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A B S T R A C T

The pituitary adenylate cyclase-activating polypeptide (PACAP) plays an important role in anterior pituitary
hormone secretion, neurotransmission, and the control of breathing. Mice lacking PACAP die suddenly mainly in
the 2nd postnatal week, coinciding temporally with a critical period of respiratory development uncovered by
our laboratory in the rat. The goal of the current study was to test our hypothesis that PACAP expression is
reduced during the critical period in normal rats. We undertook immunohistochemistry and optical densitometry
of PACAP (specifically PACAP38) in several brain stem respiratory-related nuclei of postnatal days P2-21 rats,
and found that PACAP immunoreactivity was significantly reduced at P12 in the pre-Bötzinger complex, nucleus
ambiguus, hypoglossal nucleus, and the ventrolateral subnucleus of the nucleus tractus solitarius. No changes
were observed in the control, non-respiratory cuneate nucleus at P12. Results imply that the down-regulation of
PACAP during normal postnatal development may contribute to the critical period of vulnerability, when the
animals’ response to hypoxia is at its weakest.

1. Introduction

The pituitary adenylate cyclase-activating polypeptide (PACAP) is a
neuropeptide isolated originally from an extract of ovine hypothalamus
(Miyata et al., 1989, 1990). Its N-terminal sequence (1–18) shares 68%
homology with the vasoactive intestinal polypeptide (VIP), but it is a
thousand times more potent than VIP in stimulating adenylate cyclase
in the anterior pituitary, hence its name (Miyata et al., 1989). PACAP
has 2 bioactive forms, the C-terminus α-amidated 38 residue peptide,
PACAP38, and the N-terminus 27 residue one, PACAP27 (Miyata et al.,
1989, 1990). In the rat brain, PACAP38 constitutes the major portion of
total PACAP immunoreactivity, whereas the level of PACAP27 is neg-
ligibly low (Masuo et al., 1993). PACAP-positive nerve fibers are found
throughout the brain as well as in many body organs (reviewed in
Arimura, 1992). Besides its action on the anterior pituitary, PACAP is
also implicated in neural development, neurotransmission, neuropro-
tection, neuromodulation, metabolic homeostasis, as well as transcrip-
tion at central and peripheral targets (Runcie et al., 1995; Morio et al.,
1996; Liu et al., 2000; Vaudry et al., 2000).

A role of PACAP in the control of breathing was suspected when its
distribution was found in the respiratory tract and several respiratory-

related nuclei in the brain stem (Uddman et al., 1991; Légrádi et al.,
1994; Kausz et al., 1999). PACAP powerfully stimulates breathing via
its activation of arterial chemoreceptors (Runcie et al., 1995), and mice
deficient in the PACAP gene die suddenly after birth, but the mortality
“does not peak until the second week” (Gray et al., 2001; Wilson and
Cummings, 2008), due mainly to reduced respiratory chemoresponse
and apnea (Cummings et al., 2004). The abruptness of neonatal death is
reminiscent of the human Sudden Infant Death Syndrome (SIDS).

A critical period of respiratory development has been proposed as a
major risk factors for SIDS (Filiano and Kinney, 1994). In rats, this
period has been found by our laboratory to exist during the 2nd post-
natal week (P12-13), when sudden neurochemical changes occur and
when the animals’ response to hypoxia is at its weakest (reviewed in
Wong-Riley and Liu, 2008). The exact timing of the critical period in
mice is not well delineated. In general, however, mice are slightly more
precocious than rats in brain development by about 1–2 days (Clancy
et al., 2001). The apparent temporal correlation between the peak of
PACAP deficiency-induced death in mice and the critical period in rats
is intriguing.

The goal of the present study was to test our hypothesis that the
level of PACAP is reduced during the critical period of respiratory
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development in normal rats. We undertook an in-depth im-
munohistochemical study of PACAP during the first 3 postnatal weeks
in several respiratory-related nuclei, such as the pre-Bötzinger complex
(PBC), nucleus ambiguus (Amb), the hypoglossal nucleus (XII), and the
ventrolateral subnucleus of the nucleus tractus solitarius (NTSVL). The
non-respiratory cuneate nucleus (CN) served as a control brain stem
nucleus.

2. Methods

2.1. Animals

All experiments and animal procedures were performed in ac-
cordance with the Guide for the Care and Use of Laboratory Animals
(National Institutes of Health Publications No. 80-23, revised 1996),
and all protocols were approved by the Medical College of Wisconsin
Animal Care and Use Committee (approval can be provided upon re-
quest). All efforts were made to minimize the number of animals used
and their suffering.

A total of 96 Sprague-Dawley rats of both sexes (parents purchased
from Taconic Biosciences, Germantown, NY) from 8 litters were used in
this study. Rat pups were sacrificed at each of postnatal days P2, 3, 4, 5,
7, 10, 11, 12, 13, 14, 17, and 21. They were deeply anesthetized with
0.6% sodium pentobarbital (60mg/kg IP; Diamondback Drugs,
Scottsdale, AZ) and perfused through the aorta with 4% paraf-
ormaldehyde-4% sucrose in 0.1M sodium phosphate buffered saline
(PBS), pH 7.4. Brain stems were then removed, postfixed in the same
fixative for 3 h at 4 °C, cryoprotected by immersion in increasing con-
centrations of sucrose (10, 20, and 30%) in 0.1 M PBS at 4 °C, then
frozen on dry ice and stored at −80 °C until use.

2.2. Immunohistochemistry

The primary antibody used was a rabbit polyclonal anti-PACAP-38
antiserum (T-4473, RRID: AB_519166; Bachem/Peninsula Lab
International, Inc., San Carlos, CA). According to the manufacturer, the
antigen was the C-terminal end of the PACAP-38 peptide, with the
amino acid sequence of HSDGIFTDSYSRYRKQMAVKKYLAAVLGKRYK-
QRVKNK-NH2. They used radioimmunoassay to demonstrate that this
antiserum binds to the C-terminal end of PACAP-38 and shows no cross-
reactivity with vasoactive intestinal polypeptide, corticotropin-re-
leasing hormone, or adrenocorticotrophic hormone, and only 0.01%
cross-reactivity with PACAP-27. Das et al. (2007) performed pre-
adsorption of this antiserum with “10 μM concentration of synthetic
PACAP38 (American Peptide Company; catalog 34-0-20; lot
T11107T1), molecular weight 4534.3”, and found that it “completely
abolished immunoreactivity”.

Coronal sections (12-μm thickness) of frozen brain stems were cut
with a Leica CM1850 cryostat (Leica Microsystems, Heidelberger,
Nussloch, Germany). Individual sets of serial sections were mounted on
gelatin-coated slides. In the same litter, sections from 3 rats at different
ages were mounted on the same slides and processed together. Ages
were grouped typically as follows: P2-10-21, P3-4-17, P5-7-14, and
P11-12–13. All sections from all rats were processed under identical
conditions (i.e., time, temperature, and concentration of reagents).
They were blocked overnight at 4 °C with 5% nonfat dry milk (#170-
6404, Bio Rad, Hercules, CA)-5% normal goat serum (Chemicon
International, Temecula, CA)-1% Triton X-100 (T9284, Sigma, St.
Louis, MO) in 0.1M PBS (pH 7.4). Sections were then incubated at 4 °C
for 36 h in the rabbit anti-PACAP-38 primary antibodies diluted at
1:600 in the same solution as used for blocking. Sections were rinsed 3
times, 5 min each, in PBS, then incubated in the secondary antibodies:
1:100 goat anti-rabbit IgG-HRP (#1706515, Bio-Rad) diluted in the
modified blocking solution (without Triton X-100) for 4 h at room
temperature. After rinsing twice with PBS and once with 0.1M am-
monium phosphate buffer (APB), pH 7.0, immunoreactivity was

detected with 0.05% DAB-0.004% H2O2 in APB for 5min. The reaction
was then stopped with APB for 5min, rinsed in PBS three times, de-
hydrated, and coverslipped. Control sections were processed without
primary antibodies or with a non-immune serum in place of the primary
antibodies. All routine chemicals were from Sigma.

2.3. Semi-quantitative optical densitometry

The immunoreactivity of PACAP in the cell bodies of individual
neurons in various nuclei was semi-quantitatively analyzed by optical
densitometry performed with a Zeiss Zonax MPM 03 photometer, a
×25 objective, and a 2-μm-diameter measuring spot centered on the
cytoplasm of labelled neurons. All lighting conditions were held con-
stant for all of the measurements as described previously (Liu and
Wong-Riley, 2002, 2008).

The boundaries of the PBC, Amb, XII, NTSVL, and CN were as de-
scribed previously (Liu and Wong-Riley, 2002, 2005). We used Paxinos
and Watson’s “The Rat Brain Atlas” (New York: Academic Press, 1986)
as a reference, and the PBC was also identified with the neurokinin-1
receptor labeling (Gray et al., 1999), with its location delineated ac-
cording to the detailed description of Smith et al. (1991). It is located in
the mid portion of the rostral-caudal axis of the ventrolateral medulla,
ventral to the nucleus ambiguus, and between the rootlets of the hy-
poglossal nerve and the vagus nerve. The rostrocaudal extent of the PBC
is 300–480 μm from P0 to P21 in the rat (Liu and Wong-Riley, 2002).
The part of the nucleus ambiguus chosen was the semicompact for-
mation and the rostral loose formation innervating the upper airway
muscles with pharyngolaryngomotor functions (Bieger and Hopkins,
1987). For the remaining nuclei, measurements were taken from the
central main portion of each nucleus.

The optical densitometric value of each labeled neuron in the var-
ious brain stem nuclei was an average measurement of two to four spots
on the cell body (excluding the nucleus). Only those neurons whose
nuclei were clearly visible (i.e., sectioned through the middle of the cell
body) were measured. To avoid measuring the same neuron more than
once, values were taken from cells in sections at least 84 μm apart, as
the largest neurons had a maximal diameter of 25–30 μm, with a
maximal nuclear diameter of only about 10 μm. Between 60–100 neu-
rons in each brain stem nucleus in each of 8 rats were measured at each
age, making a total of 500–800 neurons at each age for each nucleus.
Mean optical density values, standard deviations, and standard errors of
the mean in each nucleus at each age were then obtained.

2.4. Statistical analyses

Statistical comparisons were made among the age groups by using
one-way analysis of variance (ANOVA) (to control for the type I com-
parison-wise error rate) and, when significant differences were found,
comparisons were made first between successive age groups (e.g., P2 vs.
P3, P3 vs. P4) and later between two selected age groups by means of
Tukey's Studentized range test (a post hoc multiple comparisons, to
control for the type I experiment-wise error rate). The N was based on
the number of animals (8) in each age group, and not on the number of
neurons analyzed (in the hundreds). Significance was set at P < 0.01
for one-way ANOVA and P < 0.05 for Tukey’s test.

3. Results

PACAP immunoreactivity (ir) was clearly visible in subpopulations
of neurons in all five brain stem nuclei examined (Fig. 1). Im-
munoreaction product was present in the cytoplasm and proximal
dendrites of labeled neurons as well as in the neuropil (including
dendritic processes). Plasma membrane labeling was also observed in
about 5–10% of PACAP-ir neurons from P2 to P11 (see all insets for P10
in Fig. 1), but was less distinct thereafter. Control sections without any
primary antibodies had no specific immunoreactivity above
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background (data not shown). ANOVA indicated significant differences
(P < 0.01) in PACAP-ir neurons among the ages in the PBC, Amb, XII,
and NTSVL, but not in the CN. Tukey’s Studentized range test that
compared one age group with its adjacent younger age group revealed a
significant fall in immunoreactivity at P12 in the PBC and Amb when
compared to that at P11 in both nuclei (P < 0.05). The fall was more
gradual for the XII and NTSVL from P10 through P11 to P12, hence

Tukey’s test showed a significant difference between P10 and P12 in
these two nuclei (P < 0.05) (Fig. 2). No significant fall was observed
in the CN at any age during the first three postnatal weeks.

3.1. PACAP-ir neurons in the pre-Bötzinger complex (PBC)

PACAP-ir was observed in∼40–45% of the PBC neurons. They were

Fig. 1. PACAP -ir neurons and neuropil in the PBC (A), Amb (B), XII (C), NTSVL (D), and CN (E) at P2 (A1–E1), P10 (A2–E2), P12 (A3–E3), and P21 (A4–E4). In the
PBC, XII, and NTSVL, PACAP immunoreactivity was relatively low at P2, markedly increased at P10, then significantly reduced at P12, followed by a rise and a
plateau at P21. The level of immunoreactivity in Amb was relatively high from P2 to P11, but was significantly reduced at P12, followed by a rise and a plateau at
P21. PACAP expression in the CN was relatively low at P2, followed by a gradual climb to a peak level at P10, then remained constant until P21. In about 5–10% of
labeled neurons, the plasma membrane was also clearly labeled at P2 (not shown) and at P10 (arrows in A2 to E2, with higher magnifications shown in respective
insets), but was less distinct thereafter. The insets at the upper left corners of A1-E1 are schematic diagrams of the location of each of the five brain stem nuclei. Scale
bar in A1: 20 μm for all low magnifications, and 8.33 μm for all high magnifications in insets.
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multipolar, granular, or fusiform in shape and small and medium in size
(Fig. 1A). The size of small neurons ranged from 4.5 to 7 μm in diameter
at P2 to 7–10 μm at P21, and medium-sized neurons ranged from 8.5 to
12 μm at P2 to 12–23 μm at P21. The expression of PACAP increased
gradually from P2 to P10 (P < 0.05 for Tukey’s test between P2 and
P10) and plateaued at P11. It then fell significantly at P12 (P < 0.05)
followed by a rise (P > 0.05) at P13 and a gradual decline until P21
(Fig. 2A). P12 was the only time point in the first 3 postnatal weeks
when a day-to-day significance was found. Tukey’s test also revealed
that the value at P10 was significantly higher than those at P3, P12, and
P21 (P < 0.05 for all).

3.2. PACAP-ir neurons in the nucleus ambiguus (Amb)

About 65–70% of Amb neurons demonstrated PACAP-ir. These
neurons were multipolar or oval in shape and mainly medium or small
in size (Fig. 1B). The size of small neurons ranged from 6.5 to 8 μm in

diameter at P2 to 8–13 μm at P21, and medium-sized neurons ranged
from 12 to 15.5 μm at P2 to 15.5–22 μm at P21. Occasionally, a few of
the large neurons (24–28 μm in diameter) could be observed at P21.
PACAP-ir exhibited a relative plateau from P2 to P11, then a significant
fall at P12 (P < 0.05) followed by a slight rise at P13 and a plateau
thereafter (Fig. 2B). Tukey’s test also yielded significant differences
between P12 and each individual day from P5 to P10 (P < 0.05 for
all).

3.3. PACAP-ir neurons in the hypoglossal neurons (XII)

PACAP-ir was present in ∼70–90% of XII neurons. They were
multipolar, oval, or fusiform in shape and mainly medium or large in
size (Fig. 1C). Medium-sized neurons ranged from 10.5 to 14 μm in
diameter at P2 to 13.5–21 μm at P21, and large neurons ranged from 16
to 21.5 μm at P2 to 24.5–28.5 μm at P21. The developmental trend of
PACAP-ir exhibited a plateau from P2 to P5, then a nonsignificant rise

Fig. 2. Optical densitometric measurements of PACAP immunoreaction product in individual neurons of the PBC (A), Amb (B), XII (C), NTSVL (D), and CN (E) from
P2 to P21. Data points represent the mean ± SEM. ANOVA revealed significant differences among the ages in the PBC, Amb, XII, and NTSVL (P < 0.01), but not in
the CN. Tukey’s Studentized tests showed a significant drop in immunoreactivity from P11 to P12 in the PBC and Amb, and from P10 to P12 in the XII and NTSVL.
Other significant differences are indicated in the text. *P < 0.05.
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at P7 followed by a decline from P10 to P12, a slight rise at P13 and
P14, and finally a slight decline at P17 and P21 (Fig. 2C). Tukey’s test
revealed a significant decrease in immunoreactivity from P10 to P12
and from P7 to P12 (P < 0.05 for both) (Fig. 2C).

3.4. PACAP-ir neurons in the ventrolateral subnucleus of the nucleus tractus
solitarius (NTSVL)

PACAP-ir was observed in about 30–40% of the NTSVL neurons.
They were multipolar, granular, oval, or fusiform in shape and mainly
small in size (Fig. 1D). The small neurons ranged from 5 to 7.5 μm in
diameter at P2 to 7–12 μm at P21. Occasionally, a few medium-sized
neurons (14.5–18 μm in diameter) could be observed at P17 and P21.
The expression of PACAP in the NTSVL showed a plateau from P2 to P5,
then a slight rise at P7 and P10 followed by a decline at P11 and again
at P12, a slight rise at P13 and P14 and a mild decline at P17 and P21
(Fig. 2D). Tukey’s test revealed a significant fall in immunoreactivity
from P10 to P12, as well as from P7 to P12 (P < 0.05 for both)
(Fig. 2D).

3.5. PACAP-ir neurons in the cuneate nucleus (CN)

About 50–70% of neurons in the CN demonstrated PACAP-ir
(Fig. 1E). These labeled neurons were oval, multipolar, or granular in
shape and mainly small in size. Small neurons ranged from 5 to 7.5 μm
in diameter at P2 to 7.5–11.5 μm at P21, and medium-sized labeled
neurons ranged from 9.5 to 12 μm at P2 to 14–18.5 μm at P21. The
expression of PACAP was relatively low at P2, then increased gradually
to peak at P10, followed by a relative plateau until P21 (Fig. 2E). Tu-
key’s test did not show any significant difference between any two age
groups.

4. Discussion

The present study documented that the expression of PACAP (in-
dicated by PACAP38 immunoreactivity) remained relatively stable
throughout the first three postnatal weeks in multiple brain stem nuclei
in the rat, except for a distinct fall at P12 in four respiratory-related
nuclei (PBC, Amb, NTSVL, and XII), but not in the non-respiratory CN.
The fall was more abrupt from P11 to P12 in the PBC and Amb, but was
more gradual from P10 through P11 to P12 in the NTSVL and XII.
Tukey’s test showed a significant difference between P11 and P12 in the
PBC and Amb, and between P10 and P12 in the NTSVL and XII
(P < 0.05 for all). On the other hand, the expression of PACAP in the
non-respiratory CN remained at a relative plateau throughout the first
three postnatal weeks.

The PBC is part of the rostroventral respiratory group and is a me-
dullary kernel for respiratory rhythmogenesis (Smith et al., 1991, 2000;
Rekling and Feldman, 1998). The Amb receives input from the central
respiratory network and innervates upper airway muscles (larynx and
pharynx) (Nunez-Abades et al., 1992; Jordan, 2001). The NTSVL is a key
subnucleus of NTS, a major representation of the dorsal respiratory
group that receives direct projections from the carotid body (Hilaire
et al., 1990; Finley and Katz, 1992). The XII innervates the tongue and
pharyngeal muscles to keep the airway patent during respiration (Lowe,
1980). There are many interconnections between and among these as
well as other respiratory-related nuclei in the brain stem (Wong-Riley
et al., 2013). The fact that the level of PACAP is relatively high among
these nuclei throughout the first three neonatal weeks indicates that
this neuropeptide is involved in the normal functioning of these neu-
rons. Intriguingly, the fall at P12 occurs only in respiratory-related, but
not in the non-respiratory, nuclei.

PACAP was first recognized as a potent activator of adenylate cy-
clase in anterior pituitary cell cultures (Miyata et al., 1989). Later, it
was found to also modulate glutamatergic, catecholaminergic, and
cholinergic neurotransmission, with neuroprotective and homeostatic

functions (Hannibal et al., 2000; Liu et al., 2000; Hamelink et al., 2002;
MacDonald et al., 2005). Its role in the control of breathing is validated
both physiologically via its stimulation of arterial chemoreceptors and
the maintenance of normal pulmonary vascular tone (Runcie et al.,
1995; Vaudry et al., 2009), as well as anatomically by its widespread
distribution throughout the respiratory tract and brain stem re-
spiratory-related nuclei (Uddman et al., 1991; Dun et al., 1996; Kausz
et al., 1999). PACAP38 is the major contributor to the total PACAP
immunoreactivity in the brain, with negligible amount from PACAP27
(Masuo et al., 1993). Our findings of robust PACAP38 im-
munoreactivity in the PBC, Amb, NTSVL, and XII are consistent with
previous reports, and highlight PACAP’s presence during the first three
postnatal weeks of brain stem development in the rat.

A striking feature of PACAP is that, in its absence, the mice ex-
perience sudden death peaking during the second postnatal week (Gray
et al., 2001; Wilson and Cummings, 2008). The null animals have
blunted responses to both hypoxia and hypercapnia, and their baseline
ventilation is significantly reduced even at P4 (Cummings et al., 2004).
In another study, PACAP−/− mice exhibit respiratory arrest to hypoxia
at P7, but their response to hypercapnia is the same as controls (Arata
et al., 2013). The high mortality rate is attributable to defects in re-
spiratory control (Cummings et al., 2004; Arata et al., 2013). With mild
reduction in the ambient temperature, the PACAP knockout mice are
more prone to prolonged apnea, and their mortality rate is significantly
increased, especially during the second postnatal week (Cummings
et al., 2008; Wilson and Cummings, 2008). The unexpected and
abruptness of death is reminiscent of Sudden Infant Death Syndrome
(SIDS). Indeed, mutations in the PACAP gene have been proposed as
one of the causes of disrupted homeostatic control of cardiovascular,
respiratory, and metabolic functions, as well as eventual death in SIDS
victims (Cummings et al., 2003, 2004; Prandota, 2004). Evidence of
some abnormality in the PACAP system has also been reported recently
in SIDS brains (Huang et al., 2017a), and PACAP gene polymorphism
has been associated with SIDS in African Americans (Cummings et al.,
2009; Barrett et al., 2013). Moreover, piglets exposed to acute inter-
mittent hypercapnic hypoxia exhibit reduced levels of PACAP in their
brain stem nuclei (Huang et al., 2017b).

The temporal coincidence of death peaking during the second
postnatal week in PACAP null mice and a critical period of respiratory
development in the rat that our laboratory has uncovered is particularly
intriguing. A critical period of postnatal development has been pro-
posed by Filiano and Kinney (1994) as one of the three risk factors for
SIDS. The underlying mechanism was poorly understood. By under-
taking daily studies of the first three postnatal weeks of development in
the rat, we found that significant neurochemical, ventilatory, and
electrophysiological changes occur in the brain stem respiratory system
toward the end of the second postnatal week, at P12-13, during which
the animals’ response to acute hypoxia is at its weakest (reviewed in
Wong-Riley and Liu, 2005, 2008, Wong-Riley et al., 2013). Specifically,
the expressions of excitatory neurochemicals (glutamate and NMDA
receptor subunits 1 and 2 A) and the metabolic marker cytochrome
oxidase plummet, while those of inhibitory neurochemicals (GABA,
GABAB receptors and glycine receptors) surge in multiple brain stem
respiratory-related nuclei within the narrow window (Liu and Wong-
Riley, 2002, 2003, 2005, 2010c). An imbalance between heightened
inhibition and suppressed excitation is also evident electro-
physiologically in XII and NTSVL during that time (Gao et al., 2011,
2015). When exposed to acute hypoxia (10% oxygen for 5min), the
hypoxic to normoxic ratios for frequency (f), tidal volume (VT) and
minute ventilation (VE) all exhibit a sudden and significant fall at P13
(Liu et al., 2006), as does the metabolic rate (Liu et al., 2009). In ad-
dition, the expressions of several serotonergic neurochemicals are
downregulated at P12, and they either return to P11 values or remain
low until P21 (Liu and Wong-Riley, 2008, 2010a,b). There is an ap-
parent switch in receptor subunits for GABAA from the neonatal α3 to
the more mature α1 (Liu and Wong-Riley, 2004, 2006), for the glycine
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receptors from the neonatal GlyRα2/α3 to the adult GlyRα1 (Liu and
Wong-Riley, 2013b), and for the NMDA receptors from GluN2D with
low-conductance to GluN3B with faster kinetics and reduced Ca2+

permeability around the same time (Liu and Wong-Riley, 2010c). There
is also a switch in dominance from the Cl− importer Na+-K+-2Cl−

cotransporter 1 (NKCC1) to the Cl− exporter K+-Cl− cotransporter 2
(KCC2) around P12 (Liu and Wong-Riley, 2012). These changes all fa-
cilitate enhanced inhibition in the respiratory network at P12-13, the
critical period of respiratory development in the rat (Wong-Riley and
Liu, 2005, 2008, 2013).

In probing for the basis of the underlying inhibitory-excitatory im-
balance further, we found that the expressions of brain-derived neu-
rotrophic factor (BDNF) and its high-affinity receptor (TrkB) are sig-
nificantly reduced in a number of brain stem respiratory-related nuclei
at P12 (Liu and Wong-Riley, 2013a). BDNF normally enhances gluta-
matergic neurotransmission and attenuates GABAergic and glycinergic
ones (Wardle and Poo, 2003; Bardoni et al., 2007). Its downregulation
during the critical period would contribute to the inhibitory-excitatory
imbalance within the respiratory network. Moreover, BDNF plays an
important role in the development of normal respiratory rhythm and
ventilatory control, and BDNF knockout mice exhibit abnormal re-
spiratory pattern and apnea, dying typically within 1–2 weeks of birth
(Erickson et al., 1996; Balkowiec and Katz, 1998). Significantly, PACAP
is known to stimulate BDNF expression by potentiating glutamatergic
action (Pelligri et al., 1998), and PACAP directly enhances synaptic
NMDA and evoked NMDA receptor currents (MacDonald et al., 2005).
The fact that NMDA receptors, BDNF, and PACAP in multiple brain
stem respiratory-related nuclei are all downregulated during the critical
period in the rat indicates that the three neurochemicals are positively
correlated to bring about suppressed excitation and, in the case of re-
duced BDNF, enhanced inhibition as well. Whether PACAP plays a
leading role in initiating the inhibition-excitation imbalance remains to
be determined.

Is a critical period inevitable during normal respiratory develop-
ment? Carotid body denervation simply postpones and delays, but not
eliminate the critical period in the rat (Liu et al., 2003). Thus, this
period seems to be innately determined. One possible rationale for the
existence of this period is that excitatory synapses develop and mature
earlier than inhibitory ones (Gao et al., 2011), but refinement of this
system requires the growth and maturation of inhibitory synapses.
BDNF and PACAP are needed for the initial growth and development of
excitatory neural connections, but their levels have to be briefly cur-
tailed to allow for the full maturation of inhibitory synapses. Thus, the
resulting abrupt, transient period of inhibitory-excitatory imbalance
may be necessary for the proper development of the respiratory system.
Both BDNF and PACAP play important roles. Indeed, an agonist of TrkB
receptors partially reverses, but a TrkB antagonist accentuates, the
imbalance during the critical period (Gao et al., 2014, 2015). Whether
agonist and antagonist of PACAP or its receptors would affect the im-
balance awaits future investigation.
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