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Abstract

Respiratory control entails coordinated activities of peripheral chemoreceptors (mainly the carotid
bodies) and central chemosensors within the brain stem respiratory network. Candidates for
central chemoreceptors include Phox2b-containing neurons of the retrotrapezoid nucleus,
serotonergic neurons of the medullary raphé, and/or multiple sites within the brain stem. Extensive
interconnections among respiratory-related nuclei enable central chemosensitive relay. Both
peripheral and central respiratory centers are not mature at birth, but undergo considerable
development during the first two postnatal weeks in rats. A critical period of respiratory
development (~P12-13 in the rat) exists when abrupt neurochemical, metabolic, ventilatory, and
electrophysiological changes occur. Environmental perturbations, including hypoxia, intermittent
hypoxia, hypercapnia, and hyperoxia alter the development of the respiratory system. Carotid
body denervation during the first two postnatal weeks in the rat profoundly affects the
development and functions of central respiratory-related nuclei. Such denervation delays and
prolongs the critical period, but does not eliminate it, suggesting that the critical period may be
intrinsically and genetically determined.
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1. Introduction

In mammals, respiration commences before birth, undergoes drastic changes during early
postnatal life, and continues throughout the lifespan of the animal. The intake of oxygen
ultimately leads to the coupling of oxidative phosphorylation and electron transport in the
mitochondria for the generation of ATP, the currency for vital cellular functions. Carbon
dioxide is disposed of by the respiratory system. This simple yet vital function necessitates
the exquisite orchestration of numerous players at multiple levels in mammals, such as the
upper airway and bronchopulmonary structures, carotid bodies, cranial nerves and nuclei,
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spinal cord, brain stem neural network, as well as the musculoskeletal and cardiovascular
systems. Each of these components is under the influence of a multitude of neurochemicals,
including neurohormones, neurotransmitters, and neuromodulators. The control of these
neurochemicals, in turn, is regulated by cellular functions, feedback loops, transcription, and
translation.

The respiratory system is not mature at birth, but undergoes significant development
postnatally. The exact sequence of development for each of the component parts is not well
understood and is likely to differ among species. This review concentrates on peripheral and
central chemoreceptors/chemosensors, and how their interactions influence the development
of respiratory control. Chemoreceptors in the respiratory system, by definition, transduce the
gaseous and pH signals from the blood into neural signals. Chemosensors, as referred to in
this review, include both chemoreceptors and cells downstream of the receptors that are also
sensitive to the chemical signal. Chemosensors are vital for the proper functioning of the
respiratory system under normal conditions, but they are even more critical when the
mixture of component gases is outside of the normal range, as their signals elicit responses
that ultimately determine survival or non-survival. The sensitivity of chemoreceptors
undergoes adjustments during normal development, but when exposed to abnormal gas
mixtures for extended periods of time, their properties and influence on respiration will
likewise be modified. This review touches mainly upon some aspects of normal
development as well as responses to specific experimental manipulations during the first 3
postnatal weeks in rats. Greater emphasis is paid to the critical period of postnatal
respiratory development (around P12-13 in the rat), when sudden neurochemical, metabolic,
ventilatory, and electrophysiological changes occur. The existence and details of interactions
between peripheral and central chemoreceptors remain poorly understood. The goal of the
review is not to provide definitive answers, but rather, serve as a springboard for new ideas,
debate, suggestions, and future experimentations. For more in-depth coverage on specific
topics, readers are referred to several excellent reviews in recent years on peripheral and
central chemoreception (Fong, 2010; Gauda et al., 2009; Nurse, 2010; Prabhakar, 2011),
including a Special Issue on Central Chemoreception (Nattie and Forster, 2010).

2. Peripheral chemoreceptors: the carotid body

The glomus cells (chief cells or type | cells) of the carotid body constitute the major
peripheral chemoreceptors. They sense and respond to decreased partial pressure of Oy,
increased partial pressure of CO5, and decreased pH in the abundance of arterial blood
flowing through them (Gonzalez et al., 1994). These cells synapse with chemoafferent fibers
that form the sinus branch of the glossopharyngeal nerve (whose cell bodies occupy the
petrosal ganglion), which projects centrally to various nuclei in the brain stem (Finley and
Katz, 1992). There are reciprocal synapses between the glossopharyngeal afferent fibers and
glomus cells, as well as reciprocal synapses between the glomus cells (Nurse, 2010).

The exact mechanism of hypoxia-induced chemotransduction within the carotid body is not
understood, but it involves an increase in [Ca2*]i and Ca2*-dependent release of
neurotransmitters from glomus cells as well as inhibition of specific O,-sensitive K+
channels (TASK and BK, channels) (Biscoe et al., 1989; Gonzalez et al., 2009; Peers et al.,
2010). Neurochemicals found within the rat carotid body include ATP, acetylcholine (ACh),
y-aminobutyric acid (GABA), serotonin (5-hydroxytryptamine or 5-HT), adenosine,
dopamine, norepinephrine, histamine, and neuropeptide Y (Gauda et al., 2004; Katz et al.,
1993; Nurse, 2010; Oomori et al., 2002). The first eight neurochemicals are reportedly
contained in and released by glomus cells (Nurse, 2010; Verna et al., 1993). ATP, acting on
the ionotropic P2X,3 receptors of the carotid sinus nerve afferent terminals, mediates fast-
acting chemoexcitation conducted centrally (Prasad et al., 2001; Zhang et al., 2000). In
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addition, three endogenous gaseous messengers have been proposed. Nitric oxide released
by the glossopharyngeal efferent fibers upon ATP-activation of their P2X receptors
hyperpolarizes glomus cells (Campanucci et al., 2006; Prabhakar, 1999). Carbon monoxide
also inhibits carotid body activity, whereas hydrogen sulfide reportedly enhances the organ’s
sensory response to hypoxia (Prabhakar and Semenza, 2012). The development of this
critical peripheral chemoreceptor, the carotid body, is intimately associated with the
maturation of the respiratory system (Carroll and Kim, 2005; Donnelly, 2005).

Another peripheral chemosensor that plays a less important role but may take over some of
the functions after carotid body denervation is the aortic body (Loeschcke, 1982; Serra et al.,
2002). This structure and other possible peripheral chemosensitive sites will not be covered
in this review.

chemoreceptor candidates

Unlike the definitive identification of peripheral chemoreceptors, that of central
chemoreceptors has been under investigation for the past few decades but remains largely
unresolved. The existence of special, central chemoreceptors for pH and/or Pcop was
postulated by von Euler and Séderberg in decerebrate cats (Von Euler and Soderberg, 1952).
Loeschcke and his colleagues have localized chemoreceptors in the cat to the ventral surface
of the medulla, where a rostral and a caudal chemosensitive area plus an intermediate area
were identified (Loeschcke, 1982; Loeschcke et al., 1963). They also found that
extracellular pH, which is dependent on tissue Pcoo and HCO3™ concentrations in tissues,
was the main chemical signal that determines the ventilatory response. These ground-
breaking studies led to the discovery of a number of chemosenstive sites in the brain stem.
Currently, there are three schools of thought regarding central chemoreceptor candidates:
those favoring neurons in the retrotrapezoid nucleus (RTN) (Guyenet and Mulkey, 2010),
medullary raphé neurons (Hodges and Richerson, 2010), or multiple chemoreceptor sites
(Nattie, 2000).

The RTN was initially described as a thin sheet of neurons ventral to the facial nucleus in
the ventrolateral medulla that projected to the dorsal and ventral respiratory groups and were
suspected to contribute to respiratory chemoreception (Smith et al., 1989). Since then, those
RTN neurons that are chemosensitive in the rat have been extensively characterized to be
noncholinergic nonaminergic glutamate- and substance P-containing as well as Phox2b-
expressing neurons (more recently called ccRTN for chemical-coded RTN neurons); they
have intrinsic CO, and pH sensitivity even in the absence of the carotid body; they are
activated by CO, in vivo and in vitro; and they correspond spatially to neonatal parafacial
respiratory group (pFRG) neurons that reportedly mediate respiratory rhythmogenesis at that
age (Guyenet and Mulkey, 2010; Lazarenko et al., 2009; Li et al., 1999; Onimaru et al.,
2008). The fact that congenital central hypoventilation syndrome (CCHS), in which central
chemosensitivity is essentially absent, is caused by a mutation of the PHOXZB gene with
triplet polyalanine expansion strongly supports the role of RTN as central chemoreceptors
(Amiel et al., 2003; Guyenet, 2008). However, many other brain regions are apparently
involved as well in this disease (Patwari et al., 2010). Significantly, transgenic mice with a
+7 alanine expansion of the 20-residue polyalanine tract of Phox2b gene exhibited irregular
breathing, a lack of response to hypercapnia, and died soon after birth from central apnea
(Dubreuil et al., 2008). Remarkably, only RTN/pFRG neurons were selectively lost in these
mutants, suggesting that these neurons play an important role in respiration and in mediating
central chemoreception (Dubreuil et al., 2008). RTN neurons are necessary for the
hypercapnic response of the respiratory network during the perinatal period and under
anesthesia, but the extent to which they sense changes in blood pH and contribute to the pH-
dependent regulation of respiration in conscious adult rats is less clear. Other cell types
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(such as glial cells and vascular cells) have not yet been ruled out as possible
chemoreceptors (Guyenet et al., 2010).

Medullary raphé neurons are located in the raphé magnus (RM), raphé obscurus (ROb), and
raphé pallidus (RP) and many of them are serotonergic. They were initially reported to
respond to increased Pco» or decreased pH with either augmented or reduced firing rate
(Wang et al., 1998). Whereas all acidosis-stimulated neurons were immunoreactive for the
serotonin synthesizing enzyme tryptophan hydroxylase (TPH), not all acidosis-inhibited
ones were (Wang et al., 2001b). The close proximity of these neurons to large medullary
arteries makes them ideal candidates for sensing arterial blood CO, (Bradley et al., 2002).
Besides 5-HT, these neurons also contain thyrotropin-releasing hormone and substance P
(Wang et al., 2001a; Wang et al., 2001b). The release of these three neurochemicals is
thought to play an important role in the control of pH homeostasis and in stimulating the
network of respiratory and autonomic neurons spread over numerous sites (Richerson,
2004). One of these sites is actually the RTN, where serotonin and pH have an additive
effect on the discharge rate of neurons; however, serotonin reportedly does not affect the pH
sensitivity of these neurons (Mulkey et al., 2007). In conscious adult rats exposed to
increasing concentrations of CO, from baseline to 20% for 5 min, a subset of large
serotonergic neurons in the ventrolateral periaqueductal gray and ventrolateral part of the
dorsal raphé nucleus were labeled with the protooncogene c-fos, thus implicating them as
central chemoreceptors in vivo (Johnson et al., 2005). Transgenic mice with conditional
knockout of Lmx1bgene in Petl-expressing 5-HT neurons showed an almost complete
absence of central 5-HT neurons, yet they survived to adulthood (Zhao et al., 2006).
However, when these adult mice were challenged with hypercapnia, their ventilatory
response was reduced by 50%, even though their baseline ventilation and hypoxic
ventilatory response were normal (Hodges et al., 2008). These findings support the role of at
least a subset of 5-HT neurons in CO, chemoreflex and in increasing the gain of the
respiratory network sensitivity to hypercapnia (Hodges et al., 2008). Despite the compelling
evidence, questions remain as to the exact percentage of serotonergic neurons that respond
directly to acidification in vivo, whether true serotonergic central chemoreceptors are
restricted to specific medullary midline raphé neurons, and whether the CO5 response is
simply a reflection of synaptic inputs (Guyenet et al., 2010). Serotonergic neurons in the
midbrain are reportedly also chemosensitive and may mediate non-respiratory responses to
hypercapnia, such as arousal (Richerson, 2004).

The third school of thought is championed by Nattie’s group, who proposed a widespread
distribution of central chemoreceptors (Nattie, 2000). Multiple sites are necessary in this
model because they allow for regional diversity, imbalance, state-dependence, and an
enhancement of the collective whole (Nattie and Li, 2009). RTN neurons were found to
respond to focal acidification with increased ventilation only in wakefulness but not in sleep
(Lietal., 1999), whereas medullary raphé neurons did so only in sleep and not in
wakefulness (Nattie and Li, 2001), and neurons in the nucleus tractus solitarius (NTS)
responded during both states (Nattie and Li, 2002). When the RTN and caudal raphé
neurons were simultaneously inhibited in conscious rats, reductions in ventilation and the
hypercapnic response were seen in both wakefulness and non-rapid eye movement sleep (Li
et al., 2006). However, whereas RTN neurons responded to CO, when raphé neurons were
inhibited, the latter did not respond to CO, when RTN neurons were inhibited, causing the
authors to conclude that caudal raphé neurons provide a non-CO»-dependent tonic drive to
respiration by potentiating the effect of RTN or other downstream sites, whereas rostral
medullary raphé neurons do respond to increased CO, (Li et al., 2006). Other central
chemoreceptors proposed include the NTS (Nattie and Li, 2002), the pre-Bétzinger complex
(PBC) (Solomon et al., 2000), noradrenergic neurons of the locus coeruleus (LC)
(Gargaglioni et al., 2010), orexinergic neurons of the hypothalamus (Williams et al., 2007),
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the ventral medullary surface (VMS) caudal to the RTN, and the fastigial nucleus of the
cerebellum (Mitchell et al., 1963; Nattie and Li, 2009).

At present, there is no consensus as to which site or sites represent(s) true central
chemoreceptors. Definitive conclusions await in vivo documentation of the magnitude and
percentage of response to alterations in blood pH or gases by local activation and inhibition
of specific neurons (or other cell types) in the absence of any external connections in
conscious, unanesthetized animals, and this may pose a technical challenge (Nattie and Li,
2009). In addition, the mechanism of chemotransduction needs to be elucidated. However,
there is no doubt that there are many loci within the brain stem that are chemosensitive,
either via direct chemoreception or via synaptic connections. For this reason, all discussions
below will simply refer to the specific nuclei by name without labeling them as central
chemoreceptors.

4. Interactions between peripheral and central mediators of
chemosensation

4.1 Anatomical consideration

The carotid sinus nerve relays excitatory signals from the carotid body centrally to a number
of brain stem nuclei in the dorsomedial medulla and the ventrolateral medulla (VLM) (Fig.
1). Specifically, it projects heavily and bilaterally to the commissural and medial nuclei of
NTS (NTScom and NTSy,), moderately and bilaterally to the intermediate, interstitial, and
dorsolateral nuclei of NTS, ipsilaterally to the ventrolateral nucleus of NTS (NTSy) and
the caudal VLM in the region of nucleus retroambiguus, and sparsely to the dorsal motor
nucleus of the vagus (DMNX) and area postrema (Finley and Katz, 1992). Thus, peripheral
chemosensory afferents are able to interact with cardiorespiratory neurons throughout the
NTS and in the VLM.

The NTS, in turn, projects widely to three brain stem respiratory groups: the pontine
respiratory group (PRG, made up of the parabrachial (PB) nuclei and the Kélliker-Fuse
nucleus (K-F)), the dorsal respiratory group (DRG, composed of interconnected NTS
subnuclei), and the ventral respiratory column (VRC). The VRC includes the Botzinger
complex (BotC), PBC, the rostroventral respiratory group (rVRG), the caudoventral
respiratory group (cVRG), and may also include the retrofacial nucleus, nucleus ambiguus
(Amb), and the RTN/pFRG) (Aicher et al., 1995; Cunningham and Sawchenko, 1989;
Garcia et al., 2011; Herbert et al., 1990; Nunez-Abades et al., 1993; Ross et al., 1985; Smith
et al., 2009; Takakura et al., 2006). The NTS also projects to DMNX, phrenic motoneurons,
and intercostal motoneurons (Mtui et al., 1993; Ross et al., 1985) (Fig. 1). In this way, the
original message from the peripheral chemoreceptors can theoretically reach wide areas of
the brain stem, forming a chemosensory network that ultimately affects the respiratory
output of the lungs, diaphragm, and intercostal muscles.

Interconnections also exist among the major central chemoreceptor candidates. Besides
direct connections from the NTS to the RTN described above, the RTN also receives
serotonergic input from the medullary raphé, but presumably by a pH-independent
mechanism (Mulkey et al., 2007). Serotonergic neurons from RM, ROb, and RP also project
to the rostral VRG (Ellenberger and Feldman, 1990; Holtman et al., 1990) and are
reciprocally connected with the rostral ventrolateral medulla (Zagon, 1993), in addition to
their projections to wide areas of the central nervous system. Thus, there are extensive
interconnections among the DRG, VRG, and PRG. Figure 1 depicts known interconnections
within the respiratory-related network. However, not all connections are included.
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4.2 Physiological consideration

Early studies by Loeschcke and his group showed that carotid sinus nerve stimulation
increased ventilation in adult cats, but stronger stimulation led to decreased respiratory
frequency and reduced blood pressure (Loeschcke et al., 1963). There was evidence of a
positive interaction between blood CO, tension and impulses in the sinus nerve, but the
intracranial interaction was thought to be distinct from and in addition to input from the
carotid body. More recent studies in awake dogs found that selective stimulation of a single
carotid body (after denervating the other one) with hypoxic, normocapnic perfusate
significantly enhanced ventilatory responsiveness to central hypercapnia, whereas inhibition
of the isolated carotid body with hyperoxic, hypocapnic perfusate markedly reduced central
hypercapnic response (Blain et al., 2010). Thus, peripheral chemoafferents do play an
important role in modifying central Pco, and pH chemosensitivity, disputing the notion that
they are separate entities. The question is: Where is the site of peripheral-central interaction?

The common site of interaction between carotid sinus nerve activity and central
“acidsensitive receptors” was relegated to the ventral medullary surface (Loeschcke, 1982).
Hypoxia and electrical stimulation of the carotid sinus nerve elicited Fos-like
immunoreactivity in catecholaminergic and serotonergic neurons of the rat brain stem,
including the VLM, LC, A5 noradrenergic cell groups in pons, RM, RP, VMS, and less so in
the DMNX, as well as non-aminergic neurons in the PB, K-F, and elsewhere (Erickson and
Millhorn, 1994). However, using Phox2b as a marker with the rationale that Phox2b
mutation causes a disruption of central chemosensitivity (see section 3 above), a different
view has been proposed (Stornetta et al., 2006). In this scheme, all Phox2b-labeled neurons
in the brain stem form an “uninterrupted chain” that integrates peripheral and central
chemoreception. It starts with carotid afferents projecting to Phox2b-immunoreactive (ir)
neurons in the NTS, which, in turn, project to Phox2b-ir RTN neurons and more caudally to
Phox-2b-ir neurons within the ventral respiratory column (VRC). Not included in this
“chain” are the central pattern generator (CPG), the A5, A6, and A7 noradrenergic cell
groups, and serotonergic neurons (Stornetta et al., 2006). Whether these two schemes are
mutually exclusive, co-existent, or with one more dominant than the other, are at present
unknown. Suffice it to say that there is cross-talk between peripheral and central
chemosensitive areas and the two are likely to be interdependent (Smith et al., 2010).

5. Developmental considerations

5.1 At birth (PO to P1)

Birth heralds in a sudden increase in arterial partial pressure of oxygen (PaO,) from ~25-30
Torr in uteroto ~60 Torr at atmosphere (Brouillette and Waxman, 1997). This necessitates a
transient suppression of the peripheral chemoreceptor organs, the carotid bodies (Mortola,
2001). Indeed, the carotid body is not mature at birth, and the carotid chemoreceptor
sensitivity to O, is not fully functional at birth (Sterni et al., 1999). Thus, if confronted with
a hypoxic challenge at this time, the weak O, sensitivity leads to a relatively weak
ventilatory response (Vi) (Liu et al., 2009). There is an interesting dichotomy at this age, for
under normoxia, the animal’s ventilatory rate is relatively high to compensate for a poor
efficiency in gas exchange due to limited alveolar surface area (Burri, 1974), but its
metabolic rate (rate of oxygen consumption [VO5] and carbon dioxide production [VCO5])
is the lowest as compared to the remaining first 3 postnatal weeks (Liu et al., 2009). This is
related to a weak or absent thermoregulatory response and moderate tissue growth at this
time (Mortola, 1987). In response to hypoxia, the metabolic rate becomes relatively high.
Thus, at PO, the ratios of Vg/VO, and Vg/VCO> are at their highest under normoxia, but are
at their lowest under hypoxia when compared to normoxia (Liu et al., 2009).
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The low metabolic rate at PO-P1 is also demonstrable at the cellular level by means of
cytochrome oxidase, a metabolic marker of neuronal activity (Wong-Riley, 1989). In nine
brain stem nuclei examined, including the PBC, Amb, NTSy, , DMNX, hypoglossal nucleus
(XI1), and the medial accessory olivary nucleus (I0ma), the activity of this enzyme was at
its lowest at PO—P1 as compared to the remaining first 3 postnatal weeks (Liu and Wong-
Riley, 2002, 2003). The PBC is a presumed kernel of respiratory rhythmogenesis (Smith et
al., 1991). The Amb, XII, and DMNX are involved in controlling upper airway muscles,
tongue muscles, and targets of the vagus nerve, respectively, during respiration (Jordan,
2001; Lowe, 1980; St-John, 1998). The NTSy, as does the DMNX, receives input from the
carotid body and relays peripheral chemoreceptive information centrally, including the
rostral ventral respiratory group (rVRG) (Finley and Katz, 1992; Holtman et al., 1990). The
IOma projects mainly to the cerebellum, which plays a role in respiratory and cardiovascular
control (Harper et al., 1998).

Thus, both the carotid body and central respiratory-related neurons are not mature at birth.
Likewise, CO» sensitivity (response to hypercapnia) is low at birth (Davis et al., 2006).

At P2-P7 under normoxia, the metabolic rate has increased to meet the requirements of
tissue growth and to compensate for greater heat diffusion and heat loss due to a greater
surface area-to-body mass ratio and the absence of a thick insulation of fur (Liu et al., 2009;
Mortola, 1984, 1987; Sant’Anna and Mortola, 2002). The lungs are also developing and
improving on gas exchange (Blanco, 1995; Burri, 1974). The ventilatory rate under
normoxia is reduced and Vg/VO, and Vg/VCO5 ratios are reduced though stable as
compared to values at PO-P1 (Liu et al., 2009), signifying a greater efficiency of gas
convection (Bennett and Hicks, 2001). It also implies that the respiratory control network is
now better able to modulate ventilation to match lung development and metabolic needs of
the body. Thus, by grouping the entire first postnatal week as “newborn” or “neonate”
(Bertin et al., 1993; Gozal et al., 2003; Mortola et al., 1986; Peyronnet et al., 2000), the
difference between the first two days and the rest of the first week might have been
overlooked.

5.2.1 Development of neurochemicals—In the brain stem, various neurochemicals
undergo developmental changes during the first postnatal week. The expression of the
excitatory neurotransmitter glutamate and its A-methyl-D-aspartate (NMDA) receptors
increased between P2 and P7, but with a distinct though gentle fall at P3 or P4 in the PBC,
NTSy, Amb, IOma, XIl, and DMNX (Liu and Wong-Riley, 2002, 2005). On the other
hand, the expression of the inhibitory neurotransmitter GABA, GABAg receptors, and
glycine receptors showed a rise at P3 or P4 before falling or remaining at a plateau for the
rest of the first week in the same nuclei (Liu and Wong-Riley, 2002, 2005). Subunit 2 of the
AMPA receptors (GIUR2 or GIuA2) exhibited a pattern just like those of the inhibitory
neurochemicals, perhaps because it decreases the permeability of Ca2* (Brorson et al., 1999)
and reduces neuronal excitation. This transient and moderate imbalance in neurochemical
expression was paralleled by a plateau or a slight fall in cytochrome oxidase activity at P3 or
P4 in the same nuclei (Liu and Wong-Riley, 2002, 2003; Liu and Wong-Riley, 2001). P3
was the only time in the first postnatal week that the response in frequency to acute hypoxia
measured plethysmographically was below the baseline after the first 30 seconds (£ < 0.05)
(Liu et al., 2006). At the cellular level within XII, the amplitude of miniature excitatory
postsynaptic currents (mEPSCs) was significantly reduced at P3 (P< 0.05), the only time
point in the first postnatal week when a day-to-day significance was found and contributed
to a 30% reduction in the charge transfer of mMEPSCs (calculated from the time integral of
individual mEPSCs) (Gao et al., 2011). The charge transfer increased at P4 (£ < 0.05) and

Respir Physiol Neurobiol. Author manuscript; available in PMC 2014 January 01.



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

1duasnuey Joyiny vd-HIN

Wong-Riley et al.

Page 8

peaked at P7. On the other hand, the frequency of inhibitory mIPSCs rose significantly from
P2 to P3 (P< 0.001) in the 15t week, and this was correlated with an abrupt and significant
rise in the amplitude of glycinergic mIPSCs at P3 (P < 0.05) (Gao et al., 2011). Thus, the
neurochemical, metabolic, ventilatory, and electrophysiological changes around P3-P4 all
point to a slight imbalance at this time.

The serotonergic system undergoes developmental adjustments as well. In the respiratory
system, serotonin is involved in the modulation of respiratory rhythmogenesis (Bonham,
1995; Hilaire et al., 1997; Pena and Ramirez, 2002), respiratory motoneuron excitability
(Hilaire and Duron, 1999); phrenic long-term facilitation (Baker-Herman and Mitchell,
2002; Liu et al., 2011), upper airway reflexes (Haxhiu et al., 1998), responses to hypoxic or
hypercapnic challenges (Taylor et al., 2005; Tryba et al., 2006), enhancement of the
excitability of hypoglossal motoneurons, especially during wakefulness (Horner, 1996; Zhan
et al., 2002), and central chemosensitivity (Hodges and Richerson, 2008; Richerson, 2004).
5-HT’s action is mediated by a number of receptor subtypes (mainly 5-HT 4, 5-HT4g, and
5-HT,p), with a net excitatory tonic drive to maintain respiratory output during wakefulness
(Hodges and Richerson, 2008; Richerson, 2004). The expressions of TPH, serotonin
transporter (SERT), 5-HTq, 5-HTg, and 5-HT,a receptors monitored in a number of brain
stem respiratory-related nuclei generally showed an initial lower value at P2—4 followed by
a peak and a high plateau from P5 to ~P11 (Liu and Wong-Riley, 2008, 2010a, 2010b).
Thus, other than the initial dip, the serotonergic system in the brain stem is functioning
probably at its maximum during the first one and half postnatal weeks in rats.

5.2.2 Response to hypoxia—Hypoxia is known to cause a hypoxic ventilatory response
(HVR) that is biphasic, with an initial increase in ventilation followed by a depression
known as hypoxic ventilatory depression (HVD) or hypoxic ventilatory roll-off, which is
more pronounced in developing animals (Mortola, 1984; Powell et al., 1998). The early
excitatory phase is known to be mediated by the carotid body—NTS pathway and involves
glutamate and its NMDA receptors (Kazemi and Hoop, 1991; Ohtake et al., 1998).
However, other central pathways have also been considered (Mizusawa et al., 1994; Ohtake
et al., 2000). HVD, on the other hand, is generally regarded as arising from a CNS
mechanism (Vizek et al., 1987), although a peripheral mechanism involving arterial
chemoreceptors has not been entirely excluded (Bissonnette, 2000). A number of
neurotransmitters and neuromodulators have been implicated in HVD. These include GABA
(Kazemi and Hoop, 1991; Richter et al., 1999), 5-HT (Di Pasquale et al., 1992; Richter et
al., 1999), adenosine (Neylon and Marshall, 1991; Richter et al., 1999), and platelet-derived
growth factor (PDGF-B) (Gozal et al., 2000; Simakajornboon and Kuptanon, 2005).
Hypoxic hypometabolism may also contribute to HVD (Mortola, 1999). Moreover, nitric
oxide may play a role in both excitatory and inhibitory components of the HVR in
developing rats (Gozal et al., 1997).

Thus, HVR necessitates the interaction between peripheral and central components of the
chemoresponsive pathway. Indeed, hypoxic stimulation induces the expression of c-fos that
is rapid, transient, and polysynaptic within multiple nuclei in the brain stem, including NTS,
VLM, RP, VMS, and area postrema (Erickson and Millhorn, 1991).

The response to acute hypoxia at P2-P7 is very different from that at PO—P1 in rats. The
metabolic rate was very low under hypoxia as compared to normoxia (Liu et al., 2009;
Saetta and Mortola, 1987). This is consistent with Mortola’s maxim that “the higher the
normoxic VO,, the greater its decrease during hypoxia” (Mortola, 2004). This protective
hypometabolic response, in conjunction with a relatively high ventilatory rate (Liu et al.,
2006), high VE/VO, and Vg/VCO, ratios (Liu et al., 2009), a maturing carotid body
(Bamford et al., 1999; Hertzberg et al., 1990), and a maturing central respiratory network
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(Hilaire and Duron, 1999; Singer et al., 1998) enable the animals to meet an acute hypoxic
challenge at this time. The chemosensitivity of the carotid body is reset toward the adult
level during the first week after its initial silencing at birth, and is able to influence breathing
even under normal conditions (Hertzberg et al., 1990). Increased chemosensitivity after the
first day of life is also attributable to a decrease in the release of the inhibitory dopamine
from carotid glomus cells (Hertzberg et al., 1990). The response of glomus cells to hypoxia,
hypercapnia, or combined hypoxia and hypercapnia increases with age from P1 to P8, as
does the response of carotid sinus nerve to hypoxia; however, the nerve response to
hypercapnia reportedly does not change significantly, and its response to combined hypoxia
and hypercapnia does not occur during the first postnatal week (Bamford et al., 1999). Thus,
whereas the maturation of glomus cells corresponds and likely contributes to the maturation
of the carotid chemoreceptor response to hypoxia, they do not appear to be involved in the
multiplicative effect of hypoxia and hypercapnia (Bamford et al., 1999).

5.2.3. Response to chronic hypoxia—Chronic hypoxia from birth and during postnatal
maturation is known to blunt the ventilatory response and carotid chemoreceptors’ response
to hypoxia. The underlying mechanism has been traced to an impairment of glomus cells’
normal developmental increase in O, sensitivity and an elimination of their normal
developmental enhancement of hypoxia-induced increase in [Ca%*]i (Sterni et al., 1999).
However, there was little effect on the cells’ response to increased K* and no alteration of
their response to CO,.

5.2.4 Response to hyperoxia—In contrast to hypoxia, which activates the carotid body
and thus the central respiratory network, hyperoxia during the first 2 postnatal weeks, when
the carotid body is maturing, blunts the chemosensitivity of the carotid body and impairs the
ventilatory response to acute hypoxic challenge in the young as well as the adult (Bavis et
al., 2003; Donnelly et al., 2009). As little as 3 to 5 days of hyperoxia significantly reduced
presynaptic calcium response and catecholamine release from glomus cells, and it decreased
postsynaptic afferent nerve excitability as well as its conduction velocity (Donnelly et al.,
2009). Hyperoxia caused a progressive decrease in ventilation by ~19% one day after birth
to ~29% seven days after birth (Hertzberg et al., 1990), strongly indicating an increasing
influence from the carotid body. Hyperoxia from 24 to 36 h before birth to postnatal day 3
(P3) significantly reduced the protein levels of BDNF and the transcript levels of a
neuropeptide Vgf, a modest reduction in the expression of receptors for glial-derived
neurotrophic factor (GDNF) Ret, but an upregulation of cerebellum 1 gene Cb/n1 (Dmitrieff
etal., 2011). Centrally, there appears to be a window of susceptibility to hyperoxia during
the first two postnatal weeks in rats, as chronic hyperoxia (60% O») at this time attenuated
the HVR in the adult, but it did not affect the hypercapnic response (Bavis et al., 2011a;
Ling et al., 1997). The blunting effect persisted for months even after the animals had
returned to normoxia. As the single-unit chemoafferent nerve response and glomus cell
calcium response fully recovered after 7 — 8 days in normoxia, the long-lasting suppression
in HVR was not likely to be due to decreased O, sensitivity of individual chemoreceptor
cells, but rather, to a permanent reduction in carotid body size and degeneration of
chemoafferent neurons (Bavis et al., 2011b). Hyperoxia decreased BDNF expression after
only 7 days and tyrosine hydroxylase levels after 14 days in the NTS (Chavez-Valdez et al.,
2012). One day of exposure to hyperoxia (at P7) actually augmented HVR of neonatal rats,
and this effect was not dependent on reactive oxygen species, such as superoxide anion
(Roeser et al., 2011). The augmentation probably reflects an increase in chemoafferent
nerves’ response and glomus cell Ca2* response to acute hypoxia (Donnelly et al., 2009).
However, hyperoxia for 3 — 5 days (starting at P7) suppressed the response to hypoxia,
indicating a time-dependent change in the HVR induced by postnatal hyperoxia (Donnelly et
al., 2009).
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Chronic hyperoxia (60% O,) for the first month in rats led to marked hypoplasia of the
carotid body, a significant loss of unmyelinated axons in the carotid sinus nerve, a loss of
dopaminergic neurons in the petrosal ganglia, and a life-long impairment of carotid
chemoreceptor function (Erickson et al., 1998; Fuller et al., 2002).

5.2.5 Response to hypercapnia—Hypercapnic stimulation of the carotid body with
100% CO, saturated in saline elicited in adult rats an increase in mean arterial pressure,
respiratory rate, tidal volume, and minute ventilation thought to be mediated by NTScom
neurons (Vardhan et al., 1993), which, together with other NTS subnuclei, projects to the
ventral respiratory group (Smith et al., 1989). Both carotid and intracranial chemoreceptors
are deemed critical to a normal ventilatory CO,-H+ chemosensitivity; however, the carotid
exerts a greater influence at low levels of hypercapnia, whereas central chemoreceptors are
more dominant at high levels (Forster et al., 2008). Carotid chemoreceptors are also critical
in maintaining a stable and normal eupneic Pacoy (Forster et al., 2008).

The hypometabolic response to hypoxia at P2 to P7 is not replicated in hypercapnia. In
studying twelve species from four mammalian orders, Mortola and Lanthier found that 5%
COs, increased ventilation in all newborn species without changes in their metabolic rate and
no change in their body temperature (Mortola and Lanthier, 1996). In the rat, the
hypercapnic response (to 5% CO, for 10 min) tended to decrease during the first postnatal
week, but increased on P10 due to augmented tidal volume; and c-fos mMRNA expression
increased in putative chemosensitive areas, such as the caudal NTS and the VLM, but not in
the LC nor the majority of midline raphé neurons (Wickstrom et al., 2002). With 10% CO,
exposure for 1 h, c-fos protein was found in the VLM, the lateral paragigantocellular (LPGi)
and gigantocellular nuclei, the medullary midline complex, as well as in the ROb and RP
(Belegu et al., 1999). The number of activated neurons was higher at P5 than P40,
suggesting that central chemosensitive neurons are “well developed” at P5 (Belegu et al.,
1999). However, this development is by no means complete during the first week. In fact,
the initial higher response was followed by a fall around P8 (Putnam et al., 2005), and full
maturation of the hypercapnic response is probably not reached until after the end of the 2nd
postnatal week in rats (Davis et al., 2006). This likely reflects a period of adjustment needed
for cellular and synaptic maturation in the chemosensitive network.

5.2.6 Carotid body denervation—As the carotid body is a major peripheral
chemoreceptor and its afferents provide a tonic excitatory input to medullary neurons under
normal conditions (Finley and Katz, 1992; Hodges et al., 2005) as well as a potent signal
during acute and chronic hypoxia (Forster et al., 2000), it is postulated to play a role in the
development of brain stem respiratory nuclei. Denervation of the carotid body at 2-3 and 7-
8 days of age in the rat led to significantly higher mortality than in sham-operated animals
(Serra et al., 2001). Furthermore, carotid body denervation between P2 and P7 led to a
significant loss in body weight and a reduction in somal size of the PBC, suggesting that P2—
P7 is a sensitive window for somal size development in the PBC modifiable by peripheral
chemoafferent input (Liu et al., 2003). Denervation also induced a significant decrease in
cytochrome oxidase activity of the PBC as well as a distinct delay and prolongation of the
maturational process, especially when denervation was done at P3 (Liu et al., 2003) as well
as during the critical period (see section 5.4.4). Thus, the carotid body influences the
development of the PBC and perhaps other brain stem respiratory-related nuclei.

It is clear that environmental perturbations can lead to a variety of responses that differ
depending on the species, age, gender, mode and duration of disturbance, state of
wakefulness or sleep, and techniques used.
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5.3 Second and third postnatal weeks excluding the critical period

With the exception of the critical period around P12—-P13 to be discussed in section 5.4, the
2"d and 3'd postnatal weeks in the rat are characterized by a relatively mature carotid body
and a still maturing brain stem respiratory network. Responses of glomus cells to hypoxia or
hypercapnia have plateaued after P8, and the carotid sinus nerve’s response to hypoxia has
also matured by P8; however, the sinus nerve’s response to hypercapnia does not change
with age and its response to combined hypoxia and hypercapnia does not appear until 16 —
21 days of age in the rat, indicating a non-glomus cell mechanism (Bamford et al., 1999).
Likewise, after an initial period of adjustment between P8 and P10, rats have acquired a
more mature pattern of ventilation and metabolism (except for the critical period), with
stable VO, and VCO, to body weight ratio and relatively stable Vg/VO, and VE/VCO,
ratios both in normoxia and acute hypoxia (Liu et al., 2009). Under normoxia, breathing
frequency (£ increased with age to peak at P13 and then declined gradually; both tidal
volume (V1) and minute ventilation (Vg) significantly increased in the 2" week, followed
by a progressive increase in V1 and a relative plateau in Vg (Liu et al., 2006). However,
when adjusted to body weight, both V1 and Vg showed minor fluctuations with a distinct
peak at P13, after which V1 remained stable whereas Vg exhibited a gradual decline until
P21, most likely reflecting the fall in fafter P13 (Liu et al., 2006). Thus, under normoxia,
ventilation is maturing during the 2"d and 3" postnatal weeks.

5.3.1 Development of neurochemicals—The 2™ and 3™ postnatal weeks (other than
the critical period) mark a time when the expression of glutamate increases with age and
NMDA receptor subunit 1 either plateaued or increased with age, but that of GABA and
GABAg receptors declined with age; on the other hand, the expression of glycine receptors
generally increased with age, and that of GIUR2 either increased, plateaued, or declined with
age (Liu and Wong-Riley, 2002, 2005). These correlate well with a general increase in
cytochrome oxidase activity with age in the same brain stem nuclei (Liu and Wong-Riley,
2002, 2003). The serotonergic system, however, underwent a major transition between the
2"d and 3'd postnatal weeks. With a few minor exceptions, the expressions of TPH, SERT,
5-HT1a, 5-HT1p, and to a lesser extent 5-HT, receptors in a number of respiratory-related
nuclei switched from a relatively high plateau sustained until P11 to a low level at and after
P12 (Liu and Wong-Riley, 2010a, 2010b). This implies that the relatively strong
serotonergic influence on the respiratory network during the first one and half postnatal
weeks gives way to a possibly more stabilized state of homeostatic modulation after the
critical period.

5.3.2 Response to hypoxia—In response to acute hypoxia, other than the unique
reaction during the critical period (see section 5.4), fresponses were generally above the
baseline (normoxia) before P12, but fell below the baseline at P12 and after, whereas V1 and
Vg were both above the baseline (except for P13) and steadily increased until P21 (Liu et
al., 2006). Clearly, the system is maturing to cope with acute hypoxia during the 2" and 3"
postnatal weeks, which makes the uncharacteristic response during the critical period even
more intriguing. The ability to respond adequately to hypoxia after the critical period is due
mainly to increasing VT, as ftends to decrease with age (at least up to P21, the oldest age
examined) (Liu et al., 2006).

5.3.3. Response to hypercapnia—As discussed above, the response to hypercapnia
does not mature fully until after the 2" postnatal week. This was verified at the cellular
level when medullary raphé neurons in brain slices were challenged with respiratory
acidosis. More neurons responded with increased firing rate if they were from rats older than
P12 than younger ones (Wang and Richerson, 1999). Rats subjected to perinatal hypercapnia
(5% COy) 1 to 3 days before birth through the first 2 postnatal weeks exhibited a rapid,
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shallow breathing pattern for only 2 weeks after return to normocapnia, and when
challenged with acute hypercapnia immediately after perinatal hypercapnia, their response
was reduced again for only 2 weeks before returning to normal levels thereafter (Bavis et al.,
2005). Such hypercapnia-induced, transient plasticity appears to be shared by both
developing and adult animals (Bavis et al., 2005).

5.3.4 Response to intermittent hypoxia—Acute intermittent hypoxia (AIH) in adult
rats induced long-lasting increases in phrenic nerve output known as phrenic long-term
facilitation (pLTF), a condition not seen with continuous (9 or 20 min) hypoxia (Baker and
Mitchell, 2000). AlH also led to LTF in P10 but not P1 or P4 rats (Julien et al., 2008). This
respiratory plasticity is thought to be mediated by a serotonin-dependent increase in brain-
derived neurotrophic factor (BDNF) in spinal segments containing phrenic motoneurons
(Baker-Herman et al., 2004). Severe AlH, on the other hand, shifted pLTF from a serotonin-
dependent to an adenosine-dependent form of phrenic motor facilitation (pMF) (Nichols et
al., 2012).

Chronic intermittent hypoxia (CIH) in the adult resulted in sensitization of the hypoxic
sensory response and the induction of sensory long-term facilitation (LTF) in the carotid
body, whereas CIH in the neonate led to only the sensitization of the hypoxic sensory
response without inducing sensory LTF (Prabhakar et al., 2007). Significantly, CIH during
the first 10 postnatal days enhanced the hypoxic ventilatory response only in male but not in
female rat pups, and it reduced the ventilatory LTF in P10 rats, leading to higher apnea
frequency during recovery (Julien et al., 2008). Altered responses to CIH can be reversed if
induced in the adult but not in the neonate, and neonatal carotid bodies (1-10 days) are more
sensitive to CIH than the adult ones (Pawar et al., 2008). Increased sensory response and
sensory LTF may be beneficial initially, but chronically they may lead to disordered
breathing, increased sympathetic tone, and systemic hypertension (Prabhakar et al., 2007).

5.4 Critical period of postnatal respiratory development in the rat (around P12—-P13)

What makes the end of the 2" postnatal week a unique period of respiratory development in
the rat? This is a time when concurrent and sudden changes occur at the neurochemical,
metabolic, ventilatory, and electrophysiological levels.

5.4.1 Neurochemical changes during the critical period—Neurochemically, the
expressions of excitatory neurochemicals (glutamate and NMDA receptor subunits NR1 and
NR2A) fell precipitously, whereas those of inhibitory neurochemicals (GABA, GABAg
receptors, and glycine receptors) rose significantly in the PBC, NTSy,, Amb, XII, and
DMNX, but not in the non-respiratory cuneate nucleus, at P12 (Liu and Wong-Riley, 2002,
2005, 2010c). This indicates a period of suppressed excitation and heightened inhibition.
The significant reduction in NR2A, with the fastest rise and shortest decay time (Chen et al.,
1999; Erreger et al., 2005) at P12 may considerably attenuate excitatory neurotransmission
in the respiratory nuclei during the critical period. In the PBC and NTSy, it will reduce
respiratory drive, especially in response to insults such as hypoxia. In the Amb and XII, it
will attenuate airway patency during respiration. The significant reduction of NR2C (with a
decay time faster than that of NR2D) in the PBC at P12 may also contribute to decreased
respiratory drive at this time. The concomitant decrease in the expressions of glutamate and
glutamate receptor subunits NR1 and NR2A at P12 in multiple brain stem respiratory nuclei
most likely contributes to a transient attenuation of glutamatergic transmission via NRs
within the respiratory network during the critical period. On the other hand, the transient but
significant rise in the expressions of GABA, GABAg, and glycine receptors in the PBC,
NTSy, Amb, XII, IOma, and DMNX at P12 (Liu and Wong-Riley, 2002, 2005) indicates a
transient dominance of inhibitory neurotransmission at this time.
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Besides the inhibitory-excitatory imbalance, there is an apparent switch in the expression of
GABA receptor subunits from the neonatal a3 to the mature a1 form close to P12 in the
PBC and NTS (Liu and Wong-Riley, 2004, 2006). Such a switch is likely to speed up the
kinetics of GABAergic transmission by reducing its decay time (Bosman et al., 2002),
thereby improving the efficiency of inhibition. An apparent developmental switch in NMDA
receptor subunit expression from NR2D (GIuN2D) to NR3B (GIuN3B) also occurred
possibly around P13 (Liu and Wong-Riley, 2010c). NR2D-containing receptors tend to have
low conductance and the slowest kinetics (Wyllie et al., 1998), whereas NR3B-containing
ones have faster kinetics and tend to decrease Ca%* permeability of glutamate-induced
current (Matsuda et al., 2002; Nishi et al., 2001). These subunit switches denote a period of
synaptic remodeling and maturation that may entail some initial instability in neural
transmission.

The serotonergic system also undergoes a dramatic adjustment during the critical period
(Liu and Wong-Riley, 2008, 2010a, 2010b) (Fig. 2). The expression of TPH fell
significantly at P12 in RM, RODb, and the ventrolateral medullary surface (VLMS) (P<
0.05), and fell without reaching significance (when compared with the immediately adjacent
age group using the Tukey’s test) in the RP, LPGi and parapyramidal region (pPy). The
expression of SERT plummeted at P12 in neurons of RM and ROb and in the neuropil of
PBC, Amb, and RTN/pFRG, but at P10 in neurons of LPGi and pPy (P < 0.05). As for
serotonergic receptors, the expression of 5-HT, 5 dropped precipitously at P12 from a high
plateau in RM, ROb, RP, PBC, Amb, and XII (P< 0.05). The expression of 5-HT1g
receptors also plunged at P12 from a high plateau in RM, ROb, RP, PBC, and Amb (P<
0.05). Likewise, the expression of 5-HT,a plummeted at P12 in the PBC, Amb, and XII (P<
0.05). The labeling of these receptors was also at its lowest at P12 in the RTN/pFRG, but
because the fall was more gradual, it did not reach statistical significance. Remarkably, P12
was the only time point in the entire first 3 postnatal weeks when a statistically significant
day-to-day difference was found (Liu and Wong-Riley, 2008, 2010a, 2010b). After P12, the
levels of these serotonergic neurochemicals either remained low or rose again until P21.
Thus, for some nuclei (RM, ROb, RP, PBC, Amb, and RTN/pFRG), P12 denotes the
beginning of a down-regulation of TPH and SERT, suggesting that the initial surge of a
primarily trophic effect of 5-HT has transitioned into a more stabilized state of homeostatic
control. For the VLMS, P12 is the only time point in the first 3 postnatal weeks that the level
of TPH is drastically reduced (Liu and Wong-Riley, 2010b). This region contains
serotonergic neurons that allegedly contribute to central respiratory chemosensitivity
(Richerson et al., 2005). LPGi is one of the most important sources of sympathetic
excitatory drive from the medulla to the cardiovascular system (Lovick, 1987). Its extensive
afferent and efferent connections (VVan Bockstaele et al., 1989; Zec and Kinney, 2001),
especially its projections to the ventral and dorsal respiratory groups as well as ROb and RP
(Ellenberger and Feldman, 1990; Holtman et al., 1990; Zagon, 1993) indicate that it may
integrate respiratory and cardiovascular rhythmic patterns (Gaytan et al., 1997). pPy is
reportedly another candidate for central chemoreception (Ribas-Salgueiro et al., 2005;
Richerson, 2004). It is also widely connected to medullary nuclei subserving
cardiorespiratory and other autonomic functions, such as ROb, RP, NTS, and LPGi (Ribas-
Salgueiro et al., 2005). Both LPGi and pPy also project to the RTN/pFRG (Cream et al.,
2002), strongly suggesting that serotonergic neurons in LPGi and pPy exert global effect on
the other brain stem respiratory nuclei. The down-regulation of SERT in these two regions
two days prior to other respiratory-related regions (i.e., at P10 rather than P12) suggests that
they may have a priming effect on the other nuclei (Liu and Wong-Riley, 2010b).

Overall, the precipitous fall in the expression of serotonergic neurochemicals within the
narrow window of the critical period can adversely affect respiratory rhythmogenesis,
inspiratory activity, gasping, and upper airway patency. The “net stimulatory effect” of 5-
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HT on respiratory output (Hodges and Richerson, 2008; Lindsay and Feldman, 1993) may
be attenuated and the normal interaction of serotonergic system with other neurotransmitter
and neuromodulatory systems may be disrupted, with potential adverse effect on respiratory
control.

Decreased 5-HT transmission renders the animals less capable of responding adequately to
exogenous respiratory insults, such as hypoxia, hypercapnia, or metabolic acidosis. The
insult is more severe during sleep, when respiratory activities are normally depressed (Olson
and Simon, 1996) and the firing of serotonergic neurons is reduced (Veasey et al., 1996),
thus compromising airway patency (Horner, 2007). Of relevance are reports of
developmental abnormalities in the medullary 5-HT system, such as reduced expression and/
or binding of 5-HT receptors (including 5-HT 14 and 5-HT,4) in several brain stem nuclei
(such as the arcuate nucleus or RTN, ROb, and NTS) in Sudden Infant Death Syndrome
(SIDS) and other pathologies (Ozawa and Okado, 2002; Paterson et al., 2006). Whether
human infants normally undergo a drastic reduction in their brain stem serotonergic receptor
expression during the critical period is at present unknown.

5.4.2 Metabolic and ventilatory changes during the critical period—Since the
bulk of neuronal energy is used to repolarize the membrane after excitatory depolarization
(rather than after hyperpolarization, as it is mainly passive) (Wong-Riley, 1989), reduced
excitation is also correlated with a significant decrease in the level of a key energy-
generating enzyme, cytochrome oxidase, at P12 in the same brain stem respiratory-related
nuclei where neurochemical changes are detected (Liu and Wong-Riley, 2002, 2003).

The metabolic rate and ventilation during the critical period in both normoxia and hypoxia
are distinctly different from those during the rest of the 2" and 3" postnatal weeks. There is
a sudden enhancement of the metabolic rate and Vg/VO, and Vg/VCO, ratios in normoxia,
which are matched by significant increases in respiratory frequency, tidal volume, minute
ventilation, as well as an abrupt rise in body temperature, all occurring at P13 (Liu et al.,
2009; Liu et al., 2006). In response to acute hypoxia, the ventilatory response was weakest at
P13, being lower at P12-P14 than the rest of the 3 postnatal weeks (Liu et al., 2006).
Moreover, metabolic rates and Vg/VO, and VEg/VCO, ratios were significantly reduced in
acute hypoxia at P13, unlike more stable trends in the rest of the 2"d and 39 weeks (Liu et
al., 2009) (Fig. 3). If hypoxia should become more severe and prolonged, the animals’
ventilatory response, metabolic rate, and energy production will not be sufficient to meet the
increased demand at P13, and the survival of the animal may be at stake.

In a recent paper, a critical period in the development of the respiratory control system at
P12-13 in the rat was confirmed, with an emphasis that the male showed a greater
significance than the female, although the same trend was also present in females (Holley et
al., 2012). This raises an interesting possibility that male rats may have a weaker response to
hypoxia than female ones. However, a significant reduction in ventilatory response to
hypoxia at P13 reported earlier (£< 0.001), which combined male and female animals (Liu
et al., 2006), was not found in Holley et al.’s study for either male or female. By grouping
P12 with P13, a difference between P12 and P13 in various parameters noted in Liu et al.’s
study might have been overlooked by Holley’s group, leading to some differences between
the two studies. Further investigation is warranted to determine if the significantly reduced
hypoxic response at P13 (Liu et al., 2006) pertains more or only to male, or is similar
between genders.

5.4.3 Electrophysiological changes during the critical period—The inhibitory-

excitatory neurochemical imbalance during the critical period is demonstrable at the
electrophysiological level in XII. Whole-cell patch-clamp recordings of hypoglossal
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motoneurons in rats daily from PO to P16 indicated that i) the amplitude and charge transfer
of mEPSCs were significantly reduced at P12-13; ii) the amplitude, mean frequency and
charge transfer of mIPSCs were significantly increased at P12-13; and iii) the amplitude and
frequency of spontaneous EPSCs (SEPSCs) were significantly reduced at P12-13, whereas
those of sIPSCs were significantly increased at P12-13 (Gao et al., 2011). Remarkably,
P12-13 was the only time point from PO to P16 that significant day-to-day changes were
found (P < 0.05) (Fig. 4). These results match precisely the transient imbalance between
reduced excitatory and enhanced inhibitory neurotransmitter/receptor expressions at P12
seen in many brain stem respiratory-related nuclei, including the XII (see section 5.4.1
above). The time point also corresponds exactly to the critical period of ventilatory and
metabolic development (see section 5.4.2 above), when the animals’ response to hypoxia is
the weakest as compared to the rest of the first three postnatal weeks.

5.4.4 Carotid body denervation during the critical period—When carotid body
denervation (removal of both carotid bodies and sectioning both carotid sinus nerves) was
done at P11-13, it did not lead to a shrinkage of PBC neurons, but it caused a delay and
prolongation of the metabolic maturational process, with possible delay and prolongation of
the critical period (Liu et al., 2003). Thus, the carotid body definitely influences the
development of the PBC and perhaps other respiratory-related nuclei. However, carotid
body denervation can only modify but not eliminate the critical period, whose existence and
manifestation may be based on an intrinsic and possibly a genetically determined
mechanism.

5.4.5 Relationship to pathologies—Clearly, toward the end of the 2" postnatal week
(P12-13) is a highly critical period in rats, when an inhibitory dominance renders the
animals less responsive to an external stressor, such as hypoxia. This is also a time when the
animals are more likely to succumb to death if there is an additional vu/nerable attribute. In
an experiment in which rats were subjected to immune system-altering primary infection,
they died only on day 12when challenged secondarily with a sublethal dose of endotoxin
(Blood-Siegfried et al., 2002). It is noteworthy that the peak incidence of SIDS is not at
birth, but rather, between the 2"d and 4t months after birth (Goldberg et al., 1986). For brain
development, the human postnatal months 2 — 4 have been correlated with the rat’s postnatal
days P11-14 (Ballanyi, 2004). The critical period, external stressor, and a vulnerable infant
constitute the triple risk factors of SIDS (Filiano and Kinney, 1994).

Besides SIDS, abnormalities in central chemosensitivity have also been implicated in
diseases such as congenital central hypoventilation syndrome (CCHS) (Spengler et al.,
2001), obstructive sleep apnea (Hilaire et al., 1993), and Rett syndrome (Zhang et al., 2011).
Whether the incidence is higher during the critical period remains to be determined.

6. Conclusions

Much has been learned in the past few decades about peripheral and central chemosensors
and their interactions at the anatomical and physiological levels. The challenge ahead
includes the elucidation of: a) the true identities of all central chemoreceptors; b) the
mechanisms of chemotransduction for both peripheral and central chemoreceptors; c) the
mechanisms of interaction between peripheral chemoafferents and central chemosensors
during development and adulthood; d) the mechanism of developmental plasticity with
perturbations of peripheral and/or central chemosensors; e) a possible existence of a critical
period of development in the carotid bodies; and f) the mechanism underlying abnormal
chemosensitive response during the critical period of postnatal respiratory development.
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Fig. 1.

Schematic diagram of connections linking the peripheral chemoreceptor carotid body
directly and indirectly to many mediators of central chemosensitivity within the respiratory
network. All connections are based on published papers, but not all published reports are
included. XII, hypoglossal nucleus; Amb, nucleus ambiguus; Bo6tC, Bétzinger complex; CB,
carotid body; cVRG, caudal ventral respiratory group; DMNX, dorsal motor nucleus of the
vagus; DRG, dorsal respiratory group; K—F, Kolliker-Fuse nucleus; LC, locus coeruleus;
LPGi, lateral paragigantocellular nucleus; NTS, nucleus tractus solitarius (including the
commissural [NTScom], dorsolateral [NTSp ], medial (NTSy], and ventrolateral [NTSy ]
subnuclei); PBC, pre-Bétzinger complex; PB, PByy, lateral and medial parabrachial nuclei;
pPy, parapyramidal region; PRG, pontine respiratory group; RM, raphé magnus, ROb, raphé
obscurus, RP, raphé pallidus; RTN/pFRG, retrotrapezoid nucleus/parafacial respiratory
group; VRG, ventral respiratory group (cVRG, rVRG, caudal and rostral VRG); VMS,
ventral medullary surface; VRC, ventral respiratory column. The term “ventrolateral
medulla or VLM” is not included here because it is loosely used by different investigators to
mean one or more nuclear groups separately listed here.
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Fig. 2.

Optical densitometric measurements of immunoreaction product in individual neurons of
various brain stem nuclei from P2 to P21. Data points are mean = SEM. A. Tryptophan
hydroxylase (TPH); B. serotonin transporter (SERT); C. 5-HTq receptor; D. 5-HT1g
receptor; E. 5-HT,p receptor; and F. 5-HT 14, 5-HT4g, and 5-HT,4 receptors and SERT in
the non-respiratory cuneate nucleus (CN) for comparison. The key for various nuclei is the
same as in Fig. 1. Tukey’s tests comparing one age group with its immediately adjacent
younger age group showed that P12 was the only time point in the first 3 postnatal weeks
that a significant was found (*P< 0.05). (Modified from Liu and Wong-Riley, 20103, b).
For ease of comparison, the highest value of each graph in the original was adjusted to 1,
and all of the other values were adjusted accordingly.

Respir Physiol Neurobiol. Author manuscript; available in PMC 2014 January 01.



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

1duasnuey Joyiny vd-HIN

Wong-Riley et al.

A

Voz(H)/V 02(N)

Ratio

1.4
1.2

)
058 1
06 -
04
0.2

0

Vo2 in hypoxia vs Vg in normoxia

- Nvmﬂ

*%

B

01234567 8 9101112131415161718192021

Postnatal day

VEVozin hypoxia vs VE/Vo; in normoxia

2

1.8
1.6
1.4
1.2

1
0.8
0.6
0.4
0.2

0

9

<—
*

012345678 9101112131415161718192021
Postnatal day

Fig. 3.

B

Vco2(H)/Vcoz(N)

Ratio

1.4
1.2
1

0.8 4
0.6 -
0.4 -
0.2 4

0

Page 28

Vco2 in hypoxia vs V¢o, in normoxia

SO

012345678 9101112131415161718192021

Postnatal day

VEe/Vco2in hypoxia vs Ve/Vco2 in normoxia

1.8
1.6
1.4
1.2

1
0.8
0.6
0.4
0.2

0

012345678 9101112131415161718192021

Postnatal day

Postnatal trends of metabolic rate (VO, and VCO,) (A and B) and Vg/VO, and Vg/VCO,
ratios (C and D) in hypoxia as compared to normoxia in rats from PO to P21. Normoxic
values were adjusted to 1 for comparison. Tukey’s tests comparing one age group with its
immediately adjacent younger age group indicated that P13 was the only time point in the
entire 3 postnatal weeks that a day-to-day significance was found (*~< 0.05; **P< 0.01;
*** P < 0.001). See text for details. (Modified from Liu et al., 2009).
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Patch clamp recordings of hypoglossal motoneurons in normal rats from PO to P16. A.
Charge transfer of mEPSCs was significantly reduced at P12. B. Amplitude of SEPSCs was
significantly reduced at P12—-P13. C. Frequency of SEPSCs was significantly reduced at
P12-P13 and rose again at P14. The frequency of SEPSCs at P7 was also significantly
higher than that at P2. D. Charge transfer of mIPSCs was significantly increased at P12, the
only time point when a day-to-day difference was found. E. The amplitude of sSIPSCs was
significantly increased at P12 and P15. F. The frequency of sIPSCs was significantly
increased at P12. (*£< 0.05; **P< 0.01). See text for details. (Modified from Gao et al.,

2011).
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