particular dichotomy may persist in the adult because a substantial portion of the
ccRTN neurons have reduced activity during inspiration whereas the rest are most active
during this phase (Guyenet et al., 2005a; Fortuna et al., 2009). These input differences
suggest the probable existence of subgroups of ccRTN neurons with distinct targets and
physiological roles but this interpretation requires more direct experimental support.

Comparing the various estimates of the number of chemically defined RTN neurons of the
mouse is also instructive. By our simple anatomical definition, the number of ccRTN
neurons (non catecholaminergic, non-cholinergic, VGLUT2- and Phox2b-positive neurons
of the parafacial region) is about 780 per brain after Abercrombie correction (Lazarenko et
al., 2009). The number of neurons that make up the mouse e-pF was estimated around 540
cells per brain based on histology (Egr2+, Phox2b+, Islet1/2-negative neurons) and on
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counts of the number of rhythmic cells detected in calcium-loaded preparations (Thoby-
Brisson et al., 2009). Finally, the number of mouse RTN neurons defined as Phox2b-,
Vglut2-, neurokininl receptor- and Atoh1-expressing cells located in the parafacial region
was recently evaluated as 1180 per brain (Dubreuil et al., 2009b). The Dubreuil estimate and
ours are fairly close given that the Dubreuil numbers were apparently not corrected for
stereological errors and therefore could be easily overestimated by 20%. The Thoby-Brisson
estimate of the number of e-pF neurons is somewhat lower. This low estimate could have
been due to the fact that some e-pF neurons were damaged and therefore were not detected
by calcium imaging or that some of the cells of this cell group are not bursting for other
reasons. In sum, the discrepancy between the three estimates is relatively small but some
room is left for the possibility that the pacemaker population (the e-pF of Thoby-brisson et
al.) might be a subset of the population that we have identified as ccRTN neurons and that
Dubreuil has outlined on the basis of Atoh-1 expression.

As mentioned above, the RTN region contains a form of late-expiratory neurons that may be
driving the activity of expiratory muscles (Abdala et al., 2009). These neurons have not yet
been biochemically characterized and could conceivably be a subset of ccRTN neurons.
Pushing this speculation a step further, one could imagine that these cells, like other late-
expiratory neurons (Fortuna et al., 2008), are prone to developing a post-inspiratory rebound
under conditions when inhibitory post-inspiratory neurons are inactive. This line of
reasoning leads to the unlikely but not inconceivable possibility that some of the pfRG “pre-
I” neurons of the Suzue preparation could in fact be the precursors of the E2 neurons
detected by Abdala et al. (2009) and therefore that these cells might drive expiration, not
inspiration as proposed by Feldman and colleagues (Feldman et al., 2009).

neurons and the congenital central hypoventilation syndrome

The cardinal signs of this rare genetic disease (1 in 100,000 births) are a severe
hypoventilation during sleep and an extremely reduced respiratory response to central and
peripheral chemoreceptors at all times (Weese-Mayer et al., 2009). Autonomic
abnormalities, including dysfunction of cardiovascular control are also commonly observed
(Gronli et al., 2008; Weese-Mayer et al., 2009). These symptoms are consistent with some
kind of brainstem dysfunction. The root cause of CCHS was elucidated in the wake of the
discovery of the homeodomain transcription factor Phox2b. Phox2b was found to be critical
for the development of multiple pathways involved in autonomic regulation (nucleus of the
solitary tract and it major sensory afferents, carotid bodies, brainstem catecholaminergic
neurons, sympathetic postganglionic neurons etc.)(Pattyn et al., 1997; Pattyn et al., 2000b;
Brunet and Pattyn, 2002). Soon after, the most common cause of CCHS was identified as an
abnormal expansion to between 23 and 30 residues of the normal 20 residue polyalanine
sequence of Phox2b (Amiel et al., 2003; Weese-Mayer et al., 2003). The severity of CCHS
increases with the number of extra alanine residues (Matera et al., 2004). Twenty-seven or
more additional alanine residues generally result in the complete inability to breathe while
asleep.

In 2006, Stornetta et al. demonstrated that the CO»-sensitive neurons of the RTN region
uniformly express Phox2b and noted that Phox2b was expressed by an uninterrupted chain
of neurons involved in conveying central and peripheral chemosensory information to the
respiratory network. They also noted that this transcription factor was generally absent from
the lower brainstem neurons implicated in respiratory rhythm and pattern generation. These
observations suggested that the abnormal development of the ccRTN neurons, alone or in
combination with their input from the carotid bodies, could produce the respiratory deficits
observed in CCHS. The Phox2b27Ala"* mouse engineered by Dubreuil et al. (2008)
reproduces the typical breathing deficits of CCHS at birth (hypoventilation and lack of
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response to CO,) and lacks entirely the ccRTN neurons but, remarkably, the rest of the
Phox2b-expressing neurons appeared intact. Specifically, the catecholaminergic neurons, the
nucleus of the solitary tract, the carotid bodies and vagal afferents, all of which depend on
Phox2b for their development (Pattyn et al., 2000a; Pattyn et al., 2000b; Dauger et al.,
2003), were apparently intact at birth. Another mouse in which the ccRTN neurons are
massively and selectively ablated prenatally by genetic manipulations exhibits the same
respiratory problems at birth (Dubreuil et al., 2009b). Dubreuil’s observations indicate that
the ccRTN neurons are much more vulnerable to the deleterious effects of polyalanine
expansion of the Phox2b gene than most other Phox2b-expressing neurons. They also
suggest that the selective degeneration of the ccRTN neurons could account for the
respiratory symptoms of CCHS, at least at the time of birth. This theory obviously requires
histological analysis of human specimens. The first step towards this goal has been
completed since a cluster of non-catecholaminergic neurons expressing NK1 receptors and
Phox2b has recently been identified in man in the predicted location under the facial motor
nucleus (Rudzinski and Kapur, 2009).

The autonomic deficits (gastrointestinal and cardiovascular) experienced by CCHS patients
are not adequately explained by the absence of the ccRTN neurons, at least based on current
understanding of the function of these neurons. In theory, several of these autonomic
problems could be caused by a partial loss of the sympathetic ganglionic neurons, a
possibility that Dubreuil et al. (2008) did not seem to have investigated in their mouse
model. Other more subtle and still unrecognized defects may be also present in the
Phox2b27Ala* mouse as well as in the brain of CCHS patients. Evidence of significant
forebrain damage has been repeatedly found in CCHS patients who survive into adolescence
and adulthood (Macey et al., 2009; Kumar et al., 2009) but this damage could result from
the repeated episodes of severe hypoxia experienced by these individuals.

12. Summary and conclusions

Overlapping portions of the rostral ventrolateral medullary reticular formation have received
many names (RTN, RVL, C1 region, subretrofacial nucleus, RVLM, Bétzinger region,
retrofacial area, caudal paragigantocellularis nucleus, pfRG, etc.). This confusing anatomical
nomenclature should be replaced by a catalog of the various types of neurons that reside
within the rostral ventrolateral medulla. Ideally, this catalog should rely on cell lineage,
defining biochemical markers, connectivity and accurate stereotaxic location. The ccRTN
neurons and the C1 neurons are examples of this approach but much more work is needed.

The ccRTN neurons seem relatively homogeneous from a neurochemical standpoint. These
non-aminergic neurons express the transcription factor Phox2b throughout life. Collectively,
they innervate all the pontomedullary regions known to contain components of the
respiratory rhythm and pattern generating circuitry. This anatomical connectivity is in
contrast to some of the better described other putative central chemoreceptors (serotonergic,
catecholaminergic and orexinergic neurons), as the ccRTN neurons innervate only these
well-defined pontomedullary regions. Selective stimulation of the ccRTN neurons activates
multiple aspects of breathing including the rate and amplitude of inspiration and, most
probably, active expiration. Given the projection pattern of these cells, these effects are
probably mediated by actions at multiple levels of the breathing network, including the
nucleus of the solitary tract, the ventral respiratory column and the dorsolateral pons.
Identifying the specific respiratory neurons that are targeted by the ccRTN neurons is an
important research objective.

The ccRTN neurons make the vesicular transporter VGLUT2 suggesting that they use
glutamate as one of their transmitters. The postsynaptic effects of these neurons are

Respir Physiol Neurobiol. Author manuscript; available in PMC 2011 October 31.



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

1duasnuey Joyiny vd-HIN

Guyenet and Mulkey

Page 17

unknown except for the fact that their kinetics appear to be slow, in the adult at least. One
the major current hypotheses concerning the ccRTN neurons is that they contribute a “tonic”
CO»,-regulated excitatory drive to the respiratory controller. Given that these neurons are
respiratory modulated, this notion could only be correct if the postsynaptic effects that they
produce is long relative to the average length of the breathing cycle.

There is excellent evidence that the ccRTN neurons or a large subset of them form a cluster
of synchronized bursters before birth (the e-pF). This characteristic persists for a few days
after birth but it has not been detected in rodents more than 7 days old. Between birth and
post-natal day 4 or so, the ccCRTN population includes a mixture of bursting and tonic cells
suggesting that, during this early postnatal period, the ccRTN neurons could be transitioning
between their embryonic pacemaker driven form and their adult form which is regulated
primarily by synaptic drives and the surrounding pH.

The ongoing activity of the e-pF and pfRG versions of the ccRTN neurons undoubtedly
increases the breathing rate. The fact that their discharge is synchronized with the
inspiratory motor outflow and anticipates it slightly (pre-1 pattern) remains the principal
experimental evidence that the ccRTN neurons could have inspiratory “rhythmogenic”
properties during the late embryonic and early postnatal periods. However, it could be that
embryonic and postnatal ccRTN neurons have “rhythmogenic” properties only in vitro
because the abnormally long cycle period of the pre-Botzinger complex present under such
conditions largely exceeds the T1/2 of the postsynaptic effects produced by the ccRTN
neurons. Again, this issue requires a fuller understanding of the postsynaptic effects elicited
by these neurons.

Why the ccRTN neurons would form an intrinsically active oscillator prenatally and lose
these properties later on is unclear. Conceivably, the RTN derives from neurons that formed
an oscillator implicated in some form of branchial activity in fish or in buccal breathing in
amphibians. This speculative interpretation could be tested in the future by analyzing the
developmental lineage of the putative early vertebrate homolog of the e-pF.

The ccRTN neurons, in all their successive forms (e-pF, pfRG, adult) are acid-activated and
presumably contribute to central respiratory chemoreception. At birth, the absence of these
neurons eliminates the chemoreflex suggesting they could be the main source of pH-
dependent excitatory drive to the respiratory network at this early age. The high pH
sensitivity of the adult form of the ccRTN neurons and the fact that selective activation of
these neurons increases breathing suggests that they provide an important CO,-dependent
excitatory drive to the breathing network. The relative importance of ccCRTN vs. other
neurons for central chemosensitivity is not known and probably won’t be known until the
mechanism by which these neurons detect pH is identified and can be selectively excised or
pharmacologically neutralized. Two types of mechanisms are thought to contribute to the
activation of the ccRTN neurons by changes in local pH, none of which is definitively
proven. A direct action of acid on the ccRTN neurons has been invoked to account for their
activation under conditions of reduced synaptic activity. A potassium conductance is
implicated in this effect but it is not necessarily the pH sensor. The presumably intrinsic pH
response of the ccRTN neurons may not account fully for the exquisite pH-sensitivity of the
ccRTN neurons in vivo. An autocrine mechanism involving glial cells as pH detectors and
ATP as their gliotransmitter may exist in the adult in vivo but seems inoperative in the
neonate in vitro.

The ccRTN neurons could contribute to active expiration in several ways. First, these
neurons innervate the cVRG and could provide a tonic CO,- and hypothalamic input-
dependent drive to the expiratory premotor neurons that innervate abdominal muscles.
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Secondly, the ccRTN neurons could provide a tonic drive to several types of phasically
active respiratory neurons that are antecedent to the expiratory premotor neurons and define
their membrane trajectory during the respiratory cycle. We are referring specifically to
inhibitory cells that fire during inspiration (I neurons) or during post-inspiration (E-DEC
neurons) and to a newly discovered form of E2 (late expiratory-incrementing) neurons.
These three cell types (I, post-1, E2) seem to co-exist at the rostral end of the ventral
respiratory column in a region that overlaps with the caudal end of the RTN. The combined
presence of these cells may account for the fact that lesions of the RTN region or the
introduction of inhibitory substances into this region reduce the expiratory activity of the
abdominal muscles with some selectivity. Finally, the newly discovered E2 neurons of the
RTN region could be a subset of ccRTN neurons that were not detected previously in
anesthetized preparations because they might have been silent.

The ccRTN neurons are the only Phox2b-dependent neurons known to degenerate or to fail
to develop in a mouse model of CCHS. Although it is somewhat premature to assign the
respiratory deficits of this disease solely to the loss of these neurons, finding out whether
these cells selectively degenerate in CCHS patients as they do in the mouse model of the
disease is a clear and pressing research objective. Also, if the absence of the ccRTN neurons
really accounts for the respiratory deficits of CCHS as postulated, animal experimentation
should be able to prove that the contribution of the ccRTN neurons to breathing is especially
critical during sleep.
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Figure 1.

RTN and pfRG

A. Schematic parasagittal section through the pontomedullary region of the rodent brain
showing the location of the ccRTN neurons (grey area) and the known projection of this cell
group (Rosin et al., 2006; Abbott et al., 2009). Abbreviations: Amb, compact portion of
nucleus ambiguus; KF, Kélliker-Fuse nucleus; LRN, lateral reticular nucleus; Mo5,
trigeminal motor nucleus; NTS, nucleus of the solitary tract; PBN, parabrachial nuclei; SO,
superior olive; tz, trapezoid body; VRC, ventral respiratory column. B: blow-up of the
ventrolateral medulla showing the region that may contain the expiratory oscillator
suggested by the experiments of Janczewski and Feldman (2006). Originally, the term
parafacial respiratory group, pfRG, referred to neurons with a double pre-1/post-1 discharge
that were located under and caudal to the facial motor nucleus (Onimaru and Homma,
2003). The asterisk identifies some of the many neurons currently known to exhibit a double
pre-I-post-1 discharge in the Suzue preparation (neonate brainstem spinal cord in vitro) and /
or in hypoxic adult rodent preparations (Onimaru et al., 2008; Fortuna and Guyenet, 2008;
Abdala et al., 2009). The pound sign (#) identifies neurons that plausibly contribute
inhibitory or excitatory inputs to the expiratory premotor neurons (E2 neurons of the caudal
ventral respiratory group, cVRG). This population may include inhibitory neurons such as
the expiratory decremental (E-DEC) neurons of the Bétzinger region and the inspiratory (1)
neurons of the retrofacial region (Anders et al, 1991; Bainton and Kirkwood, 1979;
Ballantyne and Richter, 1986; Iscoe, 1998) and excitatory neurons such as the ccRTN
neurons and, perhaps, the newly described E2 neurons (Abbott et al., 2009; Abdala et al.,
2009). Under specific circumstances these various neurons may form an expiratory
oscillator that functions independently of the inspiratory oscillator. The inspiratory oscillator
resides primarily in the pre-Botzinger complex (pre-BotC) (Feldman and Del Negro, 2006).
Pre-1, E-1, Ramp-I and late-I are respiratory-phasic neurons that contribute to the generation
of the inspiratory motor outflow according to Smith et al. (2007). rVRG: rostral ventral
respiratory group. C: example of one ccRTN neuron recorded at room temperature in a
transverse slice obtained from a Phox2b-eGFP 8 day-old mouse (modified from Lazarenko
et al., 2009). The record also shows the robust response of this neuron to 0.1 uM substance
P. The acid sensitivity of the neuron illustrated in C (~1Hz / 0.1 pH unit) is typical of the
ccRTN neurons. The average response to acid doubles at 37 degrees Celsius in the same
neonate in vitro preparation and doubles again in vivo in the adult. D: schematic illustration
of the hypothetical mechanisms responsible for the acid-sensitivity of ccRTN neurons. In the
neonate in vitro, neuronal activation by acid results from the reduction of a background
potassium conductance. The proton receptors may be potassium channels that are directly
sensitive to intracellular or extracellular acidification. These channels are not identified. In
the adult in vivo the acid sensitivity of RTN neurons may be further enhanced by the
surrounding glia. The hypothesized mechanisms include the release of ATP and protons by a
subset of glial cells depolarized by acid (Erlichman et al., 2008; Gourine et al., 2005).
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