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ARTICLE INFO ABSTRACT

Keywords: Twenty-five years ago, Filiano and Kinney (1994) proposed that a critical period of postnatal development
BDNF constitutes one of the three risk factors for sudden infant death syndrome (SIDS). The underlying mechanism was

Hypoxia poorly understood. In the last 17 years, much has been uncovered on this period in the rat. Against several
kce2 expected trends of development, abrupt neurochemical, metabolic, ventilatory, and electrophysiological changes
Eﬁgﬁ; occur in the respiratory system at P12-13. This results in a transient synaptic imbalance with suppressed ex-

citation and enhanced inhibition, and the response to acute hypoxia is the weakest at this time, both at the
cellular and system’s levels. The basis for the synaptic imbalance is likely to be contributed by a reduced ex-
pression of brain-derived neurotrophic factor (BDNF) and its TrkB receptors in multiple brain stem respiratory-
related nuclei during the critical period. Exogenous BDNF or a TrkB agonist partially reverses the synaptic
imbalance, whereas a TrkB antagonist accentuates the imbalance. A transient down-regulation of pituitary
adenylate cyclase-activating polypeptide (PACAP) at P12 in respiratory-related nuclei also contributes to the
vulnerability of this period. Carotid body denervation during this time or perinatal hyperoxia merely delays and
sometimes prolongs, but not eliminate the critical period. The rationale for the necessity of the critical period in
postnatal development is discussed.

Synaptic imbalance

1. Introduction that period did not cause any significant change. In the respiratory

system, the critical period has been proposed by Filiano and Kinney

The central nervous system in most mammals is not mature at birth.
A considerable amount of growth and development takes place post-
natally. Even for vital functions such as respiration, its control system
undergoes both structural and functional elaboration and molding after
birth. In the rat, such growth includes alveolar development and sep-
tation in the lung, strengthening of laryngeal and pharyngeal structures,
maturation of diaphragm and intercostal muscles (Kelly and Zacks,
1969; Thurlbeck, 1975; Sahebjami and Domino, 1989; Fratacci et al.,
1996), as well as the establishment and refinement of the brain stem
respiratory network. This review will focus on the last item, and spe-
cifically on the critical period of respiratory development, mainly in the
rat.

What is a critical period? In the CNS, it was first noted by the
classical studies of Hubel and Wiesel (1970; Hubel et al., 1977) as a
vulnerable period, when monocular deprivation leads to structural and
functional changes in the visual cortex. Perturbations before or after

(1994) as one of the three risk factors for Sudden Infant Death Syn-
drome (SIDS) (the other two are “a vulnerable infant” and “external
stressors”). The period has also been defined by Carroll (2003) as a time
window during development that is “devoted to structural and/or
functional shaping of the neural system subserving respiratory control”.
Clearly, there is a developmental aspect that is linked to vulnerability,
and a plasticity aspect that is associated with a more persistent adaptive
or maladaptive alteration of the nervous system. This review will be
centered on the developmental aspect and especially on the basic
neurochemical, metabolic, electrophysiological and ventilatory me-
chanisms underlying the vulnerable tendencies during this period. It
will focus on acute responses to environmental perturbations, but will
not cover the topic of adaptive “plasticity”, which has been elegantly
reviewed recently by Bavis and MacFarlane (2017).
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Fig. 1. Developmental trends of age-dependent decrease in NKCC1 and age-dependent increase in KCC2 immunoreactivity during the first 3 postnatal weeks in the
PBC (A), Amb (B), XII (C), NTSy;, (D), RTN/pFRG (E), and CN (F). The highest optical densitometric (OD) value of each marker for each nucleus was set at 1 for
comparison. The two trends intersected around P11 for the first five nuclei (A — E). (Modified from Liu and Wong-Riley, 2012).

2. The critical period is a time of synaptic imbalance
2.1. Neurochemical evidence

What makes a “critical period” so critical for both rodents and hu-
mans? The underlying mechanism was poorly understood. The exact
timing of sensitivity varied among reports because typically only a few
postnatal days were investigated. Earlier studies in rats indicated that
postnatal days (P) 7-8 might be the most vulnerable, as the mortality
rate after carotid body denervation was the highest (Serra et al., 2001)
and chemosensitivity to hypercapnia was the lowest at that time
(Stunden et al., 2001; Wickstrom et al., 2002). The initial study by Liu
and Wong-Riley (2001) also focused on the first postnatal week, and
skipped from P7 to P14, and from P14 to P21. Cytochrome oxidase (CO)
was used as a metabolic marker for neuronal activity (Wong-Riley,
1989), and a gradual increase in CO expression with age was noted,
which was not surprising. However, when the metabolic activity was
monitored every day for the first 3 postnatal weeks in rats, a surprising
pattern emerged in multiple brain stem respiratory-related nuclei: i.e.,
against a gradual increase in CO activity with age, there was a sudden
fall at P12, before partially recovering at P13 (Liu and Wong-Riley,
2002, 2003). This suggests a transient, reduced need for energy.

As the bulk of energy consumption by neurons is for repolarization
after excitatory depolarization (Wong-Riley, 1989), a fall in CO activity
indicates a decrease in excitatory synaptic activity. Indeed, the ex-
pressions of glutamate and NMDA receptor subunit 1 were abruptly
reduced at P12, but, concomitantly, the expressions of GABA, GABAp
receptors, and glycine receptors were significantly increased (Liu and
Wong-Riley, 2002, 2005). This resulted in a brief period of synaptic
imbalance, with enhanced inhibition and suppressed excitation among
nuclei of the respiratory network in the brain stem (Wong-Riley and
Liu, 2005). These included the pre-Botzinger complex (PBC; the pro-
posed center of respiratory rhythmogenesis; Smith et al., 1991), the
nucleus tractus solitarius ventral lateral subnucleus (NTSy;; which re-
ceives direct projections from carotid chemoafferent fibers and is a part

41

of the dorsal respiratory group known to project to the ventral re-
spiratory group; Smith et al., 1989; Holtman et al., 1990; Finley and
Katz, 1992; Bonham, 1995), the nucleus ambiguus (Amb; which in-
nervates airway muscles of the pharynx and larynx and receives input
from the central respiratory network; Jordan, 2001), the hypoglossal
nucleus (XII; whose motoneurons control tongue extruder muscles for
upper airway patency), and the dorsal motor nucleus of the vagus
(DMNX; which innervates the airways and the lungs). Changes were not
observed in the non-respiratory somatosensory relay, the cuneate nu-
cleus (CN), indicating a developmental adjustment primarily, if not
exclusively, in the respiratory system at that time (Liu and Wong-Riley,
2002, 2003).

2.2. Electrophysiological evidence

Is there any synaptic correlate to these neurochemical changes? By
means of whole-cell patch-clamp recordings of hypoglossal moto-
neurons innervating the tongue muscles, Gao et al. (2011) found that
the amplitudes and frequencies of both miniature (m) and spontaneous
(s) excitatory postsynaptic currents (EPSCs) were significantly reduced
at P12-13, whereas those of the inhibitory postsynaptic currents (IPSCs)
were markedly enhanced. The kinetics (rise time and decay time) of
mEPSCs and mIPSCs accelerated with age, although there was a distinct
fall in the rise time of mEPSCs at P12. Both GABA and glycine con-
tributed to mIPSCs, but the dominance switched from GABA to glycine
with development. The combination of enhanced inhibition and re-
duced excitation during the critical period was also evident electro-
physiologically in a key respiratory chemosensor, the NTSy;, (Gao et al.,
2015).

Thus, there appears to be a transient period of synaptic imbalance,
with heightened inhibition and suppressed excitation, demonstrable
both neurochemically and electrophysiologically, in the brain stem
respiratory network toward the end of the second postnatal week in the
rat.
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3. Other neurochemical changes

3.1. Switching of dominance in neurotransmitter receptor subunits and of
chloride transporters during the critical period

The synaptic imbalance that marks the critical period of the re-
spiratory system in rats is accentuated by switches in dominance of
several neurochemicals. A switch from the neonatal GABA, receptor
subunit a3 to the mature al and a switch from the neonatal glycine
receptor subunits a2/a3 to the adult al (Liu and Wong-Riley, 2004,
2006, 2013c) strengthen inhibition at that time. More importantly, a
switch in dominance of the Cl™ transporters from the Cl~ importer
Na™-K*-2Cl~ co-transporter 1 (NKCC1) to the Cl~ exporter K*-Cl~ co-
transporter 2 (KCC2) occurs around P12 in multiple brain stem re-
spiratory-related nuclei (Liu and Wong-Riley, 2012) (Fig. 1). As the
predominance of NKCC1 favors depolarizing GABAergic and glyci-
nergic transmission, whereas that of KCC2 facilitates hyperpolarizing
currents (Ben-Ari, 2002; Lohrke et al., 2005; Blaesse et al., 2009;
Viemari et al., 2011).), a switch in dominance to KCC2 reverses the
direction of the Cl~ gradient and enhances inhibitory neurotransmis-
sion, thereby heightening the synaptic imbalance during the critical
period.

Very little, if any, is known about the NKCC1/KCC2 switch or about
GABAR subunit expressions in brain stems of humans during postnatal
development. In the cortex, the ratio of NKCC1 to KCC2 expression is
very high in the youngest infant (1.2 months), decreases rapidly until
around 2 years of age, and then remains low into adulthood (Jansen
et al., 2010). The exact time point of switch in dominance between the
two is not known. As for GABA4R, the expression of the al subunit
increases logarithmically over the first 5-6 years of age, and then pla-
teaus through adolescence. On the other hand, the expression of the a4
subunit decreases over the first several years before leveling off (Jansen
et al., 2010). Again, the point at which the dominance reverses is not
known. The expressions of a2 and a3 subunits were not examined.

3.2. Development of serotonergic neurochemicals

Serotonin is involved in the modulation of respiratory rhythmo-
genesis, respiratory motoneuron excitability, phrenic long-term facil-
itation, upper airway reflexes, and central chemosensitivity (Bonham,
1995; Hilaire and Duron, 1999; Fuller et al., 2001; Haxhiu et al., 1998;
Richerson, 2004). The development of the serotonergic system is of
special interest, as reduced binding of serotonergic receptors (5-HT1, p
and 2) and serotonin transporter (SERT) has been reported in the me-
dulla of SIDS infants (Panigrahy et al., 2000; Paterson et al., 2006;
Kinney, 2009). Unexpectedly, however, the expressions of the ser-
otonin-synthesizing enzyme, tryptophan hydroxylase (TPH), SERT, as
well as several 5-HT receptors (1 A, 1B, and 2 A) are all significantly
reduced at P12 in multiple brain stem respiratory-related nuclei of
normal rats duriing development (Liu and Wong-Riley, 2008, 2010a,b).
This implies a weakening of the serotonergic system during the critical
period and raises the intriguing question of whether reduced ser-
otonergic neurochemicals in SIDS victims reflects a normal phase of
development or if additional abnormalities were present.

4. Response to environmental perturbations during the critical
period

The critical period is marked by increased vulnerability to en-
vironmental perturbations. Challenges that have been tested for acute
responses include hypoxia, hyperoxia, hypercapnia, carotid body de-
nervation, infection and inflammation.
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4.1. Hypoxia

4.1.1. Ventilatory studies on acute hypoxia

Mammals are born with low sensitivity to hypoxia, with increasing
sensitivity over the subsequent days or weeks (Carroll and Kim, 2005).
The ventilatory response to acute hypoxia (HVR) is biphasic, with an
initial increase in ventilation followed by a roll-off known as the hy-
poxic ventilatory depression (Eden and Hanson, 1987; Mortola, 1999;
Moss, 2002). In analyzing HVR to 5 min of hypoxia (10% O5 + 90% N)
in rats daily from PO to P21, Liu et al. (2006) found that the biphasic
response commenced from P3 onward. However, the HVR underwent
developmental changes. The ratio of minute ventilation (Vg) in hypoxia
to that in normoxia was generally close to or greater than 1 during
development. However, it started to fall at P12 and was significantly
below 1 at P13 before returning almost to 1 at P14. This indicates that
HVR is the weakest during the critical period. The initial phase of HVR
is mediated by NMDA receptors, whereas the later roll-off phase is
mediated primarily by GABA (Simakajornboon and Kuptanon, 2005).
The reduced expression of NMDAR and the elevated expression of
GABA during the critical period caused a more depressed response to
hypoxia at that time. The weakened reaction was also contributed, to a
large extent, by a significant decrease in the metabolic rate (rate of O,
consumption and CO, production) when challenged by hypoxia at that
time (Liu et al., 2009).

4.1.2. Electrophysiological studies on acute hypoxia

How did single neurons respond to acute hypoxia? By means of
whole-cell patch-clamp recordings, Gao et al. (2015) tested NTSy
neurons in brain slices at P11, P13, and P15 before and every 30 s after
exposure to 95% N, and 5% CO, for 5min. They found that both the
amplitude and frequency of SEPSCs were markedly increased during the
first 0.5-1 min followed by a fall to a much lower level for the re-
mainder of the 5 min exposure at both P11 and P15 (Fig. 2A, B). This is
reminiscent of the biphasic response observed in whole-animals (see
above). However, hypoxia did not induce any initial rise in SEPSCs
during the critical period (P13), when the values remained a plateau
and was the lowest throughout the 5 min of hypoxia.

On the other hand, the amplitude of sIPSCs at baseline (control)
level during the critical period was in between those of the other two
time-points, whereas the frequency at P13 was comparable to the other
ones (Gao et al., 2015). Acute hypoxia induced at all three ages a dip in
the amplitude of sIPSCs during the initial 60 s followed by a rise and a
plateau for the next 3 min (Fig. 2C, D), a pattern that was exactly op-
posite that of sEPSCs. Remarkably, however, hypoxia induced a sig-
nificant rise in the frequency of sIPSCs during the second minute of
exposure that was much greater at P13 than at the other two time-
points.

Thus, a combination of synaptic imbalance, enhanced inhibition,
reduced metabolic rate, and weakened ventilatory as well as synaptic
responses to hypoxia all contribute to heightened vulnerability during
the critical period (Wong-Riley and Liu, 2008; Wong-Riley et al., 2013).

4.1.3. Sustained hypoxia

When rats were exposed to 5 days of sustained hypoxia (11% O5),
those treated from P11 to P15 showed absent HVR and reduced re-
sponse to hypercapnia as well as a high incidence of unexplained
mortality, whereas such effects were not seen in the younger (P1-5) or
older (P21-25) age groups (Mayer et al., 2014). MacFarlane et al.
(2016) also found increased microglial cell number and reduced 5-HT
immunoreactivity in the NTS and DMNX of rats exposed to sustained
hypoxia, and both effects were prevented by an inhibitor of activated
microglia, minocycline, indicating that microglia could modulate ser-
otonergic system at that time. An increase in extracellular matrix pro-
tein aggrecan expression was also found in the NTS and DMNX with
sustained hypoxia induced between P11 and P15, and the effect was
abrogated with intracisternal microinjection of chondroitinase ABC,
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Fig. 2. Effect of acute hypoxia on sEPSCs (A and B) and sIPSCs (C and D) of NTSy;, neurons at P11 (before the critical period), P13 (during the critical period), and
P15 (after the critical period). Note that the amplitude and frequency of sEPSCs were the lowest at P13 and that hypoxia induced a biphasic response at P11 and P15,
but not at P13. On the other hand, the amplitude of sIPSCs at P13 was between those of the other two time-points. Hypoxia induced a rise in the frequency of sIPSCs
above control levels after 1.5-3 min of exposure that was greater at P13 than at the other two time-points. (Modified from Gao et al., 2015).

suggesting that the matrix proteins may be associated with increased
vulnerability to hypoxia during the critical period (Stryker et al., 2018).

4.2. Hyperoxia

Hyperoxia at birth is known to impair carotid body chemosensi-
tivity, blunt hypoxic phrenic response, and inhibit lung development
(Bavis et al., 2002; Kim et al., 2012; Teng et al., 2017). Hyperoxia
during the critical period induces both transient and permanent re-
spiratory defects linked primarily to developmental abnormality of the
carotid body (Bavis et al., 2013). Exposure of rat pups to 90% oxygen
from PO to P10 disrupted neurochemical development in multiple brain
stem respiratory-related nuclei, but the critical period was simply de-
layed for 2 days (i.e., from P12 to P14) and not eliminated (Mu et al.,
2018). This implies that the critical period is innately determined and is
part of the developmental program not easily eradicated.

4.3. Hypercapnia

Newborn rats reportedly have lower ventilatory response to hy-
percapnia at P2 than at P8 (Matsuoka and Mortola, 1995). They re-
spond with a sustained hyperventilation, which involves increased tidal
volume with minimal increase in frequency and is determined mainly
by an increase in central inspiratory activity (Saetta and Mortola,
1985). In both brain slices and in culture, the degree and incidence of
chemosensitivity of rat medullary raphé neurons were found to increase
with age, being greater after P12 than before (Wang and Richerson,
1999). Stunden et al. (2001) found that locus coeruleus neurons in rats
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had high sensitivity to CO, at P1 followed by a reduction throughout
the first postnatal week to a lowest level at around P8, before rising to a
level at P10 that was sustained through adulthood. Similar findings in
rats were reported by Wickstrom et al. (2002), and P7 was considered
the lowest point for ventilatory hypercapnic response. However, they
examined only four time-points: P1, 3, 7, and 10, and responses at later
ages were not investigated. Davis et al. (2006) carried out a longer
study and concluded that CO- sensitivity did not appear in rats until
around P15 and reached a peak at P19-21. At the cellular level, Stunden
et al. (2001) noted that locus coeruleus neurons responded to increased
CO,, with increased firing rate (by ~ 44%) at all ages examined. Clearly,
there is not yet a straight-forward correlation between in vivo and in
vitro studies, and variations exist among animals and among studies.
Maturation of central chemosensitive mechanism appears to be needed
to complete the process, but the exact critical period for hypercapnic
response in rats has not yet been definitively determined.

4.4. Carotid body denervation

Carotid bodies are the major peripheral chemoreceptors in mam-
mals. Denervating these structures at P2-3 or P7-8 led to lower pul-
monary ventilation during eupnea and even lower in acute hypoxia as
compared to sham-operated controls (Serra et al., 2001). Denervated
animals showed a significant loss in body weight (Liu et al., 2003).
When carotid body denervation was performed at P11-13, it simply
delayed and prolonged the critical period without eliminating it (Liu
et al., 2003).
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Fig. 3. Developmental trends of BDNF immunoreactivity during the first 3 postnatal weeks in the PBC (A), Amb (B), XII (C), NTSy;, (D), NTScom (E), RTN/pFRG (F),
and CN (G). A significant reduction occurred at P12 in all nuclei except for CN. (H) Developmental trend of BDNF mRNA in XII analyzed with RT-qPCR, showing the
lowest value at P12. Tukey’s Studentized test comparing one age group with its immediately adjacent younger age group. *P < 0.05; **P < 0.01; ***P < 0.001.
(Modified from Liu and Wong-Riley, 2013 for all except C and H, which are modified from Gao et al., 2014).

4.5. Infection and inflammation

Histopathological indications of inflammatory response to infection
have been documented in organs of many SIDS victims, but there is no
single infectious agent that has been definitively associated with SIDS
(reviewed in Blackwell et al., 2015; Blood-Siegfried, 2015). Using a
combination of a nonlethal strain of influenza A virus followed by a
sublethal dose of endotoxin in rats, Blood-Siegfried et al. (2002) found
that mortality only occurred when the timing between infectious insults
and developmental age were met, which, in their study, was on P12. In
a recent study, the administration of the endotoxin lipopolysaccharide
attenuated the early and late phases of the acute HVR in only P10 but
not P5 or P20 rats (Rourke et al., 2016). Moreover, the authors found
that the P10 age group had the largest increase in brain stem TNFa and
iNOS mRNA and the highest mortality rate following LPS than the other
two age groups. The timing of these periods of heightened vulnerability
to infection and inflammatory response corresponds temporally with
the critical period described by Liu and Wong-Riley in the rat (see
above) and emphasizes the catastrophic outcome of an abnormal or
weakened response to an infectious attack at this time.
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4.6. In utero effects

It may be argued that the first risk factor proposed by Filiano and
Kinney (1994) and others, that of a vulnerable infant, encompasses a
variety of conditions, most of which are likely to be present in utero.
These include nonlethal abnormal brain development, maternal cigar-
ette smoking (nicotine), injury causing astrogliosis, reduced ser-
otonergic expressions, maternal anemia, and premature birth (reviewed
in Guntheroth and Spiers, 2002). However, less is known as to why
these conditions should render the infant more prone to death during
the critical period rather than in the perinatal stage. In humans, the
peak period of SIDS (2" to 4™ postnatal months) also coincides with a
loss of maternal antibodies, a drop in night-time core body temperature
and cortisol levels, and a male-specific, distinct fall in testosterone level
(reviewed in Blackwell et al., 2015). These confounding factors, in
addition to changes discussed above, may render the infant less able to
respond to external stressors at this time.
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lowest value at P12. Tukey’s Studentized test comparing one age group with its immediately adjacent younger age group. *P < 0.05; **P < 0.01; ***P < 0.001.
(Modified from Liu and Wong-Riley, 2013 for all except C and H, which are modified from Gao et al., 2014).

5. Role of brain-derived neurotrophic factor (BDNF)

What could be the major underlying mechanism for the synaptic
imbalance and increased vulnerability during the critical period? A
foremost candidate deserving of consideration is a known regulator of
neuronal development and plasticity, i.e., brain-derived neurotrophic
factor (BDNF) and its high-affinity tyrosine protein kinase B (TrkB)
receptors (Barde et al., 1982; Klein et al., 1993). BDNF plays an im-
portant role in neuronal differentiation, cell survival, migration, neurite
outgrowth, synapse formation, stabilization, and plasticity (Hofer and
Barde, 1988; Wardle and Poo, 2003; Yoshii and Constantine-Paton,
2010). BDNF-TrkB signaling is essential for the development of brain
stem respiratory system, and their disruption contributes to severe re-
spiratory dysfunction such as in Rett’s syndrome (Erickson et al., 1996;
Ogier et al., 2007; Katz et al., 2009). BDNF knockout animals die within
weeks after birth, most likely from respiratory complications (Erickson
et al., 1996). Exogenous BDNF or TrkB agonist can ameliorate breathing
disorder induced by BDNF knockout or deficit (Kline et al., 2010;
Schmid et al., 2012). As the normal function of BDNF is to enhance
glutamatergic neurotransmission and attenuate GABAergic and
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glycinergic ones (Wardle and Poo, 2003; Bardoni et al., 2007), a re-
duced expression of BDNF-TrkB during the critical period would con-
tribute, at least in part, to suppressed excitation and heightened in-
hibition at that time.

5.1. Immunohistochemical evidence

The developmental expressions of BDNF and TrkB were analyzed
with immunohistochemistry and single neuron optical densitometry by
Liu and Wong-Riley (2013a) in multiple brain stem respiratory-related
nuclei (including PBC, Amb, XII, NTSy;, the commissural subnucleus of
the solitary tract nucleus [NTScoml, and the retrotrapezoid nucleus/
parafacial respiratory group [RTN/pFRG]) during the first three post-
natal weeks. They found that the expression of BDNF was relatively
high in all of the nuclei from PO to P11, but a significant fall occurred at
P12 that often continued to P13 before returning to P11 levels by P14,
followed by a gradual decline until P21 (Fig. 3A-F). Such a fall at P12-
13 was not observed in the non-respiratory nucleus, CN (Fig. 3G). The
developmental expression of TrkB lagged slightly behind that of BDNF
during the first postnatal week, when it exhibited a gradual increase
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Fig. 5. Mean amplitude and frequency of sEPSCs (A and B, respectively) and sIPSCs (C and D, respectively) from PO to P16 before (control) and after BDNF or
BDNF + K252a application in hypoglossal motoneurons. BDNF induced a significant rise in the frequency of sEPSCs at P12-13 (B) but a significant fall in the
amplitude of sIPSCs at P12 and P16 (C) as well as the frequency of sIPSCs at P12 and P15 (D) when compared to controls (*P < 0.05). These effects were blocked by

K252a. (modified from Gao et al., 2014).

before peaking at P10-11. However, it too had a significant fall at P12
that often continued into P13 before rising again at P14 and plateaued
thereafter (Fig. 4A-F). Again, CN did not show a reduction at P12-13
(Fig. 4G). Thus, the abrupt down-regulation of BDNF and TrkB occurred
only in respiratory-related nuclei during the critical period. The de-
velopmental trends of BDNF and TrkB transcripts were also examined in
XII, and they were similar to those of the respective proteins, with a
significantly reduced expression at P12-13 (Figs. 3H and 4H).
Interestingly, the down-regulation of BDNF and TrkB occurred 2
days earlier (at P10) in the lateral paragigantocellular nucleus and the
parapyramidal region (Liu and Wong-Riley, 2013a). These nuclei have
extensive projections to the ventral and dorsal respiratory groups (Van
Bockstaele et al., 1989; Ribas-Salgueiro et al., 2005) and may exert an
inductive role on the other respiratory-related nuclei in the brain stem.

5.2. Electrophysiological evidence

What are the electrophysiological correlates of neurochemical
changes? Would exogenous BDNF have any effect on synaptic im-
balance during the critical period? These questions were addressed with
whole-cell patch-clamp recordings of hypoglossal motoneurons in brain
stem slices, daily, from PO to P16 (Gao et al., 2014). Exogenous BDNF
significantly increased the normally lowered frequency of sEPSCs but
decreased the normally heightened amplitude and frequency of sIPSCs
during the critical period (Fig. 5). Exogenous BDNF also decreased the
normally elevated frequency of mIPSCs at P12-13. These effects were
partially blocked by a TrkB receptor antagonist, K252a. However,
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exogenous BDNF did not affect the kinetics (rise time and decay time)
of synaptic responses during development.

To further substantiate the role of BDNF in contributing to the sy-
naptic imbalance during the critical period, Gao et al. (2015) ad-
ministered a TrkB agonist, 7,8-DHF, in vivo (5 mg/kg intraperitoneally,
once a day for 2 days) and found it to increase the amplitude of SEPSCs
by 46.67% and the frequency by 113.01% above controls (P < 0.01)
during the critical period (Fig. 6A, B). However, it significantly reduced
the normally high amplitude of sIPSCs during the critical period by
63.77% (P < 0.01) (Fig. 6C, D). 7,8-DHF also increased the frequency
of sEPSCs and decreased the amplitude of sIPSCs after the critical
period (at P14-16). However, it had no effect on responses before the
critical period (P10-11), presumably because the level of endogenous
BDNF was already high at that time (Liu and Wong-Riley, 2013a).

in vivo administration of a TrkB antagonist, ANA-12, had an effect
opposite to that of 7,8-DHF (Gao et al., 2015). As little as a single in-
traperitoneal injection (2.46 mmol/kg) was sufficient to significantly
reduce both the amplitude and frequency of sEPSCs, but enhanced
those of sIPSCs, during and after the critical period (Fig. 6E-G).

Thus, both in vitro and in vivo studies point to BDNF and TrkB as
playing a significant role in contributing to a synaptic imbalance during
the critical period of respiratory development in the rat.

5.3. Interaction between BDNF, excitation, inhibition, serotonergic system,
and KCC2

How strong is the case of BDNF playing a pivotal role in
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Fig. 6. Effect of in vivo application of 7,8-DHF
(A-D) and ANA-12 (E-H) on amplitude and
frequency of sEPSCs (A, B, E and F) and sIPSCs
(C, D, G and H) in NTSy;, neurons before (P10-
11), during (P12-13), and after (P14-15) the
critical period. Note that 7,8-DHF significantly
increased the frequency of sEPSCs (B) but de-
creased the amplitude and frequency of sIPSCs
(C) during and after the critical period. The
converse is true for ANA-12, which sig-
nificantly reduced the amplitude and fre-
quency of sEPSCs during and after the critical
period (E and F) but increased the amplitude
and frequency of sIPSCs (G and H) at those
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***p < 0.001. (Modified from Gao et al.,
2015).
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neurochemical and physiological adjustments during the critical
period? Is it merely a coincidence that its level is reduced together with
changes in the other neurochemicals? Several lines of evidence point to
the relevance of BDNF. First, BDNF is known to enhance excitation by
increasing presynaptic glutamate release and increasing the amplitude
and frequency of EPSCs as well as the spontaneous firing rate of neu-
rons (Levine et al., 1995; Schinder et al., 2000). At the same time, BDNF
significantly reduces both evoked and spontaneous IPSCs and attenu-
ates GABA, receptor-mediated responses to exogenous GABA (Tanaka
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Before CP During CP After CP

et al., 1997). A marked decrease in both the message and protein levels
of BDNF (and of TrkB receptors) during the critical period would de-
crease excitation and facilitate inhibition. Second, BDNF reportedly
down-regulates KCC2 protein and mRNA expressions, thereby sup-
pressing fast GABAergic inhibition (Rivera et al., 2002; Wardle and Poo,
2003). When BDNF itself is down-regulated during the critical period, it
would enable increased expression of KCC2 and enhance inhibition.
Third, BDNF has a reciprocal relationship with serotonin in that it sti-
mulates serotonin synthesis, but its own synthesis can be serotonin-
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significant changes were observed in the CN. *P < 0.05. (Modified from Liu and Wong-Riley, 2019).

dependent (Eaton et al., 1995; Siuciak et al., 1998; Baker-Herman et al.,
2004; Homberg et al., 2014). A reduction of BDNF during the critical
period would down-regulate serotonin and that, in turn, would inhibit
BDNF expression. Fourth, exogenous BDNF or TrkB agonist should at
least partially reverse, whereas a TrkB antagonist should accentuate
synaptic imbalance during the critical period. Indeed, data obtained
thus far (see above) are consistent with all of the above scenarios. These
converging lines of evidence do not support a mere coincidence of
events, but rather, point to a significant role that reduced BDNF plays in
contributing to the suppressed excitation and heightened inhibition
during the vulnerable period of respiratory development, at least in the
rat.

6. Role of pituitary adenylate cyclase-activating polypeptide
(PACAP)

Does BDNF function alone or could there be an upstream signaling
protein? A plausible candidate is pituitary adenylate cyclase-activating
polypeptide (PACAP), which is known to stimulate BDNF expression by
potentiating glutamatergic action (Pelligri et al., 1998). PACAP is a
neuropeptide isolated originally from ovine hypothalamus and is a
potent stimulator of adenylate cyclase in the anterior pituitary (Miyata
et al., 1989). It is widely distributed in the brain and peripheral organs,
and is implicated in neural development, neurotransmission, neuro-
modulation, neuroprotection, metabolic homeostasis, as well as in
transcription with central and peripheral targets (Morio et al., 1996;
Vaudry et al., 2000, 2009). PACAP powerfully stimulates breathing by
activating arterial chemoreceptors (Runcie et al., 1995), and PACAP-
null mice die suddenly, mainly during the second postnatal week, due
to reduced respiratory chemoresponse and apnea (Gray et al., 2001;
Cummings et al., 2004).

The timing of the sudden death in PACAP-/- mice is reminiscent of
the critical period in rats. To probe this relationship further, Liu and
Wong-Riley (2019) analyzed the developmental expression of
PACAP38, a major contributor to the total PACAP immunoreactivity
(Masuo et al., 1993), in the PBC, Amb, XII, and NTSy;, during the first
three postnatal weeks. They found that PACAP immunoreactivity was
significantly reduced at P12 in all of these nuclei, but not in the control,
non-respiratory cuneate nucleus CN (Fig. 7). These results imply that
PACAP down-regulation during normal postnatal development may
contribute to the critical period of vulnerability.
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7. Critical period: gender consideration

Does the critical period exist in one or both genders? This question
is of interest, as the prevalence of SIDS is reportedly higher in male
infants (Mage and Donner, 2009). Holley et al. (2012) stated that “P10-
15 includes a critical developmental period in male but not female
rats”. However, an extensive analysis of ventilatory and metabolic re-
sponses in hundreds of male versus female rats in both normoxia and
acute hypoxia, daily, throughout the first three postnatal weeks in-
dicated that both genders exhibited a significantly weakened response
to acute hypoxia at P13 (Liu and Wong-Riley, 2013b). Thus, the critical
period exists in both genders in the rat. Significantly, the peak in-
cidence of SIDS in humans is between 2-4 months postnatally (Moon
et al., 2007), which corresponds in brain development to P11-P14
(encompassing the critical period) in rats (Ballanyi, 2004).

8. Critical period: is it necessary?

Is the critical period necessary in postnatal respiratory system de-
velopment? It is present in both genders and appears to be experienced
by all normal rats examined (see above). It is not caused by any intrinsic
defect, prematurity, genetic abnormality, or environmental perturba-
tions. It is innately determined and can be delayed and/or prolonged,
but generally not eliminated. Yet, it is a period of synaptic imbalance, of
major neurochemical and physiological alterations, and it renders the
animal vulnerable to external stressors. So, why does it persist and is it
necessary for normal development?

A strong rationale for the existence of the critical period is that
excitatory synapses in the respiratory system develop and mature ear-
lier than inhibitory ones (Gao et al., 2011). BDNF and PACAP most
likely play important roles in nurturing this process for the establish-
ment of the respiratory network. However, the refinement of this
system requires the growth and maturation of inhibitory synapses,
which necessitates a transient down-regulation of BDNF, PACAP, and
excitatory neurotransmission. Thus, this period represents a normal
progression of development, but it needs to be relatively brief in the
respiratory system to minimize serious threat to a vital function for
survival. A similar period exists during postnatal development of the
visual cortex in rats (Zhang et al., 2018). However, the timing is later
and lasts much longer than that in the respiratory system. Nevertheless,
the basic mechanisms remain virtually the same, indicating that the
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critical period is an obligatory process during normal brain develop-
ment. Once the critical period is passed, the system will attain a more
stabilized state of balanced excitation and inhibition for optimal neu-
ronal functioning.

9. Future studies

Much has been learned about the neurochemical, metabolic, ven-
tilatory, and electrophysiological bases of the critical period of normal
respiratory development in the rat. Detailed verifications (or rejection)
of such mechanisms in other species would be helpful. The ultimate
goal, obviously, is to unravel similar and/or other mechanisms in hu-
mans. The challenge is to obtain true control (i.e., normal) specimens
from normal infants at varying ages. As closely timed studies in the rat
have revealed that postnatal development does not follow a strict
continuum, so widely-spaced time points should not be assumed to be
connected by a straight line. Finally, global hormonal changes, such as
thyroid hormone, that may induce metabolic and neurochemical ad-
justments, deserve to be monitored during the critical period.
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