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Deficiency of CPEB2-Confined Choline Acetyltransferase
Expression in the Dorsal Motor Nucleus of Vagus Causes
Hyperactivated Parasympathetic Signaling-Associated
Bronchoconstriction
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Cytoplasmic polyadenylation element binding protein 2 (CPEB2) is an RNA-binding protein and translational regulator. To understand
the physiological function of CPEB2, we generated CPEB2 knock-out (KO) mice and found that most died within 3 d after birth. CPEB2 is
highly expressed in the brainstem, which controls vital functions, such as breathing. Whole-body plethysmography revealed that KO
neonates had aberrant respiration with frequent apnea. Nevertheless, the morphology and function of the respiratory rhythm generator
and diaphragm neuromuscular junctions appeared normal. We found that upregulated translation of choline acetyltransferase in the
CPEB2 KO dorsal motor nucleus of vagus resulted in hyperactivation of parasympathetic signaling-induced bronchoconstriction, as
evidenced by increased pulmonary acetylcholine and phosphorylated myosin light chain 2 in bronchial smooth muscles. Specific deletion
of CPEB2 in cholinergic neurons sufficiently caused increased apnea in neonatal pups and airway hyper-reactivity in adult mice. More-
over, inhalation of an anticholinergic bronchodilator reduced apnea episodes in global and cholinergic CPEB2-KO mice. Together, the
elevated airway constriction induced by cholinergic transmission in KO neonates may account for the respiratory defect and mortality.
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Introduction
Cytoplasmic polyadenylation element binding protein 2
(CPEB2) is a sequence-specific RNA-binding protein expressed

abundantly in the brain (Chen and Huang, 2012). Previously, we
showed that CPEB2 binds to the eukaryotic translation elonga-
tion factor 2 (eEF2) to downregulate eEF2’s GTPase activity and
repress target RNA translation (Chen and Huang, 2012). To un-
derstand the in vivo function of CPEB2, we generated CPEB2-
knock-out (KO) mice. Unlike with KOs of its closely related
family members, CPEB3 and CPEB4 (Chao et al., 2013; Tsai et al.,
2013), CPEB2 KO resulted in death in most mice within 3 d after
birth. The early death of KO mice motivated us to examine
whether CPEB2 controls vital functions, such as respiration.
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Significance Statement

This study first generated and characterized cpeb2 gene-deficient mice. CPEB2-knock-out (KO) mice are born alive but most die
within 3 d after birth showing no overt defects in anatomy. We found that the KO neonates showed severe apnea and altered
respiratory pattern. Such respiratory defects could be recapitulated in mice with pan-neuron-specific or cholinergic neuron-
specific ablation of the cpeb2 gene. Further investigation revealed that cholinergic transmission in the KO dorsal motor nucleus of
vagus was overactivated because KO mice lack CPEB2-suppressed translation of the rate-limiting enzyme in the production of
acetylcholine (i.e., choline acetyltransferase). Consequently, increased parasympathetic signaling leads to hyperactivated bron-
choconstriction and abnormal respiration in the KO neonates.
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Proper development of the respiratory network is essential for
mammals to acquire oxygen by themselves after birth and survive
in the extrauterine environment (Fortin and Thoby-Brisson,
2009). The respiratory rhythm generator (RRG) located in the
medulla oblongata is composed of two interacting respiratory
oscillators, the pre-Bötzinger complex (pre-BötC) and the para-
facial respiratory group (pFRG; Smith et al., 1991; Onimaru et al.,
2009). The pre-BötC drives inspiration by activating the premo-
tor neurons of the rostral ventral respiratory group, which in turn
project to lower motor neurons in the spinal cord that innervate
inspiratory muscles, such as the intercostal muscles and the dia-
phragm. In contrast, the rhythm of the pFRG is phase-locked
with the oscillation of pre-BötC and discharges in the abdominal
motor output during active expiration (Feldman et al., 2013).
The pFRG is partly overlapped with the retrotrapezoid nucleus, a
group of glutamatergic neurons located ventral to the facial mo-
tor nucleus (FMN), and confers central chemosensitivity upon
the change of blood CO2/H� concentration (Guyenet and
Mulkey, 2010). Several gene-modified mice with developmen-
tally malformed pre-BötC or pFRG die of respiratory failure after
birth (Blanchi et al., 2003; Dubreuil et al., 2008; Onimaru et al.,
2009; Burgold et al., 2012). Although pre-BötC and pFRG are
critical pacemakers to control respiration, both regions can be
modulated by inputs from other neuronal networks, such as the
(nor)adrenergic system in the pons (A5 and A6) and medulla
(A1/C1 and A2/C2; Hilaire, 2006). Several reported KO mice
with loss of (nor)adrenergic neurons showed respiratory ar-
rhythmia (Hirsch et al., 1998; Dauger et al., 2001; Qian et al.,
2001). In addition, several cranial motor nuclei in the medulla, of
which cholinergic signaling is vital to maintain an unimpeded
airway for smooth breathing (Bianchi et al., 1995). Among them,
the dorsal motor nucleus of vagus (DMNV) and the nucleus
ambiguus (NA) are composed of parasympathetic preganglionic
neurons whose axons project and innervate many visceral organs,
including the heart, trachea, and lung (Bennett et al., 1981; Cor-
bett et al., 1999; Fontán et al., 2000; Jordan, 2001; Takanaga et al.,
2003). Activation of these parasympathetic pathways evokes bra-
dycardia, tracheal contraction, and bronchoconstriction (Hasel-
ton et al., 1992; Zhang et al., 2006; McGovern and Mazzone,
2010; Llewellyn-Smith and Verberne, 2011). The importance of
the NA in neonatal breathing has been implicated in Teashirt
3-null mice, which show severe apoptosis specifically in the NA
and probably die of upper-airway collapse coupled with impaired
rhythmogenesis in the embryonic pFRG oscillator (Caubit et al.,
2010). The significance of the DMNV in neonatal respiration has
been implied only in mice deficient in nuclear receptor-related 1
protein (Nurr1). Nurr1-KO neonates with elongated DMNV
show hypoventilation-related lethality (Nsegbe et al., 2004), yet
no direct evidence established the causal relation between abnor-
mal DMNV and hypoventilation. Given the fact that the DMNV
and NA command parasympathetic signaling to regulate cardio-
respiratory fitness, both nuclei examined by immunohistochem-
ical and morphological analyses in infants who died from sudden
infant death syndrome (SIDS) often show abnormalities (Neff et
al., 2003; Huang et al., 2005; Machaalani and Waters, 2008, 2014;
Bejjani et al., 2013).

Using whole-body plethysmography, we found that CPEB2-KO
pups showed aberrant respiration, with increased apnea. Further
characterizations found that CPEB2 confines parasympathetic sig-
naling by downregulating choline acetyltransferase (ChAT) RNA
translation in the DMNV to control unimpeded air flow into the
lung, which is critical for maintaining normal neonatal respiration.

Materials and Methods
Construction of the targeting vector for generation of KO mice. The genomic
bacterial artificial chromosome (BAC) clone (RP23-432N11) containing
the C57BL/6J mouse cpeb2 gene was used to construct the targeting vec-
tor by the recombineering technique according to the manufacturer’s
instructions (Gene Bridges). The cpeb2 gene consists of 13 exons (num-
bered boxes) and spans a region of �53 kb. Briefly, a loxP-Neo-loxP
cassette was first recombined into the 3�-end of exon 5 and excised with
recombinant Cre (New England Biolabs) in vitro to result in a single loxP
site. The resulting BAC clone was recombined with the Frt-PGK-Neo-
Frt-loxP cassette to the 5�-end of exon 3. The BAC plasmid was linearized
with NruI and electroporated into C57BL/6 ES cells. Two correct clones
identified in 284 G418-resistant clones were injected into C57BL/6-
Tyrc-2J (c2J) blastocysts. Only one clone derived a germline-transmitted
line. The mouse carrying floxed allele was first crossed with Frt recombi-
nase driven by the �-actin promoter (RRID:IMSR_JAX:003800) to re-
move the Frt-PGK-Neo-Frt cassette. The resulting line was maintained as
fCPEB2 mice, then crossed with the protamine-Cre (RRID:IMSR_JAX:
003328), nestin-Cre (RRID:IMSR_JAX:003771), or chat-Cre (RRID:
IMSR_JAX:018957) transgenic mouse to derive global or conditional KO
(cKO) mice.

Animals and genotyping. All of the experimental protocols were per-
formed in accordance with the guidelines of the Institutional Animal
Care and Use Committee of Academia Sinica (protocol number 12-03-
338) and compliant with Taiwan Ministry of Science and Technology
guidelines for ethical treatment of animals. All efforts were made to
minimize the number of animals used and their suffering. Adult mice
were killed by using carbon dioxide euthanasia. Neonatal mice were
anesthetized by hypothermia before being killed for experiments. The
wild-type (WT) and KO neonates were littermates from heterozygous
crosses. The neuron-specific and cholinergic neuron-specific conditional
WT (cWT) and cKO mice were obtained from the mating of cpeb2 f/f,�/�

with cpeb2 f/f,nestin -cre/� and cpeb2f /f, chat -cre/�mice. Neonatal and adult
mice of both genders were used for this study. The genotypes were deter-
mined by PCR of tail biopsies and the KAPA mouse genotyping kit (KAPA
Biosystems). Briefly, tail samples were lysed in 20 �l of KAPA extract buffer
for 20 min at 75°C, then 5 min at 95–100°C. The DNA sample was then
diluted with 60 �l of H2O, and 0.5 �l was used for a 10 �l PCR. The sense
primer, CP2F1 5�-CAAATACTAGCAATTCCCAGGTCC-3� and two anti-
sense primers CP2R1 5�- TCTGATGCTACCCATAGGTGGATC-3� and
CP2R2 5�-TCTGAGCCAAGGAGGAGTTCT-3�at a 2:1:1 ratio were used to
amplify the WT and KO alleles of the cpeb2 gene, respectively. The floxed
cpeb2 allele was detected with CP2F1 and CP2R1 primers. The presence of
the cre transgene was PCR-monitored with CreF 5�-TTACCGGTCGATG
CAACGAGTGATG-3� and CreR 5�-GTGAAACAGCATTGCTGTC
ACTT-3� primers.

Antibodies and chemicals. Antibodies used were ChAT (Millipore, catalog
#AB144P; RRID:AB_2079751), neurofilament heavy chain (NF-H; Milli-
pore, catalog #AB5539; RRID:AB_177520), tyrosine hydroxylase (TH; Mil-
lipore, catalog #AB152; RRID:AB_390204), �-smooth muscle actin (�SMA;
Abcam, catalog #ab7817; RRID:AB_262054), neurokinin 1 receptor 1
(NK1R; Sigma-Aldrich, catalog #S8305; RRID:AB_261562), �-actin
(Sigma-Aldrich, catalog #A5441; RRID:AB_476744), �-tubulin (Sigma-
Aldrich, catalog #T5168; RRID:AB_477579), p-Mlc2/Ser19 (Cell Signaling
Technology, catalog #3671S; RRID:AB_330248), and �3-tubulin (Cell Sig-
naling Technology, catalog #5666P; RRID:AB_10691594). CPEB2, CPEB3,
and CPEB4 antibodies have been described previously (Chen and Huang,
2012; Chao et al., 2013; Chang and Huang, 2014). Fluorescein isothiocyanate
(FITC)-conjugated donkey anti-chicken IgY was from Jackson ImmunoRe-
search (catalog #703-095-155; RRID:AB_2340356). Alexa Fluor-conjugated
�-bungarotoxin and secondary antibodies were from Invitrogen. Tiotro-
pium bromide (sc220259) was from Santa Cruz Biotechnology. Methacho-
line (A2251) and Avertin (T48402) were from Sigma-Aldrich.

Immunohistochemistry, image acquisition, and quantification. The
brainstems isolated from decapitated neonatal mice were fixed in 4%
formaldehyde in PBS overnight at 4°C, immersed sequentially in PBS
containing 20 and 30% sucrose (w/v) for 24 h, then mounted in optimal
cutting temperature medium for cryosectioning. Unless otherwise spec-
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ified, all procedures were performed at room temperature with solutions
prepared in PBS. The coronal sections (16 –18 �m thick) of medulla were
permeabolized with 0.2% Triton X-100 for 15 min, blocked in 10% horse
serum and 3% BSA for 1 h, then incubated with the designated primary
antibodies overnight at 4°C. After three washes with PBS, tissues were
incubated with the corresponding Alexa Fluor-conjugated secondary an-
tibodies for 1 h. For preparing postganglionic neuron samples, neonatal
mice after hypothermia-induced unconsciousness were transcardially
perfused with 4% formaldehyde and then postfixed in the same solution
overnight before paraffin embedding and horizontal sectioning (5 �m
thick). The postganglionic samples after dewaxing and rehydration
procedures were boiled for 5 min in 10 mM sodium citrate buffer, pH 6, to
retrieve antigen, followed by immunofluorescence staining. For
whole-mount immunostaining, isolated diaphragms were fixed in 4%
formaldehyde overnight at 4°C, then permeabolized and blocked in PBS
containing 10% horse serum, 3% BSA, 0.3 M glycine, and 0.5% Triton
X-100 overnight at 4°C. Whole-mount diaphragms were immuno-
stained with NF-H antibody for 3 d at 4°C, then washed three times with
PBS, followed by overnight incubation of FITC-conjugated secondary
antibody and Alexa Fluor 555-conjugated �-bungarotoxin at 4°C. A
minimum of three washes with PBS at room temperature were per-
formed between changes of solutions. Fluorescent images were acquired
with LSM780 confocal microscopy or Axio Imager Z1 fluorescence mi-
croscopy (Carl Zeiss). To compare immunofluorescence signal between
WT and KO samples, a pair of postnatal day (P) 1 WT and KO littermate
brains were processed at the same time, followed by image acquisition
under the same exposure condition to minimize between-batch varia-
tion. The mean fluorescence intensities of ChAT in DMNVs, NAs, and
FMNs were quantified and adjusted by subtracting the mean background
signal in nearby ChAT-negative area using ImageJ 1.47v (ImageJ, RRID:
SCR_003070). The ChAT levels were expressed as a relative ratio with the
signal in the WT designated motor nucleus arbitrarily set to 1. Ratios
from 5 to 7 pairwise comparisons between WT and KO as well as cWT
and nestin-cKO samples were expressed as mean � SEM. The mean
fluorescence intensity of ChAT in airway postganglionic neurons was
quantified and normalized with that of Tuj1 by ImageJ 1.47v. The data
from 5 WT and 7 KO samples were expressed as mean � SEM. The mean
fluorescence intensity of p-Mlc2 was quantified and normalized with that
of �SMA in bronchial smooth muscle by MetaMorph v7.7.5.0 (RRID:
SCR_002368). The data from five pairwise comparisons between WT
and KO samples were expressed as mean � SEM.

Whole-body plethysmography and echocardiography. All P1 pups were
retrieved from their mothers and kept warmed in a humidified oven at
34°C for �20 min before plethysmographic recording using the Buxco
system with some modifications. Calibration was performed once by
injecting air of a fixed volume into the animal chamber maintained at
28 –30°C before experiments. Each breath from the pup inside the animal
chamber induced pressure changes between the animal and reference
chambers that were detected by the transducer. The barometric signals
were transferred to the Buxco MaxII amplifier and filtered through a
bandwidth of 0 –15 Hz to eliminate background noises. Each pup was
recorded in three 3 min recording sessions. For monitoring ventilatory
responses under hypercapnia, each pup was first recorded under nor-
moxia for two sessions. After a 40 s hypercapnic exposure (8% CO2, 21%
O2, 71% N2), the pup was recorded for an additional 3 min. For the
rescue experiment, the minimal effective dose of tiotropium that could
block subsequent methacholine-induced respiratory change was first de-
termined in WT mice. Pups in a 350 ml chamber were given 3 min of
nebulized tiotropium bromide solution (�150 �l of 25 �g/ml) using a
nebulizer (AG-AL1000, Aerogen), followed by plethysmographic re-
cording within 24 h. Because breathing movements were recorded non-
invasively in unanesthetized pups, only the signals recorded at a resting
state were analyzed. The sonograms of unanesthetized pups on a heating
pad at 37°C were monitored by ultrasound biomicroscopy (Vevo 660,
VisualSonics) with a 40 MHz transducer and 23 MHz spectral pulsed-
wave Doppler. Heart rate and rhythm were determined from pulsed
Doppler waveforms.

Brainstem–spinal cord preparation and C4 activity recording. P1 or P2
neonates were induced to unconsciousness by hypothermia, decere-

brated, and then immersed in the 4°C artificial CSF (aCSF; in mM: 128
NaCl, 3 KCl, 1.5 CaCl2, 1.0 MgSO4, 24 NaHCO3, 0.5 NaH2PO4, 30
D-glucose, and 3 ascorbate, pH 7.4) equilibrated with 95% O2 and 5%
CO2. Brainstem–spinal cords were harvested and then trimmed imme-
diately rostral to the superior cerebellar artery and revitalized in oxygen-
ated aCSF for 1 h at 28°C. The firing activities of C4 ventral roots were
recorded and the signals were amplified, bandpass-filtered at 10 –1000
Hz, and processed by using AxoScope v10.2 (Molecular Devices).

Electro-recording of neuromuscular junctions. Diaphragms with ribs
and phrenic nerves were dissected from P1 neonates and placed in oxy-
genated Ringer’s solution (in mM: 126 NaCl, 5 KCl, 24 NaHCO3, 2 CaCl,
1 NaH2PO4, 11 D-glucose, pH 7.3) at 25°C for 1 h. Microelectrodes of
40 – 60 M� resistance when filled with 3 M KCl were pierced into the
central neuromuscular junction (NMJ)-enriched region of muscle fibers.
The electric signals were acquired by use of an Axoclamp 900A amplifier
and Digidata 1440A, then analyzed by using pClamp 10.2 (Molecular
Devices; RRID:SCR_011323) to obtain spontaneous miniature end-plate
potentials (mEPPs).

Acetylcholine measurement in the lung. Acetylcholine levels were mea-
sured by use of the Amplex Red acetylcholine assay kit (Invitrogen).
Briefly, P1 lungs were homogenized in 50 mM Tris-HCl buffer, pH 8.
Then 100 �l of homogenized lysate was mixed with 100 �l of 400 �M

Amplex Red reagent containing 2 U/ml horseradish peroxidase, 0.2 U/ml
choline oxidase, and 1 U/ml acetylcholinesterase and incubated at room
temperature for 40 min before measuring absorbance at 585 nm. The
protein concentration of lysates was determined by use of the Pierce BCA
protein assay kit (Thermo Fisher Scientific). The data are expressed as
micromoles of acetylcholine per micrograms of protein.

Analysis of airway hyper-reactivity in adult mice. The 2-month-old
cWT and chat-cKO mice were anesthetized with an intraperitoneal in-
jection of Avertin, and then tracheostomized and ventilated with a can-
nula at a tidal volume of 0.2 ml and a frequency of 150 breaths/min.
Airway resistance in sedated mice upon challenging with increasing doses
of methacholine was measured directly by an invasive plethysmography
(FinePointe RC, Buxco) according to the established protocol (Albacker
et al., 2013).

Plasmid construction. Mouse ChAT 3�-UTR was PCR-amplified from spi-
nal cord cDNA with the primers 5�-CGGAATTCCCAATGTCCTACAG-
GAGTCA-3� and 5�-CGGGATCCTGACATTACATTTTATTGAAT
ACAG-3�. The amplified DNA fragment was cloned to pGL3 plasmid using
EcoRI and BamHI cutting sites.

RNA-immunoprecipitation. For the RNA-immunoprecipitation (RIP)
experiment, two brainstems isolated from P1 mice were homogenized in
2 ml of lysis buffer [50 mM HEPES, pH 7.4, 150 mM NaCl, 1 mM EDTA,
0.5% Triton X-100, 0.5 mM DTT, 1� protease inhibitor mixture
(Roche), and 40 U/ml RNase inhibitor], incubated on ice for 30 min,
then centrifuged at 12,000 � g for 15 min. The supernatants were equally
divided and incubated with 10 �l of protein G beads loaded with 10 �g of
CPEB2 or control IgG for 3 h at 4°C. The beads were washed with 700 �l
of lysis buffer with protease and RNase inhibitors three times. One-fifth
volume of beads was used for Western blot analysis. The remaining beads
were incubated in elution buffer (100 mM Tris-Cl, pH 8.0, 10 mM EDTA,
1% SDS, and 20 �g/ml proteinase K) at 55°C for 30 min, followed by
phenol/chloroform extraction and isopropanol precipitation in the
presence of 5 �g of glycogen as a carrier. The isolated RNAs were reverse
transcribed with use of oligo-dT (or random) primer and ImPromII
Reverse Transcriptase (Promega). Quantitative PCR was conducted by
using the Universal Probe Library and Lightcycler 480 system (Roche). Data
analysis involved the comparative Ct (threshold cycle value) method with
the nontargeted RNA, GAPDH mRNA, as reference. The PCR primers used
for ChAT were as follows: 5�-CTCCAGCTGGCTTACTACAGG-3� and 5�-
GGATGGATGCACTCTCATAGG-3�; GAPDH, 5�-GCCAAAAGGGT-
CATCATCTC-3�, and 5�-CACACCCATCACAAACATGG-3�.

Luciferase reporter assay. Neuro-2a cells (CLS Cell Lines Service, cata-
log #400394/p451_Neuro-2a; RRID:CVCL_0470) were cultured in
DMEM supplemented with 10% fetal bovine serum. The cells were subcul-
tured in a 12-well plate the day before transfection. Cells in each well were
transfected with the DNA mixture containing 0.04 �g of plasmid expressing
firefly luciferase reporter appended with or without mouse ChAT 3�-UTR,
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0.02 �g of plasmid expressing Renilla luciferase, and 0.74 �g of plasmid
expressing EGFP or myc-tagged CPEB variants by using Lipofectamine 2000
(Invitrogen). The cells were harvested the next day for dual luciferase assay
(Promega) or RNA quantification. The PCR primers were as follows: for
firefly luciferase: 5�-TGAGTACTTCGAAATGTCCGTTC-3� and 5�-
GTATTCAGCCCATATCGTTTCAT-3�; for Renilla luciferase: 5�-GG
AGAATAACTTCTTCGTGGAAAC-3� and 5�-GCTGCAAATTCTTC
TGGTTCTAA-3�.

Results
Generation of CPEB2 KO mice that display neonatal lethality
To investigate the in vivo functions of CPEB2, we used the cre-
loxP strategy to generate CPEB2 KO mice in a C57BL/6 genetic
background (Fig. 1A). The littermates from heterozygous crosses
were used for all experiments. When exons 3–5 of the cpeb2 gene
were excised, the alternative use of the first methionine codon in
exon 6 resulted in premature termination. By using a probe
against the exon 6 –9 region, we found truncated CPEB2 RNA in

the KO testis (Fig. 1B), suggesting that the premature stop codon
in the truncated transcript did not efficiently trigger nonsense-
mediated RNA decay (Schoenberg and Maquat, 2012). However,
Northern blotting was not sensitive enough to detect the CPEB2
RNA signal in the brain. With the more sensitive assay, reverse
transcription-coupled PCR, we confirmed the absence of exons
3–5 in CPEB2 RNA in the KO brain and testis (Fig. 1C). Never-
theless, no CPEB2 protein was detected in KO tissues (Fig. 1D).
The larger CPEB2 protein (CP2L) was translated from a tran-
script with intron 1 inclusion (NP 787951.2) and expressed pre-
dominantly in the testis (Fig. 1D). Thus, we produced a mouse
line deficient in CPEB2 protein.

Although we could obtain the KO mice from heterozygous
matings, the number of KO animals after weaning at P21 was
lower than the expected Mendelian inheritance (Fig. 1E), which
indicated the lethality associated with ablation of cpeb2. To de-
termine the time of death, we analyzed the ratios in three geno-

Figure 1. CPEB2 KO mice show high neonatal lethality. A, Schematic illustration of the targeting strategy. The cpeb2 gene consists of 13 exons. Female progenies with the floxed cpeb2 allele
(fCPEB2) containing the loxP-flanked exon 3–5 cassette were mated with C57BL/6 males containing a Cre recombinase transgene under the control of a protamine promoter (protamine-cre) to
excise exons 3–5 in sperm to produce the KO allele. Asterisks denote premature termination codon. Male offspring carrying WT or KO (�/�) alleles from heterozygous matings were selected for
B. B, Northern blot analysis with a probe against exons 6 –9 of CPEB2 RNA or �-tubulin RNA (loading control). The arrowhead denotes the truncated CPEB2 transcript. C, reverse transcription-
coupled PCR (RT-PCR) analysis. Brain and testis RNA was reverse-transcribed and PCR-amplified for CPEB2 using the sense primer designed in exon 2 and the antisense primer designed in exon 5 or
6. RT-PCR confirmed the presence of exon 3–5-deleted CPEB2 transcripts in the KO tissues. The doublet bands resulted from alternative splicing of exon 4 (90 bp in length). The inclusion of exon 4
was more prevalent in the testis. D, Western blot analysis. Expression of CPEB2 in the WT and KO tissues was detected with affinity-purified polyclonal CPEB2 antibody. E, The distribution ratios of
WT, heterozygous, and KO mice at different ages. Numbers in parentheses denote the number of mice in each group. F, The appearance of P0 WT and KO littermates and H&E-stained midline sections
of P1 WT and KO newborns. Scale bar, 2 mm. G, The body weight of E18.5 (WT/KO, n 	 18/20) embryos, P0 pups (WT/KO, n 	 5/6), and P1 pups (WT/KO, n 	 12/11) of WT and KO genotypes. Data
are mean � SEM.
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types in P0, P1, P2, and P3 litters. P0 mice showed normal
Mendelian distribution and no apparent defects in gross mor-
phology (Fig. 1F) or body weight (Fig. 1G). Survival was gradu-
ally reduced in KO mice from P1 to P3 (Fig. 1E); most KO mice
died postnatally within 3 d after birth.

CPEB2 KO neonates show severe respiratory abnormality
The early death of CPEB2 KO pups motivated us to examine
whether CPEB2 controls cardiorespiratory functions to maintain
postnatal vitality because cardiac and/or respiratory arrhythmia
are possible causes of neonatal death (Shirasawa et al., 2000; Blan-
chi et al., 2003; Dubreuil et al., 2008; Onimaru et al., 2009; Bur-
gold et al., 2012; Crone et al., 2012; Frank et al., 2012). Using
echocardiography and histochemical examination, we found the
heart rates in KO neonates was stable, rhythmic but slightly re-
duced when compared with their WT littermates (Fig. 2A; beats/
min: WT, 476.21 � 15.63; KO, 437.37 � 10.01; p 
 0.05). There
is no obvious defect in gross cardiac morphology (Fig. 2B) in P1
KO mice. These results suggest that CPEB2 KO newborns un-
likely die of cardiac arrhythmia. Using whole-body plethysmog-
raphy, we uncovered aberrant respiration patterns in the KO
group and used only detectable breaths (Fig. 2C, arrowheads) to
determine tidal volume. Other nonrespiratory activities, such as
body movement, inside the plethysmography might also disturb
the respiratory signal, so the software automatically classified and
filtered out these activity-related disturbances (Fig. 2C, bracket).
The KO neonates had normal tidal volume (WT, 11.15 � 0.81
�l/g; KO, 10.07 � 0.61 �l/g; p 	 0.3) but reduced respiratory
frequency (WT, 149.40 � 15.02 breaths/min; KO, 56.84 � 10.22
breaths/min; p 
 0.01) and increased apneic episodes (WT,

0.90 � 0.34 episodes/min; KO, 5.88 � 0.74 episodes/min; p 

0.01) and duration (WT, 1.14 � 0.28 s; KO, 3.61 � 0.25 s; p 

0.01). Nevertheless, the gross morphologic features of the WT
and KO lung were similar (Fig. 2D). Cardiac and respiratory
functions are critical for neonatal survival immediately after
birth. Given that no obvious cardiac abnormality was identified
(Fig. 2A), the severe respiratory arrhythmia in CPEB2 KO neo-
nates may contribute to their mortality after birth. Respiration is
an intricate process that requires many tissues, such as lung, tra-
chea, diaphragm, intercostal muscle, and ribcage, under the co-
ordinated control of the nervous system to complete a cycle of
gaseous exchange. Thus, defective development in any of these
tissues or nervous controls may cause abnormal breathing in KO
newborn mice.

Neuron-specific deletion of CPEB2 causes similar
respiratory failure
CPEB2 expression was more abundant in the brain than lung of
adult mice (Fig. 1D), so the autonomic nerve system may become
uncoordinated with rhythmic respiration in the absence of
CPEB2. If so, CPEB2 should be present in the neonatal brain,
especially in the brainstem area. As expected, CPEB2 was detected
in the brains of E19 embryos and P0 neonates. Unlike CPEB3 and
CPEB4 expression, which was distributed more evenly in the
brain, CPEB2 level in the brainstem (i.e., pons and medulla) was
more abundant (Fig. 3A) and reached a plateau much earlier than
in the cortex (Fig. 3B). Thus, CPEB2 likely has a role during
perinatal brainstem development. Moreover, CPEB2 was ubiqui-
tously detected in the entire medulla, including the RRG (pre-
BötC and pFRG) and cranial motor nuclei, such as DMNVs, NAs,

Figure 2. CPEB2 KO neonates have reduced heart rate and breathing frequency accompanied by apnea. WT and KO pups at P1 were used. A, Doppler ultrasound recording. Representative traces
and heart rates (beats/min) in WT (n 	 7) and KO (n 	 7) mice. B, H&E staining of WT and KO heart sections show normal morphology. C, Whole-body plethysmography (WT/KO, n 	 12/11).
Representative recorded traces and results of normalized tidal volume (tidal volume/body weight), respiratory frequency, apnea episodes, and duration. **p 
 0.01, Student’s t test. Bracket
indicates gasping or body movement and arrowheads denote complete cycle breaths used to determine tidal volume for KO mice. D, H&E staining of lung sections show inflated alveoli of both WT
and KO mice. Scale bars, 0.4 mm. Data are mean � SEM.
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and FMNs (Fig. 3C). Among these areas, DMNVs and FMNs
expressed the most CPEB2 (Fig. 3C). Although FMNs and
DMNVs are not in control of generating respiratory rhythms,
FMNs and DMNVs innervate the facial musculature and lung,
respectively, to maintain normal airway flow during breathing
(Kalia and Mesulam, 1980; Strohl, 1985; Bianchi et al., 1995;
Fontán et al., 2000; Jordan, 2001; Persson and Rekling, 2011).

Before further investigating which CPEB2-expressed medul-
lary regions account for respiratory failure in the KO neonates,
we first examined whether such respiratory defects could be re-
capitulated in mice with neuronal depletion of CPEB2. The
fCPEB2 (Fig. 1A, cpeb2 f/f) mice were crossed with the nestin-Cre
transgenic line. The resulting CPEB2 conditional KO (nestin-
cKO) neonates, with Cre-mediated recombination more limited
to the nervous system, were used for plethysmographic record-
ings. CPEB2 nestin-cKO neonates phenocopied the respiratory
defects of the global KO mice. They featured normal tidal volume
(cWT, 9.47 � 0.39 �l/g; nestin-cKO, 11.45 � 1.15 �l/g; p 	 0.19),
reduced respiratory frequency (cWT, 155.56 � 11.82 breaths/
min; nestin-cKO, 90.26 � 7.53 breaths/min; p 
 0.01), and in-
creased apneic episodes (cWT, 0.92 � 0.43 episodes/min; nestin-
cKO, 4.57 � 0.74 episodes/min; p 
 0.01; Fig. 3D). Thus, the
abnormal respiration in the KO neonates was primarily contrib-
uted by the loss of neuronal CPEB2.

CPEB2-deficient RRG is morphologically and
functionally normal
Most gene-modified mice that die of respiratory arrhythmia typ-
ically show abnormal morphology of pre-BötC or pFRG, so we
wondered whether the respiratory defect in the KO neonates was
caused by abnormalities in the RRG. To address this, we first
examined morphology by immunostaining the RRG marker,
NK1R. The distribution and expression of NK1R in CPEB2-
deficient pre-BötC and pFRG appeared normal (Fig. 4A; WT/
KO, n 	 2/2; only images from one animal per genotype is
shown). Because the outputs from rhythmic bursting of the RRG
are merged to C4 ventral roots and consequently activate phrenic
nerves to contract the diaphragm, such activities could be purely
monitored in isolated brainstem–spinal cord preparation (Fig.
4B). The activities of C4 ventral roots in KO preparations were
stable and rhythmic, with bursting frequencies similar to those in
the WT preparations (WT, 12.68 � 1.98 bursts/min; KO, 11.3 �
1.75 bursts/min; p 	 0.58). Therefore, the central rhythm gener-
ator appears normal in the KO neonates.

We also examined the (nor)adrenergic system, which mod-
ulates rhythm generation (Hilaire, 2006), because several KO
mice with respiratory arrhythmia exhibit loss of (nor)adren-
ergic neurons (Hirsch et al., 1998; Dauger et al., 2001; Qian et
al., 2001). Some (nor)adrenergic groups (A5 and A6) are lo-
cated in the pons, and the others (A1/C1 and A2/C2) are in the

Figure 3. Conditional depletion of CPEB2 in neurons causes respiratory defects. A, Schematic outline of a neonatal mouse brain in sagittal plane and respiration-related nuclei in the medulla. The
indicated brain regions from E19 and P0 mice were used for Western blot analysis. B, The indicated brain regions isolated from embryos and mice of different ages were used for Western blot analysis.
C, Immunohistochemistry of CPEB2 in sagittal medullary sections of P0 mice. Scale bars, 0.2 mm. D, Whole-body plethysmographic recordings of respiratory patterns in P1 neonates carrying floxed
cpeb2 alleles without (cWT, cpeb2 f/f,�/�; n 	9; body weight: 1.75�0.1 g) or with nestin-Cre transgene (nestin-cKO, cpeb2 f/f,nestin-cre/�; n 	15; body weight: 1.64�0.04 g). Data are mean�
SEM. **p 
 0.01, Student’s t test.

12666 • J. Neurosci., December 14, 2016 • 36(50):12661–12676 Lai et al. • CPEB2 Suppresses ChAT RNA Translation



medulla (Fig. 4C, illustration). Because the pons is thought to
exert an inhibitory effect on inspiration of RRG (Hilaire et al.,
1989; Hilaire, 2006), the pontine part has to be removed from
the preparation for C4 recording (Fig. 4B). However, using the
immunostained signal of TH, we observed no apparent differ-
ence in pontine and medullary (nor)adrenergic neurons be-
tween the WT and KO groups (Fig. 4C; WT/KO, n 	 2/2; only
images from one animal per genotype were shown). Together,
these data suggest that the reduced respiratory frequency in
the KO neonates is unlikely a result of defects in RRG or
(nor)adrenergic modulators.

No apparent defects in diaphragm NMJs of CPEB2 KO pups
Proper development of NMJs in the diaphragm is required for
normal respiration (Gautam et al., 1996). Because the respira-
tory failure in CPEB2 KO neonates mainly resulted from the
neuronal loss of CPEB2 (Fig. 3D), we then examined NMJs by
whole-mount staining of diaphragms from CPEB2 WT and
KO littermates. The axon terminals of phrenic nerves and
the clusters of nicotinic acetylcholine receptors (AchRs)
on the postsynaptic muscle fibers were marked with the
immunostained signal of NF-H and fluorophore-labeled
�-bungarotoxin, respectively. Gross innervation patterns be-
tween the WT and KO diaphragms were the same (Fig. 5 A, B).
All of the quantitative results, including secondary axon
length, secondary axon branch number, AchR cluster number,
and cluster band width, were indistinguishable between the
WT and KO groups (Fig. 5B).

To examine the synaptic transmission of NMJs, spontane-
ous mEPPs were measured. Both mEPP frequency (WT,
0.98 � 0.18 mEPPs/min; KO, 1.09 � 0.19 mEPPs/min; p 	

0.69) and amplitude (WT, 2.36 � 0.32 mV; KO, 2.43 � 0.45
mV; p 	 0.89) recorded from the diaphragms isolated from P1
WT and KO mice were similar (Fig. 5C). Along with the prop-
erly inflated lung in the KO neonates (Fig. 2D), defects in
CPEB2 KO phrenic nerves were not likely the primary causes
of respiratory distress.

CPEB2 KO mice respond to hypercapnia but show aberrant
respiratory patterns
Congenital central hypoventilation syndrome (CCHS) can be
life threatening. Infants with CCHS display apnea during sleep
and lose the adequate response to hypercapnia (Spengler et al.,
2001). To test whether the loss of CPEB2 would diminish the
hypercapnic ventilatory response, we treated neonatal mice
with a hypercapnic mixture (8% CO2 plus 20% O2 plus 72%
N2). CPEB2 KO mice showed a ventilatory response to hyper-
capnia (Fig. 6A). Both WT and KO mice showed a comparable
and significant increase (�50 –55% more, p 
 0.01) in tidal
volume under hypercapnic treatment. To our surprise, the
respiratory frequency in the KO mice under hypercapnia
could be rescued to the level indistinguishable from that in
WT littermates under normoxia (Fig. 6C) but slightly less than
that in the hypercapnia-treated WT mice ( p 
 0.05). Never-
theless, the respiratory patterns in each breath of WT and KO
neonates under air or hypercapnia were quite different (Fig.
6B). Thus, we further analyzed other respiratory parameters,
including inspiratory and expiratory time as well as peak in-
spiratory flow (PIF) and peak expiratory flow (PEF) in both
WT and KO groups under normoxic or hypercapnic condi-
tions. Because of many undetectable respirations in KO pups
under normoxia, we selected only breaths of the complete

Figure 4. Morphology of the RRG and (nor)adrenergic modulator and activity of C4 ventral roots are normal in CPEB2 KO neonates. A, Coronal medullary sections of P1 WT and KO mice were
immunostained for NK1R to denote pre-BötC and pFRG. B, The burst activity in the C4 ventral roots was recorded with brainstem–spinal cord preparations from P1 WT and KO mice. Representative
raw C4 and integrated C4 (Int. C4) recording traces are shown. The bursting frequencies of the WT (n 	 9) and KO (n 	 10) C4 ventral roots are presented as mean � SEM. C, The (nor)adrenergic
nuclei in sagittal sections of P1 WT and KO pons-medulla denoted by immunostained signals of TH. Scale bars, 0.2 mm.
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Figure 5. No obvious defect in the NMJ of CPEB2 KO mice. A, Hemidiaphragms from P1 WT and KO neonates were stained with NF-H antibody (green) and Alexa 594-conjugated
�-bungarotoxin (�-BTX; red). Scale bar, 0.5 mm. B, Higher magnification showing similar NF-H and AChR staining in diaphragm muscle of WT and KO mice. The secondary axon length
and branch number in WT (n 	 8) and KO (n 	 7) phrenic nerves analyzed with the NF-H-immunoreactive signal. AChR cluster number and central band width of AChR endplate zones
(marked by white dash lines in the magnified images) analyzed with the �-BTX signal (WT/KO, n 	 4/3). Data are mean � SEM. Scale bar, 0.2 mm. C, Representative traces of mEPPs
in WT and KO NMJs. Quantitative data show similar frequency and amplitude of mEPPs in KO (n 	 8) NMJs and in WT (n 	 10) mice. Data are mean � SEM.

Figure 6. CPEB2 KO mice have ventilatory responses to hypercapnia but show an altered respiratory pattern. A, Whole-body plethysmography. Representative breathing traces from
P1 WT and KO neonates under normoxia (air) or hypercapnia (8% CO2). B, Sample respiratory patterns from these traces. C, Data from these recorded traces (WT/KO: air, n 	 12/11; CO2,
n 	 8/8), including normalized tidal volume, respiratory frequency, inspiratory time (Ti), expiratory time (Te), PIF, and PEF, are mean � SEM. *p 
 0.05 and **p 
 0.01, Student’s t
test.
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cycle for analyses. The results show KO mice had prolonged
inspiratory time and expiratory time, regardless of being un-
der normoxia ( p 
 0.01) or hypercapnia ( p 
 0.05; Fig. 6C).
In addition, PIF ( p 
 0.01) and PEF ( p 
 0.05) were both
lower in KO than WT mice under normoxia. However, under
hypercapnia, the PEF, but not the PIF, could be rescued ( p 

0.05). Although CPEB2 KO neonates exhibited a hypercapnic
ventilatory response, their respiratory patterns were still ab-
normal. Because KO mice have normal RRG and diaphragm
NMJs, the apnea phenotype and altered respiratory pattern
might be results of other defects, such as increased airway
impedance. Nevertheless, it is impossible to directly measure
the airway resistance in neonatal mice by an invasive forced
oscillation system, so we addressed this possibility further
with molecular and cellular approaches.

Elevated ChAT expression in the CPEB2-depleted DMNV
leads to increased pulmonary acetylcholine and contraction
of bronchial smooth muscle
The preganglionic parasympathetic neurons of DMNVs and
NAs innervate the trachea and pulmonary bronchi (Bennett et
al., 1981; Fontán et al., 2000; Jordan, 2001). Because CPEB2 is
highly expressed in DMNVs (Fig. 3C), we then examined these
medullary motor nuclei using the cholinergic neuron marker
ChAT. The ChAT-immunostaining data indicated that all of
the motor nuclei, including DMNVs, hypoglossal nuclei
(HgNs), NAs, and FMNs, in the KO neonates were still pre-
served and morphologically normal (Figs. 7 A, B). Notably, the
level of ChAT was increased �48% in CPEB2-deficient
DMNVs (Fig. 7B; p 
 0.01). In contrast, the ChAT levels in
NAs and FMNs did not significantly differ between WT and
KO mice (Fig. 7B). Because the neuron-specific CPEB2 cKO
mice mirror the respiratory defect of global KO, we also inves-
tigated ChAT expression and found �20% increase in level in
the nestin-cKO DMNVs (Fig. 7B; p 
 0.01). Neurons of the
DMNVs have been demonstrated to innervate the lung (Ben-
nett et al., 1981; Fontán et al., 2000) and release acetylcholine
to activate muscarinic type 3 receptors on bronchial smooth
muscles (Jordan, 2001). Thus, we measured pulmonary ace-
tylcholine in P1 neonates. As expected, the acetylcholine level
was significantly increased in the KO lung (WT, 0.4 � 0.08
�M/�g; KO, 0.82 � 0.16 �M/�g; p 
 0.05) and in the nestin-
cKO lung (cWT, 0.37 � 0.06 �M/�g; nestin-cKO, 0.99 � 0.23
�M/�g; p 
 0.05; Fig. 7C).

Because the airway postganglionic neurons are also cholin-
ergic, we examined whether upregulated ChAT expression oc-
curs in those neurons. The postganglionic neurons near the
dorsal trachea and medial bronchi (Langsdorf et al., 2011)
were immunolabeled with ChAT and the pan-neuronal
marker Tuj1. No significant difference in ChAT expression
was found between WT and KO postganglionic neurons (Fig.
7D; p 	 0.65), so aberrant ChAT expression is confined to
central preganglionic parasympathetic neurons. To evaluate
whether the pulmonary acetylcholine increase enhances the
contraction of smooth muscle around bronchi, we monitored
the Ser19 phosphorylation of myosin light chain 2 (p-Mlc2)
since this phosphorylation by myosin light chain kinase pro-
motes myosin ATPase activity and smooth muscle contraction
(Hashimoto et al., 2006; Zhang et al., 2010; Kudo et al., 2013).
Around bronchi, the p-Mlc2 signal in the smooth muscle,
denoted by �SMA staining, was significantly elevated in the
KO lung (Fig. 7E; p 
 0.01). CPEB2 KO mice are thus expected
to show hyperactivated parasympathetic signaling-associated

bronchoconstriction because of elevated acetylcholine release
from DMNVs. Moreover, the decreased cardiac rhythm (Fig.
2A) also supports elevated parasympathetic signaling in KO
neonates. Similar findings were reported in ob/ob adult mice
(Arteaga-Solis et al., 2013) whose elevated DMNV cholinergic
signaling promoted bronchoconstriction but mildly reduced
(�10%) heart rate (Arteaga-Solis et al., 2013).

Cholinergic neuron-restricted loss of CPEB2 is sufficient to
cause obstructive airway-associated apnea
Among the respiration-related areas investigated so far, the ele-
vated ChAT expression in the DMNV appears to be the most
evident change consistent with respiratory abnormality in the KO
pups. Nevertheless, we cannot exclude the possibility that the
respiratory nuclei of normal morphology (Fig. 4) may have aber-
rant neuronal activity to cause dysregulation of the respiratory
network. To further clarify this issue and retain CPEB2 expres-
sion in RRG and (nor)adrenergic nuclei, we crossed fCPEB2 mice
with the chat-Cre transgenic line to selectively ablate the cpeb2
gene in cholinergic neurons. The CPEB2 f/f,chat -Cre/� neonates
(chat-cKO) exhibited the same respiratory defects as global KO
pups but with wide individual variation in severity; on average,
they still showed reduced respiratory frequency (cWT, 203.79 �
8.06 breaths/min; chat-cKO, 168.2 � 16.37 breaths/min; p 

0.05) and increased apnea episodes (cWT, 0.38 � 0.16 episodes/
min; chat-cKO, 1.74 � 0.73 episodes/min; p 
 0.05; Fig. 8A).
Molecular changes, including elevated ChAT expression in
DMNVs (Fig. 8B) and pulmonary acetylcholine level (Fig. 8C;
cWT, 0.38 � 0.07 �M/�g; chat-cKO, 0.62 � 0.1 �M/�g; p 

0.05), were also recapitulated in the chat-cKO mice, indicating
that the apnea phenotype was partly due to the augmented cho-
linergic signaling from DMNVs. To further support our findings,
we used an invasive forced oscillary system (Albacker et al., 2013)
to directly measure airway resistance in anesthetized cWT and
chat-cKO adult mice. The result showed methacholine-induced
airway reactivity was significantly higher in chat-cKO adult mice
(Fig. 8D; p 
 0.05). Thus, cholinergic deficiency of CPEB2 is
sufficient to induce airway hyper-reactivity.

Inhalation of an anticholinergic bronchodilator mitigates
obstructive airway-associated apnea in KO and chat-cKO
neonates
If the apnea episodes in CPEB2 KO and cKO pups result from
elevated parasympathetic signaling-induced bronchoconstric-
tion, administration of an anticholinergic bronchodilator would
be expected to ameliorate the consequential obstructive apnea.
Thus, global KO and chat-cKO P0 pups were exposed to nebu-
lized tiotropium (a long-acting anticholinergic bronchodilator)
for 3 min and then underwent whole-body plethysmography 24 h
later. Although nebulized tiotropium administration signifi-
cantly reduced apnea frequency in KO (Fig. 9A; KO, 6.68 � 0.66
episodes/min; KO plus nebulized tiotropium, 3.74 � 1.17 epi-
sodes/min; p 
 0.05) and chat-cKO pups (Fig. 9B; chat-cKO,
1.89 � 0.78 episodes/min; chat-cKO plus nebulized tiotropium,
0.19 � 0.09 episodes/min; p 
 0.05), the pharmacological rescue
effect was only partial in KO mice when compared with their WT
littermates (Fig. 9A; WT, 0.65 � 0.43 episodes/min; KO plus
nebulized tiotropium, 3.74 � 1.17 episodes/min; p 
 0.01).
Thus, hyperactivated parasympathetic signaling-induced bron-
choconstriction likely accounts for some but not all respiratory
abnormalities in CPEB2 KO newborn mice.
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Figure 7. CPEB2 KO neonates show elevated ChAT expression in DMNVs and increased pulmonary content of acetylcholine. A, Selected motor nuclei, DMNVs, HgNs, NAs, and FMNs, are
illustrated for their relative location in the medulla of both sagittal and coronal planes. B, Representative ChAT-immunostained images from coronal sections of the medulla. The
immunofluorescence intensities of ChAT in DMNVs (WT/KO, n 	 7/7; cWT/nestin-cKO, n 	 6/6), NAs (WT/KO, n 	 7/7), and FMNs (WT/KO, n 	 5/5) are expressed as a relative ratio with
the signal in the WT or cWT tissue arbitrarily set to 1. Scale bars, 0.2 mm. C, The lungs isolated from P1 WT/KO (n 	 8/8) or cWT/nestin-cKO (n 	 11/9) neonates were used to measure
acetylcholine level normalized to the amount of total protein. D, Postganglionic neurons (WT/ KO, n 	 5/7) in dorsal trachea and medial bronchi indicated by arrows were immunolabeled
with Tuj1 and ChAT antibodies. The quantified result is expressed as the mean fluorescent intensity of ChAT normalized by that of Tuj1. Scale bars, 0.05 mm. E, The P1 WT/KO (n 	 5/5)
lungs were used for immunostaining of �SMA and p-Mlc2 to mark smooth muscle and muscle contraction status, respectively. Bronchial and vascular smooth muscles were denoted by
arrows and arrowheads, respectively. The quantified relative signal is presented as the fluorescent intensity of p-Mlc2 normalized by that of �SMA. Scale bars, 0.1 mm. All data are
mean � SEM. *p 
 0.05 and **p 
 0.01, Student’s t test.
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CPEB2 binds to ChAT mRNA and represses its translation
Because CPEB2 functions as a translational repressor, the ele-
vated ChAT expression in the CPEB2-deficient DMNV could
be caused by translational upregulation. ChAT RNA was
also one of the CPEB2-bound mRNAs found in the RIP-
microarray data. To confirm this result, we repeated the RNA
immunoprecipitation experiment using brainstem lysates and
found a twofold increase in the level of ChAT mRNA pulled
down by CPEB2 IgG ( p 
 0.01; Fig. 10A). To investigate
whether CPEB2 regulates translation of ChAT mRNA through
its 3�-UTR, we performed the luciferase reporter assay in
Neuro-2a neuroblastoma cells (Fig. 10B). Only the full-length
but not the C-terminal RNA-binding domain (lacking the re-

pression motif) of CPEB2 could repress the reporter protein
but not RNA levels (Fig. 10B). Together, these results indicate
that CPEB2 binds to the 3�-UTR of ChAT mRNA and re-
presses its translation to downregulate cholinergic transmis-
sion in the lung and confine parasympathetic tone-activated
bronchoconstriction (Fig. 10C).

Discussion
In this study, we generated CPEB2 KO mice whose neonatal
lethality identifies the regulatory role of CPEB2 in respiration.
Because CPEB2 is differentially but widely expressed and res-
piration is a very intricate process, we first used nestin-Cre
CPEB2 cKO mice to confirm that the respiratory defect in the

Figure 8. Deletion of CPEB2 in cholinergic neurons causes respiratory apnea. A, Whole-body plethysmographic recordings of respiratory patterns in P1 cWT (cpeb2 f/f,�/�; n 	 16; body weight,
1.75 � 0.06 g)/chat-cKO (cpeb2 f/f,chat-cre/�; n 	 12; body weight, 1.64 � 0.07 g) neonates. Arrows denote apneic episodes. B, Representative ChAT-immunostained and CPEB2-immunostained
images from coronal sections of cWT and chat-cKO medulla. Scale bar, 0.2 mm. C, The lungs isolated from P1 cWT (n 	 8) and chat-cKO (n 	 7) neonates were used to measure acetylcholine level
normalized to the amount of total protein. D, The airway hyper-reactivity of adult cWT (n 	 7) and chat-cKO mice (n 	 8) evoked by increasing doses of methacholine (Mch) was measured by the
invasive plethysmography. Normalized resistances were calculated with that in the baseline (Mch, 0) arbitrarily set to 100%. Data are mean � SEM. *p 
 0.05, Student’s t test in A and C; two-way
ANOVA in D.
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Figure 9. The use of an inhaled anticholinergic bronchodilator mitigates apnea phenotype in CPEB2 KO and chat-cKO neonates. A, Whole-body plethysmographic recordings of
respiratory patterns in WT (n 	 9), KO (n 	 10), and KO (n 	 6) neonates given nebulized tiotropium (Tio). B, Whole-body plethysmographic recordings of respiratory patterns in cWT
(n 	 14), chat-cKO (n 	 11), and chat-cKO (n 	 8) neonates rescued with Tio. Data are mean � SEM *p 
 0.05 and **p 
 0.01, Student’s t test.

Figure 10. CPEB2 represses the translation of ChAT mRNA through its 3�-UTR. A, RNA-immunoprecipitation (RNA-IP). Neonatal brainstem lysates were precipitated with control and
CPEB2 IgG. Reverse-transcribed quantitative PCR of ChAT mRNA levels in immunoprecipitates expressed as a relative ratio to the nontarget control, GAPDH RNA. B, Reporter assay.
Neuro-2a cells were transfected with the reporter plasmids, firefly luciferase appended to the mouse ChAT 3�-UTR (FLuc), and Renilla luciferase (RLuc), along with the plasmid expressing
myc tag, full-length or the RNA-binding domain (CP2RBD) of CPEB2. Cells were harvested to determine the protein (by measuring the activity) and RNA levels of luciferases. Three
independent experiments were performed. Data are mean � SEM. *p 
 0.05 and **p 
 0.01, Student’s t test. C, Schematic model of CPEB2-controlled neonatal respiration. CPEB2 binds
to the 3�-UTR of ChAT mRNA and represses its translation to confine acetylcholine synthesis and DMNV-activated bronchoconstriction. Elevated ChAT RNA translation in the KO DMNV
produces excess acetylcholine to overactivate bronchoconstriction, leading to airway obstruction and apnea phenotype.
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KO neonates is primarily caused by neuronal loss of CPEB2.
The apneic phenotype led us to examine the morphology and
function of RRG and diaphragm NMJs as well as the RRG-
modulating (nor)adrenergic systems, but we found no obvi-
ous abnormalities in these areas. Hypercapnia evidently
rescued the KO neonate’s apnea, which redirected our think-
ing about the plethysmographic measurement. A plethysmo-
graph is an instrument for measuring pressure changes within
the chamber that are due to inspired air humidified and heated
by an animal’s lung during breathing. We surmise that the
apneic episodes under normoxia may be due in part to the
detection limit of our plethysmograph since the pressure
change in the KO pups at any given time during inspiration
and expiration should be subtle with obstructed airways.
Moreover, CO2 is a natural bronchodilator (Astin et al., 1973)
since hypercapnia has been shown to relax airway smooth
muscles in several mammalian species (Duane et al., 1979;
Twort and Cameron, 1986). Therefore, in addition to the
CO2-evoked central chemosensory response, the bronchodi-
lation effect of CO2 may also contribute to rescuing the apneic
phenotype of the KO pups.

Notably, specific depletion of CPEB2 in cholinergic neurons
of chat-cKO pups recapitulates obstructive airway-associated re-
spiratory apnea found in the global KO and nestin-cKO neonates,
but the degree of severity is much reduced. Moreover, the apnea
phenotype in global KO pups is only partially rescued by nebu-
lized tiotropium inhalation (Fig. 9A), suggesting that noncholin-
ergic neurons or even non-neuronal tissues may also contribute
to aggravate respiratory abnormality in the absence of CPEB2.
For example, the Kölliker-Fuse (KF) nucleus in pons, which was
removed from our preparations for C4 activity recording (Fig.
4B), gate the postinspiratory phase of respiration and regulates
upper-airway musculature. An injection of glutamate into the KF
nucleus triggers a transient postinspiratory apnea (Dutschmann
and Herbert, 2006). Possibly, CPEB2, in addition to playing a role
in the lower-airway anomalies identified in this study, may also

function in pontine nuclei to regulate re-
spiratory pattern and upper-airway resis-
tance. To test this possibility, the working
heart– brainstem preparation system,
which includes the pontine circuits and
sensory inputs, needs to be established to
monitor pontine respiratory activity (Pa-
ton, 1996). However, such a sophisticated
setup remains technically challenging to
perform on P1 mice.

In addition to signaling on heart and
lung, the DMNV contains many pregangli-
onic neurons that project to postganglionic
neurons innervating the gastrointestinal
(GI) tract (for review, see Browning and
Travagli, 2014). Vagal efferents to the GI
tract comprise not only excitatory but also
inhibitory pathways. The excitatory path-
way consists of preganglionic cholinergic
neurons synapsing onto postganglionic
cholinergic neurons. Meanwhile, the inhib-
itory pathway is composed of two kinds of
preganglionic neurons. One type is cholin-
ergic neurons synapsing onto postgangli-
onic nonadrenergic, noncholinergic
(NANC) neurons. The other type is ni-
trergic neurons synapsing onto NANC neu-

rons. Although the elevated ChAT expression in CPEB2-KO
DMNVs possibly affects GI motility or secretory function, altered GI
function probably does not lead to respiratory defect and early le-
thality. Thus, in the present study, we did not focus on investigating
whether CPEB2 signaling through the DMNV regulates GI function.

We wondered why lack of CPEB2 affected ChAT expression
only in the DMNV but not in other motor nuclei. Because CPEB2
binds to RNA of the same sequence specificity with CPEB3 and
CPEB4 (Huang et al., 2006), both of which can also function as a
translational repressor in vivo (Chao et al., 2013; Hu et al., 2014),
we speculated whether the differential presence of other family
members might compensate for loss of CPEB2 in some but not all
motor nuclei. The immunostaining results showed that CPEB2
but not CPEB3 or CPEB4 is uniquely expressed in the DMNV. In
contrast, all three CPEBs were expressed in HgNs and FMNs (Fig.
11A). In the reporter assay, CPEB3 and CPEB4 could also repress
the luciferase reporter appended with the ChAT 3�-UTR se-
quence (Fig. 11B). Thus, the expression of ChAT in DMNVs is
likely regulated only by CPEB2.

Although the trachea and lung in adult rats are innervated
by neurons from the NA more than the DMNV (Haxhiu et al.,
1993; Hadziefendic and Haxhiu, 1999; Fontán et al., 2000),
some studies report that electrical and chemical activation of
the DMNV decreases respiratory frequency and induces apnea
in anesthetized rats (Marchenko and Sapru, 2000; Zhang et al.,
2006). Because the DMNV is ventrally located next to the
nucleus tractus solitarius (NTS), it remains possible that such
respiratory changes upon stimulation of the DMNV might be
partly caused by activating the nearby neurons in the NTS.
Nevertheless, a recent study showed that leptin signaling
through its receptor (lepr) in the DMNV inhibited vagus
nerve-activated bronchoconstriction. Pulmonary acetylcho-
line level and airway resistance were increased in leptin-
deficient mice as well as diet-induced lepr-desensitized obese
mice via enhanced parasympathetic signaling (Arteaga-Solis
et al., 2013). Similarly, another study also demonstrated that

Figure 11. CPEB2 but not CPEB3 and CPEB4 is highly expressed in the DMNV. A, Immunohistochemistry of CPEB2–CPEB4 in the
sagittal medullary sections of P0 mice. Scale bars, 0.2 mm. B, Reporter assay. Neuro-2a cells were transfected with the reporter
plasmids, firefly luciferase appended to the mouse ChAT 3�-UTR (FLuc), and Renilla luciferase (RLuc), along with the plasmid
expressing various myc-tagged CPEBs. The cells were harvested to determine the protein and RNA levels of luciferases. All error bars
indicate SEM. **p 
 0.01, Student’s t test.
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elevated insulin signaling through cholinergic neurons in the
DMNV and NA induced airway hyper-reactivity in obese mice
(Leiria et al., 2015). To our knowledge, our studies represent
the first animal model of defective DMNV-regulated respira-
tion in neonatal mice.

DMNV anomalies have been detected in brainstem speci-
mens of infants who died of SIDS (Bejjani et al., 2013). The
causes of SIDS are complicated and remain unclear, but many
reports indicate that one major cause may be abnormal car-
diorespiratory reflexes (Kahn et al., 1983; Schechtman et al.,
1996; Kato et al., 2000; Machaalani and Waters, 2014). Al-
though the increased ChAT expression in the DMNV of
CPEB2 KO mice is not consistent with the decreased ChAT
level found in clinical SIDS cases (Mallard et al., 1999), dys-
regulated (either too high or too low) DMNV-governed para-
sympathetic signaling may be detrimental to respiratory
function. In fact, smoking during pregnancy is associated with
increased risk of SIDS (Mitchell et al., 1993). Prenatal expo-
sure to carbon monoxide (i.e., a major component of cigarette
smoke) to mimic maternal smoking during pregnancy in-
creased ChAT immunoreactivity in the DMNV of fetal guinea
pig (Tolcos et al., 2000).

In this study, we demonstrate that CPEB2 is required for
neonatal respiration by governing ChAT synthesis and para-
sympathetic transmission in the DMNV to keep the airway
unimpeded. CPEB2 KO mice are born alive but most die be-
fore weaning, whereas surviving mice live �12 months with-
out obvious physical problems. While no clear diagnostic
markers currently exist, several SIDS-related polymorphisms
have been identified, with most in genes associated with neu-
ronal signaling, cardiac contraction, and inflammatory re-
sponse (Fleming et al., 2015; Mitchell and Krous, 2015). The
genetic polymorphisms of SIDS likely predispose infants to
death in critical situations since most SIDS deaths are associ-
ated with sleep. Although we are unable to determine whether
CPEB2 KO newborns die during sleep, we speculate that neo-
natal mice or babies with aberrant DMNV-directed com-
manded parasympathetic signaling are more vulnerable when
activity changes in the autonomic nervous system manifest
physiological abnormality. It has been reported that sleep and
circadian rhythm differentially affect the activity of the sym-
pathetic and parasympathetic nervous system (Burgess et al.,
1997). Moreover, muscarinic type 2, 3, and 4 acetylcholine
receptors in airway tissues (i.e., trachea, bronchus, and lung)
of adult mice are expressed in a circadian manner via parasym-
pathetic regulation (Bando et al., 2007). Thus, it is possible
that autonomic innervation of airway tissues regulated by cir-
cadian rhythm or other behaviors (such as sleep and suckling)
mitigate or manifest respiratory defect in the KO neonatal
mice to determine their life or death. Such an idea remains to
be further investigated.
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