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Abstract The locus coeruleus (LC) has been implicated in

the control of breathing. Congenital central hypoventilation

syndrome results from mutation of the paired-like home-

obox 2b (Phox2b) gene that is expressed in LC neurons.

The present study was designed to address whether

stimulation of Phox2b-expressing LC (Phox2bLC) neurons

affects breathing and to reveal the putative circuit mech-

anism. A Cre-dependent viral vector encoding a Gq-

coupled human M3 muscarinic receptor (hM3Dq) was

delivered into the LC of Phox2b-Cre mice. The hM3Dq-

transduced neurons were pharmacologically activated

while respiratory function was measured by plethysmog-

raphy. We demonstrated that selective stimulation of

Phox2bLC neurons significantly increased basal ventilation

in conscious mice. Genetic ablation of these neurons

markedly impaired hypercapnic ventilatory responses.

Moreover, stimulation of Phox2bLC neurons enhanced the

activity of preBötzinger complex neurons. Finally, axons

of Phox2bLC neurons projected to the preBötzinger com-

plex. Collectively, Phox2bLC neurons contribute to the

control of breathing most likely via an LC–preBötzinger

complex circuit.

Keywords Locus coeruleus � Phox2b � Hypercapnic ven-

tilatory response � Chemoreceptor � Neural circuit

Introduction

Congenital central hypoventilation syndrome (CCHS) is a

rare genetic respiratory disease. The patients manifest

obvious hypoventilation during sleep but normal or mild

hypoventilation during wakefulness. More than 90% of

CCHS patients carry a heterozygous mutation of the

paired-like homeobox 2b (Phox2b) gene [1]. Accumulated

evidence indicates that the response to hypercapnia is

markedly reduced in animal models and CCHS patients,

and this is most likely attributable to abnormal structure

and function of central respiratory chemoreceptors [1–4].

In addition, mice carrying heterozygous mutation of

Phox2b exhibit not only a reduced number of retrotrape-

zoid nucleus (RTN) neurons but also a blunted hypercapnic

ventilatory response (HCVR) [5]. During wakefulness,

both volitional and metabolic pathways are active in

determining the minute ventilation (MV) necessary to

maintain eucapnia; with sleep onset, the primary determi-

nant of ventilation depends on the metabolic pathway that

must recruit respiratory chemoreceptors. Interestingly,

Phox2b is densely expressed in the RTN and nucleus

tractus solitarius (NTS), as well as the locus coeruleus

(LC), all of which are thought to be central respiratory

chemoreceptor candidates [6].

Recently, several lines of experiments have demon-

strated the physiological role of brainstem Phox2b-con-

taining neurons in the control of breathing. In anesthetized
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rodents, optogenetic stimulation of Phox2b-containing

RTN neurons potentiates breathing [7]; in contrast, selec-

tive ablation of these neurons inhibits the central respira-

tory chemoreflex [8]. In addition, the majority of Phox2b-

containing RTN neurons exhibit robust CO2/H
? sensitivity

[9]. Our recent findings demonstrated that in conscious

mice, chemogenetic stimulation of Phox2b-expressing

NTS neurons produces a long-lasting increase in basal

ventilation via a significant increase in respiratory fre-

quency (RF) [10]; genetic ablation of these neurons

significantly attenuates the HCVR [11]. Moreover, a subset

of Phox2b-expressing NTS neurons also display CO2/H
?

sensitivity in vitro [11]. These respiratory effects of

Phox2b-expressing neurons in the RTN and NTS are

reminiscent of a presumably similar role in the LC.

The LC, a noradrenergic nucleus in the pons, sends/

receives widespread projections to/from many brain

regions to regulate sleep/wake states, attention, and arousal

[12–14], as well as breathing [15, 16]. For instance, the

HCVR is significantly inhibited in rats with proportional

loss of LC noradrenergic neurons, suggesting an important

contribution of LC neurons to the central respiratory

chemoreflex [15, 16]. Moreover, a notable loss of LC

neurons occurs in CCHS patients and a Phox2b mutant

mouse model [17, 18]. However, it remains incompletely

understood whether activation of Phox2bLC neurons reg-

ulates basal pulmonary ventilation. In addition, the possible

circuit mechanism underlying such an effect has not yet

been determined.

Here, we used a chemogenetic approach to assess

whether selective stimulation of Phox2bLC neurons affects

basal ventilation, and to address whether Phox2bLC neu-

rons are required for the HCVR. Finally, we attempted to

reveal the circuit mechanism responsible for the control of

breathing by Phox2bLC neurons.

Materials and Methods

Animals

Phox2b-Cre, Phox2b-EGFP-Jx101, and C57BL/6 J mice

were used in the present study. Phox2b-Cre mice were

provided by the Jackson Laboratory (Stock Number:

016223) on a C57BL/6 J genetic background. Phox2b-

EGFP-Jx101 transgenic mice were supplied by the Mutant

Mouse Regional Resource Center (University of California

at Davis, USA) and designed by the Gene Expression

Nervous System Atlas Project research group at Rocke-

feller University. Both mouse lines have been verified in

our laboratory [10, 11]. Mice were housed at a controlled

temperature and humidity under a fixed 12-h light/12-h

dark cycle, with ad libitum access to food and water. The

animal use was conducted in compliance with the Guide

for the Care and Use of Laboratory Animals. The

experimental protocol was approved by the Animal Care

and Ethics Committee of Hebei Medical University

(Hebmu-2017002).

Viral Vectors and Stereotaxic Surgery

The Cre-dependent adeno-associated viral vectors (AAVs)

were from Shanghai Taitool Bioscience Co., Ltd. For

surgery, male adult Phox2b-Cre transgenic mice (25 g–

30 g) were anesthetized with pentobarbital sodium (60 lg/
g, i.p.). Depth of anesthesia was assessed by an absence of

corneal and hindpaw withdrawal reflexes. Additional

anesthetic was administered as necessary (30% of the

initial dose). All surgical procedures were carried out under

strict aseptic conditions. After anesthesia, the mouse was

placed prone on a stereotaxic apparatus (RWD Life

Science Co., Ltd, Shenzhen, China) and body temperature

was maintained at 37�C using a heating pad and a blanket.

After shaving and cleaning the skin, an incision was made

to expose the skull, and then small holes were drilled over

the LC region. Viral vectors were bilaterally microinjected

into the LC (stereotaxic coordinates: – 5.3 mm from

bregma, ± 0.8 mm lateral from midline, and – 4.0 mm

vertical from cortical surface) via a glass micropipette

connected to a syringe pump (Harvard Apparatus, Hollis-

ton, MA) based on the Mouse Brain in Stereotaxic

Coordinates [19]. The pipette was retained in situ for at

least 5 min after injections to allow sufficient diffusion of

virus. After surgery, the mice received injections of

ampicillin (125 mg/kg, i.p.) and the analgesic ketorolac

(4 mg/kg, i.p.). Mice were caged individually and given

4 weeks to recover before breathing measurements and

histological experiments.

Chemogenetic Stimulation and Breathing

Measurements

The protocol for chemogenetic stimulation has been

described in detail [10]. Shortly, a Cre-dependent viral

vector (AAV-EF1a-DIO-hM3Dq-mCherry; titer, 1012 virus

molecules per milliliter; 100 nL per injection; total volume:

200 nL) encoding a gene cassette for expression of a

mutated human Gq-coupled M3 muscarinic receptor

(hM3Dq), a type of designer receptor exclusively activated

by designer drugs (DREADD), was microinjected into the

LC region based on the above stereotaxic coordinates. An

equal volume of the control vector AAV-EF1a-DIO-
mCherry (titer, 1012/mL) was also microinjected. Four

weeks after virus injections, breathing parameters were

measured in conscious, freely-moving mice by whole-body

plethysmography (EMKA Technologies, Paris, France) as
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previously described [10]. Briefly, mice were allowed to

adapt to a recording chamber for at least 2 h before the

testing protocol. Mice were exposed to room air (21% O2)

throughout experiments. A mass flow regulator provided

quiet, smooth, and constant flow through the recording

chamber (0.5 L/min). Air-flow signals were recorded,

amplified, digitized, and analyzed using IOX software

(EMKA Technologies) to determine breathing parameters

over sequential 20 s epochs (about 50 breaths) during

periods of behavioral quiescence and regular breathing.

The breathing parameters RF (breaths/min), tidal volume

(TV, lL/g), and MV (lL/g per minute), were consecutively

collected and read out in a real-time mode. MV was

calculated as the product of RF and TV, normalized to

body weight (g). For chemogenetic stimulation of

Phox2bLC neurons, clozapine-N-oxide (CNO, 1 mg/kg),

an activator of hM3Dq, was intraperitoneally injected into

hM3Dq-transduced mice and breathing parameters were

continuously collected for 4 h. At the end of the experi-

ments, mice were sacrificed with an overdose of pentobar-

bital and transcardially perfused for histology.

Assessment of HCVR

Themicroinjection protocol was used as described above. For

genetic ablation of Phox2bLC neurons, the Cre-dependent

AAV vector encoding a genetically-engineered Casp3 gene

(AAV-CAG-DIO-taCasp3-TEVp; titer, 1013/mL; 50 nL per

injection; total volume: 100 nL) or an equal volume of control

vector (AAV-CAG-DIO-mCherry) was bilaterally microin-

jected into the LC of Phox2b-Cre mice. To verify ablation of

Phox2bLC neurons, quantitative PCR (qPCR) was performed

as described previously [10]. In brief, after anesthesia, the LC

tissue was rapidly dissected out and placed in lysate solution,

followed by reverse transcription (Super Script III First-Strand

Synthesis System, ThermoFisher Scientific, Waltham, MA,

USA). The products were amplified and analyzed using the

ABI Quant Studio 6 flex system (1 cycle at 50�C for 2 min; 1

cycle at 95�C for 2 min; 40 cycles at 95�C for 10 s, 60�C for

30 s, and 72�C for 1 min). GAPDH was used as an internal

reference.The followingprimerswereused:GAPDHforward:

50-GCAAATTCAACGGCACAGTCAAGG-30, reverse: 50-
TCTCGTGGTTCACACCCATCACAA-30; Phox2b forward:
50-TACGCCGCAGTTCCATACAAACTC-30, reverse: 50-
TCTTTGAGCTGCGCGCTTGTGAAG-30. The HCVR was

assessed 4 weeks after vector microinjection. For analysis of

the HCVR, mice were sequentially exposed to 100% O2, 2%

CO2, 5% CO2, and 8% CO2 for 7 min (balanced O2; each

separated by 5 min of 100% O2). The peak value of each

breathing parameter in response to different concentrations of

CO2 was calculated using 60 s epochs (about 150 breaths).

Hypercapnic exposure was conducted under the condition of

hyperoxia to largely reduce the contribution of peripheral

chemoreceptors to the HCVR.

Histology

The immunofluorescence protocol has been described [10].

In brief, under deep anesthesia with urethane (1.8 g/kg,

i.p.), mice were perfused transcardially with 50 mL cold

saline, followed by 4% phosphate-buffered paraformalde-

hyde (pH 7.4). Each mouse was decapitated and the

brainstem was dissected out, stored in 4% perfusion

fixative at 4�C for 24 h–48 h, and then immersed in 30%

sucrose in phosphate-buffer saline (PBS) for at least

2 days. Coronal sections were cut at 25 lm on a freezing

cryostat (CM1950; Leica Microsystems, Germany) and

blocked for 1 h at room temperature in 5% BSA with

0.25% Triton X-100 in PBS. Sections were incubated with

primary antibodies against Phox2b (1:200, sc-376997;

Santa Cruz Biotechnology, Inc., Santa Cruz, CA), tyrosine

hydroxylase (TH, 1:1000, AB152; Millipore, Billerica,

MA, USA), cFos (1:400, #2250; Cell Signaling Technol-

ogy, Danvers, MA), or EGFP (1:1000, ab13970; Abcam,

Cambridge, MA) overnight at 4�C. After rinsing with PBS

for 15 min, appropriate fluorescently-conjugated secondary

antibodies were applied for 1 h at room temperature,

followed by rinsing with PBS again. Finally, the sections

were mounted on slides with Vectashield Antifade Mount-

ing Medium (Vector Laboratories, Burlingame, CA) and

visualized using a fluorescence (DM6000B, Leica, Ger-

many) or confocal microscope (LSM800, Carl Zeiss,

Germany). Note that the Phox2b antibody was validated

in our prior studies [10, 11].

For cFos-based histological analysis of CNO-stimu-

lated LC neurons, the hM3Dq-transduced mice exposed to

room air were injected with CNO (1 mg/kg, i.p.) or an

equal volume of saline. After 120 min, each mouse was

anesthetized and perfused transcardially with fixative for

subsequent histological processing. For cFos-based eval-

uation of the proportion of CO2-activated mCherry-

transduced LC neurons, each mouse was placed in a

chamber and exposed to 100% O2 or 8% CO2 (balance

O2) for 50 min, followed by 100% O2 for 60 min,

followed by histological examination. To calculate the

proportion of CO2- or CNO-stimulated mCherry-trans-

duced neurons in the LC, cells were counted in 6 coronal

sections from each mouse. The rostrocaudal location of

each section was determined (bregma: – 5.26 mm to

– 5.80 mm) according to the Mouse Brain in Stereotaxic

Coordinates [19]. For cFos-based analysis of whether

chemogenetic stimulation of Phox2bLC neurons affected

the neuronal activity in the preBötzinger complex

(preBötC), transcardial perfusion and histological proto-

cols were performed 120 min after injection of CNO or
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saline in hM3Dq-transduced mice. To count putative

cFos-expressing preBötC neurons, 5 consecutive coronal

sections (bregma: – 6.72 mm to – 7.20 mm, each sepa-

rated by 90 lm) were collected for histology. The Phox2b

staining was conducted together with cFos to easily locate

the preBötC contour. Cells were counted manually on a

fluorescence or confocal microscope to obtain the total

number of labeled neurons of interest.

Tracing of Phox2bLC Neurons

To determine whether the axons of Phox2bLC neurons

project to the preBötC, the anterograde tracing virus AAV-

EF1a-DIO-mCherry (titer, 1012/mL; 100 nL per injection;

total volume: 200 nL) was bilaterally microinjected into

the LC of Phox2b-Cre mice. After successful transduction

of mCherry, histological examination was carried out to

check the distribution of Phox2bLC neuronal axons in the

preBötC. For retrograde tracing of Phox2bLC neurons,

AAVretro-EF1a-DIO-EGFP (titer, 1013/mL; 50 nL per

injection; total volume: 100 nL) was microinjected into

the preBötC of Phox2b-Cre mice (bregma coordinates:

anteroposterior, – 6.8 mm; mediolateral, ± 1.2 mm;

dorsoventral, – 4.65 mm). Four weeks after microinjection,

EGFP-expressing neurons were visualized in the LC using

a confocal microscope (Zeiss LSM800, Germany). EGFP-

labeled neurons were manually counted in 6 sections from

9 mice (bregma: – 5.26 mm to – 5.80 mm, each separated

by 90 lm).

Statistics

Statistical analysis was performed using Prism 8 (Graph-

Pad, La Jolla, CA). All data are presented as the

mean ± SEM. Two-group comparisons were analyzed

using two-tailed Student’s t test. The differences among

groups were compared using two-way ANOVA with

Bonferroni’s post hoc test. Differences with P\ 0.05 were

considered statistically significant.

Results

Expression of Phox2b in LC Neurons

To validate the presence of Phox2b in LC neurons in adult

mice, immunofluorescence staining was used in C57BL/6 J

and Phox2b-EGFP mice. Here, we checked the co-expres-

sion of Phox2b and TH (a specific marker of LC neurons

[20]). To that end, the immunoreactivity for Phox2b

(Phox2b?) and TH (TH?) was examined in C57BL/6 J

mice (n = 7) and both markers were found to be co-

localized in most of the LC neurons (Fig. 1A). Based on

the cell counts, Phox2b?TH? neurons (643 ± 32)

accounted for approximately 50% of total number of

TH? neurons (1274 ± 66). In addition, using the Phox2b-

EGFP mouse line, it has been reported that a large number

of EGFP-expressing neurons are Phox2b? in the NTS,

RTN, and LC [9, 11, 21]. Here, co-expression of TH (red)

and EGFP (green) was also confirmed in adult Phox2b-

EGFP mice (Fig. 1B). Altogether, these data confirm the

presence of Phox2b in LC neurons in adult mice.

Validation of the Chemogenetic Approach

The chemogenetic approach has been widely used to

manipulate specific cell types and modulate rodent behav-

ior [10, 22]. Here, to selectively stimulate Phox2bLC

neurons, a Cre-inducible AAV vector encoding hM3Dq-

mCherry was bilaterally microinjected into the LC of

Phox2b-Cre mice (Fig. 2A), followed by immunofluores-

cence staining for validation. As shown in Fig. 2B, cell

counts were obtained from each mouse (n = 5), and the

number of neurons with immunoreactivity for both

mCherry and Phox2b (mCherry?Phox2b?) accounted for

approximately 92% of the total mCherry? neurons and for

approximately 50% of the total Phox2b? neurons (Fig. 2C,

D), showing that a large number of hM3Dq-mCherry-

transduced neurons were Phox2b?. To further determine

the selective activation of Phox2bLC neurons, hM3Dq-

transduced mice in an awake state were injected with CNO

or an equal volume of saline, followed by tissue fixation

and immunohistochemical staining (Fig. 3A). cFos-im-

munoreactive neurons (cFos?) represented the activation of

Phox2bLC neurons. Clearly, according to the cell counts,

the number of cFos?mCherry? neurons in CNO-injected

mice was greater than that in saline-injected mice

(192 ± 25 versus 22 ± 8, CNO vs saline, n = 4 for each

group, P\ 0.001, Fig. 3B, C). Hence, CNO was able to

selectively activate most of the Phox2bLC neurons.

Chemogenetic Activation of Phox2bLC Neurons

Increases Basal Ventilation

Next, we performed a gain-of-function experiment using

chemogenetics to test the effect of Phox2bLC neuronal

stimulation on respiratory function in conscious mice. Four

weeks after viral injections, whole-body plethysmography

(Fig. 4A) was used to measure the respiratory parameters

RF, TV and MV during exposure to room air in the CNO

and saline groups. Intraperitoneal injection of CNO

produced a long-lasting increase in RF (Fig. 4B) and MV

(Fig. 4D), with an insignificant change in TV (Fig. 4C).

The RF markedly increased 45 min after CNO injection,

remained elevated for approximately 105 min and gradu-

ally declined to the control level after 150 min (162 ± 7 vs
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116 ± 8 breaths/min, CNO vs saline at approximately

75 min, P\ 0.0001; Fig. 4B). Similarly, compared with

the saline injection, the CNO injection generated a similar

increase in MV, which persisted for approximately

105 min (1767 ± 82 vs 1168 ± 72 lL/g per minute,

CNO vs saline at approximately 75 min, P\ 0.0001,

Fig. 4D). Administration of saline resulted in no significant

increases in any breathing parameter. In control vector-

injected mice (mCherry expression only), neither CNO nor

saline injections caused significant changes in breathing

parameters (data not shown). Collectively, we concluded

that activation of Phox2bLC neurons significantly increases

the basal ventilation via an increase in RF rather than TV.

Chronic Ablation of Phox2bLC Neurons Attenuates

the HCVR

LC neurons have been thought to serve as a central

respiratory chemoreceptor candidate [3, 23]. To further

determine the role of Phox2bLC neurons in the regulation of

the HCVR, a loss-of-function experiment was carried out

by ablation of Phox2bLC neurons using a genetic approach

as previously reported [10, 24]. As shown in Fig. 5A, the

AAV-CAG-DIO-taCasp3-TEVp (AAV-CAG-DIO-

mCherry for control) was bilaterally microinjected into

the LC of Phox2b-Cre mice 4 weeks before breathing

measurement. First, the effectiveness of Phox2bLC neuron

ablation was assessed using the unilateral injection of

Casp3-containing virus into the LC, the other side being

intact. The number of Phox2bLC neurons on the injected

side was lower than that on the control side (Fig. 5B).

Quantitative analysis demonstrated that the Phox2b mRNA

level in LC neurons from Casp3-transduced mice

decreased by approximately 40% compared with that from

mCherry-transduced mice (Fig. 5C). After validation of

Phox2bLC neuron ablation, we then tested the effect of

bilateral ablation of Phox2bLC neurons on the HCVR. Mice

were sequentially exposed to 100% O2, 2% CO2, 5% CO2,

and 8% CO2 and the breathing parameters were measured.

During exposure to 100% O2 and 2% CO2, no statistical

differences in RF, TV, and MV were found between the

two groups. During exposure to 5% CO2, ablation of

Phox2bLC neurons significantly reduced the TV and MV

but not RF compared with the control group (TV:

10.0 ± 0.4 vs 13.9 ± 0.7 lL/g, P\ 0.0001; MV:

2258 ± 90 vs 3266 ± 209 lL/g per minute, P\ 0.001,

Casp3 vs mCherry group, n = 11 for Casp3, n = 9 for

mCherry; Fig. 5E). When 8% CO2 was inhaled, RF, TV,

Fig. 1 Expression of Phox2b in LC neurons. Photomicrographs showing the co-expression of TH and Phox2b in LC neurons from adult C57BL/

6 J (A) and Phox2b-EGFP (B) mice. The contour of LC is roughly indicated by dashed lines. Scale bars, 50 lm.
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and MV all clearly decreased (RF: 257 ± 5 vs 281 ± 9

breaths/min, P\ 0.05; TV: 13.5 ± 0.6 vs 18.1 ± 1.2 lL/
g, P\ 0.0001; MV: 3474 ± 188 vs 5093 ± 366 lL/g per

minute, P\ 0.0001; Casp3 vs mCherry group; Fig. 5F).

Therefore, proportional ablation of Phox2bLC neurons

significantly attenuated the HCVR.

CO2 Sensitivity of Phox2bLC Neurons

The role of Phox2bLC neurons in the HCVR is associated

with the intrinsic sensitivity to CO2/H
?. To address

whether Phox2bLC neurons exhibit CO2 sensitiv-

ity, Phox2b-Cre mice injected with the AAV-EF1a-DIO-
mCherry were exposed to 100% O2 and 8% CO2 and the

immunoreactivity to cFos was examined to denote CO2-

activated cells. Fig. 6A shows immunofluorescence images

of mCherry and cFos expression in the LC. The number of

cFos?mCherry? neurons was greater in mice treated with

8% CO2 than with 100% O2 (49 ± 4 vs 10 ± 1, 8% CO2 vs

100% O2, n = 3 per group, P\ 0.01; Fig. 6B, C).

Normalized data showed that cFos?mCherry? neurons

stimulated with 8% CO2 accounted for approximately 18%

of all cFos? neurons and for approximately 17% of all

mCherry? neurons (Fig. 6D). These data suggest that a

subgroup of Phox2bLC neurons is activated by CO2 and

most likely participates in the HCVR.

Stimulation of Phox2bLC Neurons Activates

preBötC Neurons

preBötC neurons are the kernel of the respiratory central

pattern generator (rCPG) [25]. It has been speculated that

central respiratory chemoreceptors contribute to the control

of breathing by activating the rCPG [25–27]. Therefore, we

sought to address whether the stimulation of Phox2bLC

neurons enhances the activity of preBötC neurons as

represented by cFos-immunoreactivity. When hM3Dq-

mCherry was successfully transduced into Phox2bLC

neurons, CNO or saline was injected intraperitoneally,

followed by immunofluorescence staining. Cell counts in 5

Fig. 2 Validation of hM3Dq-mCherry expression in Phox2b-Cre

mice. A Schematic diagram showing the microinjection of viral

vectors encoding hM3Dq-mCherry into the LC of Phox2b-Cre mice.

B Rostrocaudal distribution of Phox2b?, mCherry? and mCherry?

Phox2b? neurons in the LC. Bilateral cell counts from 6 coronal

sections (25 lm) from each mouse (n = 5). C Numbers of

mCherry?Phox2b? neurons account for approximately 92% of the

total number of mCherry? neurons and for approximately 50% of

Phox2b? neurons. D1–4 Representative images of co-expression of

Phox2b and mCherry. D2 Enlargement of outlined area in D1.

Arrows indicate mCherry?Phox2b? neurons. D3, 4 Immunoreactiv-

ity for mCherry (red) and Phox2b (green). Scale bars, 50 lm; 4 V,

fourth ventricle.
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coronal sections per mouse showed that the number of

cFos? neurons in the preBötC was greater in the CNO

group than in the saline group (100 ± 7 vs 33 ± 2, CNO vs

saline, P\ 0.001, Fig. 7B, C). Note that due to a lack of

adequately specific markers, cFos-labeled neurons were

chosen based on the anatomically defined preBötC. Nev-

ertheless, the present results suggest that stimulation of

Phox2bLC neurons can activate putative preBötC neurons.

Projection of Phox2bLC Neurons to the preBötC

Having confirmed activation of the downstream preBötC

neurons by Phox2bLC neurons, we then attempted to dissect

a putative direct pathway between the LC and preBötC.

First, AAV-EF1a-DIO-mCherry was injected into the LC

of Phox2b-Cre mice to map the axonal projection of

Phox2bLC neurons (Fig. 8A); immunofluorescence images

demonstrated a dense distribution of putative axon termi-

nals in the preBötC region (Fig. 8B). Because the viral

vector used for anterograde tracing does not act trans-

synaptically [28], it can be concluded that these axons in

Fig. 3 Histomolecular verification of Phox2bLC neuron activation.

A Schematic of infection of Phox2b-Cre mice with AAV-EF1a-DIO-
hM3Dq-mCherry by intraperitoneal injection of CNO or saline.

B Numbers of cFos?mCherry? neurons in CNO (1 mg/kg)-injected

mice relative to saline-injected mice. Cell counts are from 6 coronal

sections from each mouse (n = 4 per group) (***P\ 0.001, unpaired

t test). C Representative photomicrographs showing mCherry? (red)

and cFos? (green) neurons in the LC. Immunoreactivity for cFos

indicates CNO-activated neurons (arrows). Scale bars, 50 lm.
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Fig. 4 Chemogenetic stimula-

tion of Phox2bLC neurons

increases basal ventilation.

A Typical traces of respiratory

flow recording from hM3Dq-

transduced Phox2b-Cre mice

with intraperitoneal injection of

saline or CNO. B–D Effects of

Phox2bLC neuron stimulation on

breathing parameters. Adminis-

tration of CNO, but not saline,

produced marked increases in

RF (B) and MV (D) but not TV

(C) (n = 15 for saline group,

n = 24 for CNO group;

*P\ 0.05, **P\ 0.01,

***P\ 0.001,

****P\ 0.0001, saline vs
CNO, two-way ANOVA with

Bonferroni’s post hoc test).

Fig. 5 Ablation of Phox2bLC neurons impairs the HCVR.

A Schematic diagram illustrating the microinjection of AAV-CAG-

DIO-taCasp3-TEVp or AAV-CAG-DIO-mCherry (control virus) into

the LC of Phox2b-Cre mice. B Immunofluorescence images showing

that the number of Phox2bLC neurons in the Casp3-injected side was

significantly reduced compared to the control side of the LC in the

same mouse (4 V, fourth ventricle; scale bars, 50 lm). C qPCR

results for the levels of Phox2b mRNA in Casp3-transduced mice

relative to mCherry-transduced mice (n = 14 samples from 7 mice for

mCherry group, n = 10 samples from 5 mice for Casp3 group;

****P\ 0.0001, unpaired t test). D–F Effects of bilateral ablation of

Phox2bLC neurons on breathing parameters during exposure to

different concentrations of CO2 (n = 9 for mCherry group, n = 11

for Casp3 group; *P\ 0.05, ***P\ 0.001, ****P\ 0.0001, two-

way ANOVA with Bonferroni’s post hoc test).
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the preBötC originated from the somata of Phox2bLC

neurons. Second, AAVretro-EF1a-DIO-EGFP, which is a

retrograde tracer that infects neurons through axon termi-

nals, was injected into the preBötC in Phox2b-Cre mice

4 weeks before histological examination (Fig. 8C); some

EGFP-labeled neuronal somata, which projected axons to

the preBötC, were found in the LC (Fig. 8D). Based on cell

counts, EGFP?Phox2b? neurons accounted for[ 84% of

the total number of EGFP? neurons (Fig. 8E). These data

provide neuroanatomical evidence for an LC–preBötC

pathway by which activation of Phox2bLC neurons may

increase pulmonary ventilation and HCVR.

Discussion

Noradrenergic neurons in the LC are thought to be central

respiratory chemoreceptor candidates and they provide a

CO2-dependent excitatory drive to respiratory networks.

However, the circuit mechanism underlying such an effect

remains to be defined. In this paper, we used a chemoge-

netic approach in a transgenic mouse model to demonstrate

that selective activation of Phox2b-expressing neurons, a

putative subgroup of noradrenergic neurons in the LC,

produced a long-lasting increase in basal MV via an

increase in RF rather than TV in conscious mice. In

addition, we used a genetic approach to proportionally

ablate Phox2bLC neurons, which resulted in an impaired

Fig. 6 CO2 sensitivity of Phox2bLC neurons. A Photomicrographs

showing cFos? and mCherry? LC neurons in mCherry-injected mice

exposed to 100% O2 or 8% CO2; immunoreactivity for cFos

represents CO2-activated neurons (arrows indicate mCherry?cFos?

neurons; scale bars, 50 lm). B Rostrocaudal distribution of

cFos?mCherry? neurons (6 coronal sections per mouse; n = 3 mice

per group). C Numbers of cFos?mCherry? neurons in mice exposed

to 8% CO2 and 100% O2 (**P\ 0.01, unpaired t test). D Percentages

of cFos?mCherry? neurons in the total number of cFos? and

mCherry? neurons when challenged by 8% CO2.
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HCVR. This phenomenon was most likely due to the CO2-

activation of a subset of Phox2bLC neurons. Finally, an

anatomically-defined LC–preBötC pathway is suggested to

mediate the above effect of Phox2bLC neurons.

Activation of Phox2bLC Neurons Increases Basal

Ventilation

In the present study, selective stimulation of Phox2bLC

neurons significantly increased basal pulmonary ventila-

tion. This is supported by the following evidence. First,

although the expression of Phox2b in adult rodents remains

controversial [29, 30], our data, using Phox2b-Cre and

Phox2b-EGFP mouse lines that have been validated, in

combination with prior observations [6, 31], provide

convincing evidence of Phox2b expression in the LC.

Second, we found that[ 90% of hM3Dq-transduced LC

neurons were Phox2b?, in favor of a significant contribu-

tion of Phox2bLC neurons. Third, the majority of hM3Dq-

expressing Phox2bLC neurons were clearly activated by

CNO. Of note, in addition to affecting breathing, stimu-

lation of Phox2bLC neurons probably had other biological

effects that were not tested here, but this does not exclude

the possibility that stimulation of non-Phox2bLC neurons

increases basal ventilation.

Interestingly, gain-of-function experiments indicate that

in conscious mice, chemogenetic stimulation of either

Phox2bLC here, or Phox2b-expressing NTS neurons in our

recent study [10], considerably increased basal ventilation

via an RF increase, consistent with the prior report

Fig. 7 Effect of Phox2bLC neuron stimulation on the activity of

preBötC neurons. A Schematic of microinjection of virus into the LC.

After successful transduction of hM3Dq-mCherry in Phox2bLC

neurons, CNO or saline was intraperitoneally injected 2 h before

histological examination for cFos labeling. B Numbers of cFos?

neurons in the preBötC in the CNO-injected and saline-injected

groups (n = 4 for saline group, n = 6 for CNO group; ***P\ 0.001,

unpaired t test). C Photomicrographs showing cFos? neurons (green)

in mice treated with saline or CNO. The NA neurons were labeled by

Phox2b (red). NA, nucleus ambiguus; scale bars, 50 lm.
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demonstrating that RF is dramatically increased by photo-

stimulation of Phox2b-expressing hindbrain neurons in a

neonatal hindbrain–spinal cord preparation [32]. In these

experiments, the basal MV increased via RF rather than

TV, reflecting that at rest the RF appears to be the initial

factor of respiratory mobilization, in line with the concept

that the mobilization of RF is least costly in humans at rest

[33]. Actually, the breathing pattern at rest has evolved to

be a very economical mechanism, producing adequate

ventilation at minimal cost. It has also been proposed that

metabolic/chemical stimuli (e.g. hypercapnia and hypoxia)

normally result in an increase in both RF and TV [34], as

also supported by our present and prior findings [10, 11].

Although some studies have proposed the concept of

differential control of RF and TV when challenged by

different stressors [35], the underlying mechanism remains

to be thoroughly investigated.

Fig. 8 Projection of Phox2bLC neurons to the preBötC. A Schematic

of anterograde virus injection into the LC of Phox2b-Cre mice.

B Photomicrographs showing that mCherry-labeled axons of

Phox2bLC neurons project to the preBötC region. Left: dashed line,

contour of the preBötC; right: enlarged image showing Phox2b-

labeled NA and RTN neurons (green). Scale bars, 50 lm.

C Schematic of retrograde virus injection into the preBötC in

Phox2b-Cre mice. D Confocal images showing the cell bodies of

EGFP-expressing neurons in the LC, most of which are Phox2b?.

E Cell counts showing that[ 84% of EGFP neurons (n = 9 mice)

projecting to the preBötC are Phox2b? (scale bars, 50 lm).
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Ablation of Phox2bLC Neurons Reduces the HCVR

The central respiratory chemoreflex is a crucial homeo-

static mechanism to maintain normal blood gases [36].

Several studies have shown that the LC contains

chemosensitive neurons that are recruited to mediate the

ventilatory response to CO2/H
? [3, 23, 37]. For instance,

proportional lesioning of LC noradrenergic neurons sig-

nificantly blunts the HCVR via either a reduced TV [15] or

RF [16]. Similar to these studies, our findings also

demonstrated that selective lesioning of Phox2bLC neurons,

a subgroup of LC noradrenergic neurons, markedly atten-

uated the HCVR, primarily via a decreased TV. In

addition, when destroying Phox2b-expressing neurons

from any of the RTN, NTS, and LC, the HCVR was

significantly reduced, strongly suggesting that a subgroup

or most of the Phox2b-expressing neurons in these three

regions are central chemoreceptor. Moreover, the basal

ventilation remained unchanged, suggesting that when the

central respiratory chemoreceptors from any of the RTN,

NTS and LC were chemically or genetically lesioned, the

remaining two centers most likely were able to compensate

for the impaired respiratory function.

The HCVR largely relies on the normal function of

central respiratory chemoreceptors. The molecular CO2/H
?

sensors of central respiratory chemoreceptors differ in

different brainstem regions. In the RTN, Phox2b-express-

ing neurons regulate breathing via recruiting TASK-2

channels and G-protein-coupled receptor 4 to sense the pH

change [38]. In the NTS, acid-sensitive ion channels and

background K? channels are suggested to mediate the pH-

sensitive responses of Phox2b-expressing neurons in vitro

[11]. Several studies have proposed that the chemosensi-

tivity of LC neurons is mediated by different ion channels,

including large conductance Ca2?-activated K? channels

[39], 4-aminopyridine-sensitive channels [40], and L-type

Ca2? channels [41]. In the present study, a small proportion

of Phox2bLC neurons was activated by CO2, in support of

the contribution of these neurons to the HCVR. However,

we did not provide the ionic mechanism underlying the

CO2 sensitivity of Phox2bLC neurons. Note that the pH-

sensitive Phox2bLC neurons may not contribute to the

HCVR. Although the overwhelming number of LC neurons

are TH-positive, actually these neurons may belong to

different subsets that are responsible for different physio-

logical functions.

The LC–preBötC Pathway

Metabolic regulation of breathing is mainly dependent on

respiratory chemoreceptors, which are important for main-

taining O2 and CO2 homeostasis, particularly during sleep

[3, 42]. It has been proposed that central respiratory

chemoreceptors provide an excitatory drive for the rCPG

that is responsible for generating the eupneic rhythm. For

example, the preBötC has been shown to receive direct

synaptic transmission from RTN and NTS neurons

[27, 43]; moreover, LC neurons have extensive connections

with breathing-related brain regions, such as the NTS [44],

parabrachial nucleus [45], and dorsal raphe nuclei [46], as

well as the preBötC [13]. In the present study, we revealed

the anatomical and functional relationships between

Phox2bLC neurons and the preBötC. Anatomically, both

anterograde and retrograde viral tracing supported the

conclusion that there is a direct projection of Phox2bLC

neurons to the preBötC. Functionally, stimulation of

Phox2bLC neurons enhanced the activity of putative

preBötC neurons according to cFos analysis. Note that in

the present study, cFos-labeled neurons in the preBötC

region were anatomically defined. These neurons may not

be responsible for the inspiratory rhythm and need to be

functionally identified using in vivo or in vitro electro-

physiological approaches. In addition, due to a lack of

adequately specific markers of the breathing-related

preBötC neurons, only cFos labeling was used here. These

results reveal a circuit mechanism of the present gain-of-

function and loss-of-function outcomes.

The LC has been implicated in attention, arousal, and

panic/anxiety, and LC neuronal activity is highly state-

dependent [47]. Taking these into account, some portion of

the effect of Phox2bLC neuron stimulation on ventilatory

responses may well be directly through the LC-preBötC

pathway, but another portion probably resulted from the

consequence of behavioral arousal, suggesting an additive

respiratory effect. In addition, exposure to CO2 may not

only increase pulmonary ventilation but also generate

hypercapnia-elicited arousal [48] and a robust fear

response in terms of behavior in mice, and panic symptom

ratings in healthy volunteers and panic disorder patients

[49]. Hence, some portion of the effect of ablation of

Phox2bLC neurons on the HCVR may be ascribed to the

reduced respiratory drive to the preBötC due to the loss of

pH-sensitive LC neurons, but another portion is likely due

to the inhibition of hypercapnia-induced behavioral arousal

or fear/panic. Based on the above analysis, in addition to

the proposed LC–preBötC pathway to interpret the present

results, other possible circuit mechanisms remain to be

revealed.

Clinical Relevance and Conclusion

Heterozygous mutation of Phox2b is the leading cause of

CCHS. One of the most important issues is to address the

physiological role of Phox2b-containing cells. Interest-

ingly, selective stimulation of Phox2b-expressing neurons

from the RTN, NTS, and LC activates breathing in both
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conscious and anesthetized mice, while ablation of these

neurons significantly attenuates the central respiratory

chemoreflex. These results shed light on the etiological

mechanism underlying CCHS, and meanwhile provide

central targets for potential clinical intervention. On the

other hand, in addition to sustaining life, breathing may

influence high-order behavior and thinking. For example,

the LC–preBötC pathway contributes to the regulation of

calm and arousal behaviors [13]. The present findings

suggest that the effect of LC on breathing may also

influence high-order behavior, but this awaits to be

addressed.

In summary, the present study reveals that chemogenetic

stimulation of Phox2bLC neurons increases basal pul-

monary ventilation. In addition, a group of these neurons

are required for the HCVR. The LC–preBötC pathway, as a

circuit mechanism, is responsible for the control of

breathing by Phox2bLC neurons. These findings help to

better understand the pathogenic mechanisms underlying

sleep-related hypoventilation or apnea.
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