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Abstract The locus coeruleus (LC) is one of the essential

chemoregulatory and sleep–wake (S–W) modulating cen-

ters in the brain. LC neurons remain highly active during

wakefulness, and some implicitly become silent during

rapid eye movement (REM) sleep. LC neurons are also

involved in CO2-dependent modulation of the respiratory

drive. Acid-sensing ion channels (ASICs) are highly

expressed in some brainstem chemosensory breathing

regulatory areas, but their localization and functions in

the LC remain unknown. Mild hypercapnia increases the

amount of non-REM (NREM) sleep and the number of

REM sleep episodes, but whether ASICs in the LC

modulate S–W is unclear. Here, we investigated the

presence of ASICs in the LC and their role in S–W

modulation and the state transition from NREM to REM

sleep. Male Wistar rats were surgically prepared for

chronic polysomnographic recordings and drug microin-

jections into the LC. The presence of ASIC-2 and ASIC-3

in the LC was immunohistochemically characterized.

Microinjections of amiloride (an ASIC blocker) and

APETx2 (a blocker of ASIC-2 and -3) into the LC

significantly decreased wakefulness and REM sleep, but

significantly increased NREM sleep. Mild hypercapnia

increased the amount of NREM and the number of REM

episodes. However, APETx2 microinjection inhibited this

increase in REM frequency. These results suggest that the

ASICs of LC neurons modulate S–W, indicating that

ASICs could play an important role in vigilance-state

transition. A mild increase in CO2 level during NREM

sleep sensed by ASICs could be one of the determinants of

state transition from NREM to REM sleep.

Keywords Acid-sensing ion channels � Carbon dioxide �
Hypercapnia � NREM sleep � REM sleep

Introduction

The locus coeruleus (LC) plays an essential role in the

modulation of physiological processes, including the CO2-

dependent modulation of respiratory drive and sleep–

wakefulness [1–7]. The LC potentiates ventilation in

response to an increase in the systemic CO2 level [8].

In vitro studies in neonates have demonstrated that the

majority of LC neurons ([ 80%) show increased activity in

response to a reduced pH [8–11].The intrinsic property of

LC neurons to sense changes in CO2/H? levels remains

intact in cultured LC neurons [12]. In adult and vago-

tomized rats, the firing pattern of most LC neurons shows

central respiratory modulation: some neurons fire during

the inspiratory phase and others fire during the post-

inspiratory phase [13]. In addition, these neurons can be

activated by stimulating peripheral chemoreceptors [13].

Moreover, lessoning of brainstem norepinephrinergic (NE-

ergic) neurons, including the LC, largely attenuates both

normal breathing and the breathing induced by hypercapnia

[14–16]. The acidosis induced by microinjecting acetazo-

lamide into the LC enhances phrenic nerve activity and the

breathing rate [8, 17]. The LC modulates hypercapnia-

induced ventilator responses via both electrical (gap

junctions) and chemical (such as glutamatergic,
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serotonergic and orexinergic) synapses [18, 19]. Studies

have shown that microinjection of the gap junction blocker

carbenoxolone, an ionotropic glutamate receptor antagonist

kynurenic acid, or the 5-HT1A receptor antagonist WAY-

100635 into the LC alters hypercapnia-induced pulmonary

ventilation [18–20]. Interestingly, inhibition of orexin-1

receptors in the LC during the active circadian phase

attenuates the hypercapnia-induced chemoreflex during

wakefulness but not during sleep [21]. Therefore, these

results suggest that the LC is one of the CO2-dependent

respiratory modulatory centers, and plays an essential role

in the vigilant state-mediated changes in the respiratory

pattern.

LC neurons also exhibit vigilant state-dependent

changes in their firing properties [1, 4, 22]: they are highly

active during wakefulness, much less active during non-

rapid eye movement (NREM) sleep, and virtually silent

during REM sleep [22, 23]. Studies have suggested that

activated LC neurons are involved in the maintenance of

wakefulness, while deactivated LC neurons facilitate the

generation of NREM and REM sleep [4, 24–27]. Most LC

neurons are norepinephrinergic (NE-ergic) and a deficiency

of dopamine beta-hydroxylase (an enzyme that converts

dopamine to NE) augments NREM sleep, while signifi-

cantly decreasing wakefulness and REM sleep [28, 29].

Similarly, brainstem neuronal lesions with conjugated

saporin anti-dopamine b-hydroxylase alter ventilation and

CO2-mediated chemosensitivity [14]. Therefore, the LC is

also one of the centers that function in CO2-mediated

changes in S–W states.

Changes in systemic CO2 levels or extracellular pH in

the brainstem area can alter sleep–wakefulness [4, 30]. For

example, mild hypercapnia induced by 2%–4% CO2 in

inspired air increases the amount of NREM sleep and the

frequency of REM sleep episodes [4, 31], whereas severe

hypercapnia induced by[ 5% CO2 in inspired air signif-

icantly induces wakefulness and decreases NREM and

REM sleep [4, 31]. On the other hand, the systemic CO2

levels significantly increase during NREM sleep, possibly

because of the reduced breathing rate in this state [32–34].

Infusion of acidic solution through microdialysis in the

dorsal raphe nucleus (DRN) induces arousals from sleep

[35]. Interestingly, the loss of 5-hydroxytryptamine (5-HT)

receptors in the DRN aborts CO2-mediated arousal from

sleep [35, 36]. CO2-induced arousal also activates gluta-

matergic neurons in the lateral parabrachial nucleus, and

deletion of the vesicular glutamate transporter-2 gene

aborts CO2-induced arousal [37]. Therefore, these results

indicate that altered pH in the chemosensory areas of the

brain predisposes an individual to state transitions between

wake and sleep. However, the underlying mechanism is not

known.

Studies have revealed that several receptors, trans-

porters, and ion channels, including acid-sensing ion

channels (ASICs) in brainstem chemosensory neurons,

are involved in the detection of extracellular pH fluctua-

tions [5, 38–40]. The ASIC is one of the most sensitive ion

channels in detecting changes in pH [41], primarily

because of its low pH-threshold, which makes it possible

to detect pH changes in a very narrow physiological range

[41]. In addition to pH sensing, ASICs are involved in the

modulation of other physiological and behavioral processes

such as learning and memory [42], pain perception [43],

and neurodegenerative disorders [44, 45]. ASICs are

expressed in several brain areas such as solitary nucleus,

ventral medulla, amygdala, hippocampus, and hypothala-

mus [39, 46, 47]. The LC plays an essential role in sleep–

wakefulness and CO2-mediated respiratory drive across the

vigilant state. However, it remains unknown whether

ASICs in the LC function in sleep–wake modulation and

the hypercapnia-mediated influence on sleep–wakefulness.

We have proposed earlier that mild CO2 accumulation

during prolonged NREM sleep could be one of the factors

that initiate the state transition from NREM to REM sleep

[4]. Moreover, ASICs can detect slight changes in pH, and

the LC isa part of the central CO2-chemoregulatory system.

Based on these findings, we tested whether ASICs are

present on LC neurons and if they are also involved in S–W

regulation, and finally whether they play a role in the mild

hypercapnia-induced state transition from NREM to REM

sleep.

Materials and Methods

In this study, we used male Wistar rats (n = 22) weighing

250 g–300 g. Rats were obtained from the Central Labo-

ratory Animal Resources facility and kept for a week in the

school’s animal room for habituation. The rats were

maintained under a 12-hlight-dark cycle with lights on at

07:00 and lights off at 19:00. Room temperature was

maintained at 23 �C ± 1 �C. Food and water were given

ad libitum. All procedures and protocols were approved by

the Institutional Animal Ethics Committee (IAEC Protocol

#14/2015) of Jawaharlal Nehru University, New Delhi,

India.

To address our hypotheses, we conducted three exper-

iments: Experiment-I to characterize the presence of ASICs

on LC neurons; Experiment-II to investigate their role in

sleep–wake modulation; and Experiment III to investigate

their role in the mild hypercapnia-induced state transition

from NREM to REM sleep.
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Experiment-I

Immunohistochemical Localization of ASIC-2

and ASIC-3 on NE-Ergic Neurons in the LC

For immunohistochemical localization of ASIC-2 and

ASIC-3 on LC NE-ergic neurons, each rat (n = 7) was

deeply anesthetized and transcardially perfused with ice-

cold 0.1 M phosphate-buffered saline (PBS) followed by

4% paraformaldehyde in 0.1 mol/L PBS. The brain was

extracted and kept overnight in 4% paraformaldehyde,

followed by 30% sucrose for 2–3 days. Coronal brain

sections were cut at 40 lm on a cryostat (Thermo Fisher

Scientific). The sections were kept in 0.1 mol/L PBS

overnight to wash off the formaldehyde traces and

incubated in a blocking solution (4% goat serum in

0.1 mol/L PBS with 0.3% Triton-X) for 2 h at room

temperature. After washing with 0.1 mol/L PBS (3 times,

5 min each), the sections were incubated with primary

antibodies against ASIC-2 (1:500, ACCN2-OSR00098W,

Thermo Fisher Scientific) or ASIC-3 (1:1000, Anti Sodium

Channel ASIC-3-S5070, Sigma Aldrich) and anti-tyrosine

hydroxylase (1:1000, AB1542, Millipore) for 72 h at 4 �C.

After primary incubation, the sections were washed (3

times, 10 min each) with 0.1 mol/L PBS and then incu-

bated in anti- rabbit Alexa-480 secondary antibodies

(1:1200, Thermo Fisher Scientific) for ASICs and anti-

sheep Alexa-555 for tyrosine hydroxylase (1:1200, Thermo

Fisher Scientific) for 24 h in the dark at 4 �C. After

washing with 0.1 mol/L PBS (3times, 10 min each), the

sections were mounted on glass slides with Fluoroshield

mounting medium (Sigma Aldrich) under coverslips.

Slides were observed under fluorescence microscope

(Olympus-B53 Model, Japan) at 10X magnifications for

localization of ASICs in the LC.

Experiment-II

Role of ASICs in the LC in S–W Modulation

Surgical Procedures for Polysomnographic Recording

and Cannula Implantation

Rats were surgically prepared for chronic S–W recording

and cannula implantation for drug infusions using a

previously reported procedure [48–51]. Briefly, rats were

anesthetized with 4% isoflurane (Baxter Healthcare, India)

using a facemask. The head was shaved and fixed in

stereotaxic apparatus. A midline incision was made with a

sterile surgical blade and the skull exposed for electrode

implantation. Two pairs of small, stainless-steel screw

electrodes were affixed to the skull above the frontal and

parietal cortices to record the electroencephalogram

(EEG). Three electrodes (flexible wires, insulated except

at the tip) were implanted in the dorsal neck muscles to

record the bipolar electromyogram (EMG) (the third

electrode was implanted as a safeguard). One screw

electrode was fixed lateral to the midline in the nasal bone

as a reference. For microinjection of drugs into the LC,

24-gauge stainless steel guide cannulas were implanted

bilaterally at the co-ordinates AP: - 9.8 mm, ML:

1.3 mm, and DV: 6 mm with reference to bregma [52].

The guide cannulae were placed 1 mm above the LC to

prevent any mechanical damage to LC neurons and fixed to

the skull with acrylic dental cement. Styles were inserted

into the guide cannulas to prevent occlusion. The free ends

of the EEG, EMG, and reference electrodes were soldered

to a 9-pin miniature connector and cemented to the skull

with dental acrylic. Finally, the neck skin was sutured, and

the rat was removed from the stereotaxic apparatus. Each

rat was treated with dexamethasone (1.5 mg/kg) for

3–4 days post-operation to reduce brain inflammation and

Nebasulf powder (antibiotic) was used to control potential

infection. Each rat was allowed one week to recover from

surgery.

Experimental Procedure

We studied the effects of amiloride (a universal blocker of

ASICs) and APETx2 (a specific blocker of ASIC-2 and

ASIC-3) in the LC on sleep–wake architecture. After

recovery from surgery, rats were randomly divided into

two groups: (1) the amiloride microinjected group (n = 7)

in which a low and a high dose of Amiloride were

microinjected into the LC after a gap of 48 h in random

order; and (2) the APETx2 microinjected group (n = 8) in

which a low and a high dose of APETx2 were microin-

jected into the LC after a gap of 48 h in random order. A

gap of 48 h was chosen because the half-life of both drugs

is * 3–9 h. Hence, during the 48-h period, the residual

drugs were completely washed out from the site of

injection [53, 54].

Polysomnographic Recordings

Sleep–wakefulness was recorded in a sleep recording cage

(38 cm 9 28 cm 9 20 cm, length, width, and height)

placed in a well-ventilated and sound dampened (dark-

colored) Plexiglas chamber (122 cm 9 60 cm 9 60 cm)

illuminated at 20 Lux to minimize external disturbances.

The rats were provided with food and water in the sleep

recording chamber. For the first two days (days 1 and 2),

rats were habituated to the chamber for 6 h (11:00–17:00),

during which they were tethered to the recording cable
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through a commutator. The EEG and EMG signals were

examined in a computer using Somnologica Science

software and Embla A10 (MedcareFlaga, Iceland). After

habituation, sleep–wakefulness was recorded for two days

(days 3 and 4) as baseline. On days 5, 6 and 7, sleep–wake

was recorded after microinjections of either vehicle or low/

high doses of drugs. Microinjections were always per-

formed after a gap of one day between two injections in a

randomized fashion. EEG signals were processed with

high-pass 0.1 Hz and low-pass 40 Hz filters, while EMG

signals were processed with high-pass 10 Hz and low-pass

90 Hz filters digitized at 100 Hz sampling rate. The

recordings were saved in a computer for offline analysis.

Microinjections of Amiloride and APETx2

into the LC

We microinjected the ASIC blockers, amiloride and

APETx2 into the LC (pH 7.4; 200 nL). Two different

doses of amiloride (2 mmol/L and 20 mmol/L) were

prepared by dissolution in DMSO and then dilution with

distilled water (pH 7.4) as in previous reports [39, 55, 56].

Similarly, 0.5 lmol/L and 1 lmol/L of APETx2 (Tocris

Bioscience, UK) were prepared in 0.9% sterile saline

solution and the pH was adjusted to 7.4. The doses of

APETx2 were based on its inhibitory potency on ASICs of

the neurons, which ranges from 63 nmol/L to 2 lmol/L

[57]. In the control groups, 200 nL of either distilled water

with DMSO or 0.9% sterile saline solution was microin-

jected as vehicle in the respective groups. The drugs or

vehicles were injected bilaterally into the LC with a

microinfusion pump (PHD Ultra Syringe Pumps, Harvard

Apparatus) and an injector cannula (30-gauge; 18 mm

long). The injector cannulas were connected to Hamilton

syringes (100 lL) through PE tubing, and inserted into the

guide cannulas in semi-restrained animals. The injection

lasted[ 2 min, at a flow rate of 100 nL/min. The injector

cannula was left in the guide cannula for 2 min before

withdrawal, and the stylet was returned to the guide

cannula. Sleep–wake recording was started immediately.

Experiment-III

Role of LC ASICs in the Mild Hypercapnia-Induced

State Transition from NREM to REM Sleep

Polysomnographic Recording in the CO2 Chamber

In another group, the rats were prepared for chronic sleep–

wake recording using a similar protocol to Experiment II.

The rats were divided into four groups (n = 5 rats per

group): vehicle alone, CO2 ? vehicle, CO2 ? APETx2,

and APETx2 only. Sleep–wake was recorded in the CO2

chamber in the presence of either room air or 4% CO2 at

constant inflow and outflow. Each rat was first habituated

to the air-tight chamber infused with normal room air for

two days. On day 3, baseline sleep was recorded for 4 h

(11:00–15:00) after vehicle microinjection into the LC. On

days 4 and 5, sleep–wake was recorded in the presence of

4% CO2 for an initial 1 h after microinjection of either

vehicle or APETx2 into the LC. The doses and volume of

APETx2 used were also the same as those in Experiment II.

Thereafter, normal room air was infused into the chamber,

and the recording was continued for another 3 h. Thus,

sleep–wake was recorded for a total of 4 h (1 h during 4%

CO2 infusion and 3 h without CO2). CO2 was not infused

during the initial 1 h in the Vehicle only and APETx2 only

groups. Recordings were saved in the computer for offline

analysis.

Histology

At the end of Experiments II and III, each rat was sacrificed

with an overdose of cocktail anesthesia (80 mg/kg

Ketamine and 40 mg/kg Xylazine). Each rat was transcar-

dially perfused with 0.9% saline and 10% formalin for

15 min each. The brain was removed and stored in 10%

formalin for further histological analysis. Prior to histol-

ogy, the brain was immersed in sucrose solution for a day

or two at room temperature. Coronal sections were cut at

40 lm on a cryostat (Thermo Fisher Scientific, USA) and

mounted on subbed glass slides. The sections were then

stained with 0.1% cresyl violet, and the cannula injection

sites were identified under microscope (Fig. 1). The

injection sites in 3 rats in Experiment II were found to be

outside the LC. The data of these three animals were used

as an additional control (Fig. S1).

Data Analysis

The polysomnographic recordings in experiments-II and III

were scored offline using Somnologica Science Software

(MedcareFlaga, Iceland). Sleep recordings were manually

scored in 4-s epochs, using the standard criteria for the rat

[48]. Low-voltage and high-frequency EEG waves associ-

ated with increased motor activity were marked as awake.

Epochs of high-voltage, low-frequency EEG waves with

prominent delta waves (0.5–4 Hz), and decreased motor

activity we remarked as NREM sleep, while epochs with

low-voltage, high-frequency EEG waves with a prominent

theta peak (5–9 Hz) and neck muscle atonia were marked

as REM sleep. The total times spent awake, and in NREM

and REM sleep were calculated and expressed as total

mean percentages and hourly mean percentages of the total

recording time. In all our experiments, the same animal
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served as a self control. The changes in the amount of

different vigilance states between treatments (low and high

doses) and drug types (amiloride and APETx2) were

compared statistically using two-way ANOVA followed by

the Bonferroni post hoc test. The number and average

duration of NREM as well as REM sleep episodes in

treatments and drug types were also calculated and

statistically compared using two-way ANOVA followed

by the Bonferroni post hoc test. The hypercapnia-mediated

changes in S–W and its parameters were compared with

normocapnia using one-way RM ANOVA.

Results

Immunohistochemical Localization of ASIC-2

and ASIC-3 on NE-Ergic and non-NE-Ergic Neu-

rons in the LC

Our immunohistochemical results showed that ASIC-2 and

ASIC-3 were present on both NE-ergic and non-NE-ergic

neurons in the LC. We characterized ASIC-2 and ASIC-3

receptors on the NE-ergic LC neurons using double-

labeling immunohistochemical methods. We used specific

primary antibodies against ASIC-2 and ASIC-3 as well as

an antibody against the tyrosine hydroxylase (TH) enzyme

to label LC NE-ergic neurons. We observed ASIC-2 and

TH co-labeled neurons as well as ASIC-3 and TH co-

labeled neurons in the LC (Fig. 2). However, some TH-

negative neurons were also labeled with the ASIC anti-

bodies. Although most ASIC-2? neurons were TH? but

some ASIC-3? neurons were also TH-negative (Fig. 2)

(co-ordinates: – 9.7 mm to – 10.0 mm from bregma).The

expression levels of ASIC-2? and ASIC-3? neurons from

the rostro-caudal plane in the LC were similar. For a

negative control, we incubated the histological sections

with secondary antibodies only (the sections were not

incubated with the ASIC primary antibodies) to show that

the binding of secondary antibodies was specific to primary

antibodies. We found no expression of ASIC-2 and ASIC-3

in the LC region in the absence of primary antibodies

(Fig. 2). This demonstrated that the expression was specific

to the reactivity of the primary antibodies with ASIC-2 and

ASIC-3. These antibodies have been used to show the

presence of ASICs in other brain areas [54, 55]. Thus,

ASIC-2 and ASIC-3 are present on LC neurons.

Role of ASICs in the LC in S–W Modulation

Microinjections of the ASIC blockers amiloride and

APETx2 into the LC increased NREM sleep and decreased

wakefulness and REM sleep.

The total amounts of wakefulness, NREM, and REM

sleep (out of the total recording time) in the amiloride and

APETx2 microinjected groups are shown in Fig. 3. Two-

way ANOVA revealed that these microinjections signifi-

cantly decreased wakefulness and REM sleep. However,

the amount of NREM sleep increased significantly com-

pared with the vehicle groups. For the changes in the

amount of wakefulness and NREM sleep in the amiloride

and APETx2 microinjected groups, two-way ANOVA

showed significant main effects of drugs (low and high

doses) only, but no significant interaction between types of

drugs (Amiloride vs. APETx2).

Fig. 1 Photomicrograph of a 40 lm section stained with cresyl violet

and reconstructions of the sites of injection within (filled circles) and

outside (filled boxes) the LC.

123

688 Neurosci. Bull. May, 2021, 37(5):684–700



The post hoc comparison demonstrated that the low

(2 mmol/L) and high (20 mmol/L) doses of amiloride

decreased wakefulness by 20% (Bonferroni test P\ 0.001;

Cohen’s d = 2.72; power = 0.99 at alpha level 0.05) and by

22%, (Bonferroni test P\ 0.001; Cohen’s d = 8.01;

power = 1 at alpha level 0.05) respectively, compared

with the vehicle group. Similarly, in the APETx2 group,

post hoc comparison showed that the amount of wakeful-

ness decreased by 16% (Bonferroni test, P\ 0.01; Cohen’s

d = 1.82; power = 0.93 at alpha level 0.05) and by 21%

(Bonferroni test, P\ 0.001; Cohen’s d = 1.99; power =

0.94 at alpha level 0.05) in the low (0.5 lmol/L) and high

(1 lmol/L) dose groups respectively compared with the

vehicle group (Fig. 3A).

The amount of NREM sleep significantly increased after

microinjections of amiloride and APETx2 into the LC. The

post hoc comparison demonstrated that the low dose of

amiloride increased NREM by 19.3% (Bonferroni test,

P\ 0.001; Cohen’s d = 3.47; power = 1 at alpha level

0.05) and the high dose increased it by 22% (Bonferroni

test, P\ 0.001; Cohen’s d = 3.66; power = 1 at alpha

level 0.05) compared with the vehicle group (Fig. 3B).

Similarly, in the APETx2 microinjected groups, the post

hoc comparison showed that NREM increased by 16%

(Bonferroni test, P\ 0.001; Cohen’s d = 2.83; power = 1

at alpha level 0.05) in the low dose group, and by 21%

(Bonferroni test, P\ 0.001; Cohen’s d = 2.45; power =

0.99 at alpha level 0.05) in the high dose group compared

with the vehicle group. The two-way ANOVA did not

show any interaction between high and low doses of drugs

on NREM (Fig. 3B).

Microinjections of amiloride and APETx2 into the LC

significantly decreased REM sleep. Two-way ANOVA

revealed significant effects of drug treatments (P\ 0.01;

F(1,59) = 9.84) and drug types (P\ 0.001;

F(3,59) = 163.03). Two-way ANOVA also revealed a

significant interaction between treatment versus types

(high and low doses vs. amiloride and APETx2)

(P\ 0.001; F(3,59) = 7.42). The post hoc comparison

demonstrated that the low dose of amiloride decreased

REM by 23% compared with vehicle (Bonferroni test,

P\ 0.001; Cohen’s d = 2.01; power = 0.94 at alpha level

0.05), while the high dose decreased REM by 33%

compared with vehicle (Bonferroni test, P\ 0.001;

Cohen’s d = 3.64; power = 1 at alpha level 0.05)

(Fig. 3C). Similarly, post hoc comparison showed that

the low dose of APETx2 decreased REM by 39%

compared with vehicle (Bonferroni test, P\ 0.001;

Cohen’s d = 7.50; power = 1 at alpha level 0.05), while

the high dose decreased REM by 51% compared to vehicle

(Bonferroni test, P\ 0.001; Cohen’s d = 10.43; power = 1

at alpha level 0.05). Two-way ANOVA also demonstrated

significant effects of drug types, and the post hoc

comparison revealed that REM decreased in the APETx2

low-dose group compared to the amiloride low-dose group

(Bonferroni test, P\ 0.001; Cohen’s d = 1.75; power =

0.78 at alpha level 0.05). Similarly, REM sleep was

decreased in the APETx2 high-dose group compared to the

amiloride high-dose group (Bonferroni test, P\ 0.001;

Cohen’s d = 2.46; power = 0.99 at alpha level 0.05)

(Fig. 3C). In three rats, the sites of injection were not in

the LC but in the vicinity (Fig. 1). In these rats, we did not

Fig. 2 Localization of ASIC-2 and ASIC-3 on LC neurons. Repre-

sentative fluorescent images showing immunoreactive ASIC-2 (upper

panels) and ASIC-3 (lower panels) cells in the LC region (rostro-

caudal co-ordinates: –9.7 to –10.0 mm from bregma). Negative

control, fluorescence images without primary antibodies; green,

ASIC-2- (upper panels) and ASIC-3- (lower panels) positive neurons;

red, TH-positive neurons in the LC; yellow, ASIC-2 (upper merged

panel) and ASIC-3 (lower merged panel) neurons co-labeled with TH;

inset, ASIC and TH co-labeled neurons in a magnified view.
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find changes in the percentages of wakefulness, NREM and

REM in the groups microinjected with low and high doses

of amiloride and APETx2 compared to their baseline and

vehicle groups (Fig. S1). These data suggested that only the

ASICs in the LC influence S–W architecture but not those

located in the vicinity. Although we injected a minimum of

200 nL of drugs, it was still not possible to rule out micro-

spill over into the ventricle because the injection sites were

near the ventricles.

Hourly expression of the amounts of wakefulness,

NREM, and REM sleep in the amiloride and APETx2

microinjected groups are shown in Tables 1, 2 and 3.

Hourly expression of wakefulness in the amiloride groups

showed a decreasing trend with significant changes at 2 h

and 3 h in the low-dose group and 5 h and 6 h in the high-

dose group compared to the vehicle group (Table 1).

Similarly, in the APETx2 groups, hourly expression of

wakefulness decreased significantly at 3 h and 6 h in the

low-dose group and at 3 h in the high-dose group compared

to the vehicle group (Table 1). In the amiloride groups,

there was an increasing trend in NREM sleep at every hour

with a significant increase at 2 h and 3 h in the low-dose

group, and at 2 h, 3 h and 6 h in the high-dose group

compared to the vehicle group (Table 2). Similarly, in the

APETx2 groups, we also found an increasing trend in

NREM sleep at every hour with a significant increase at 3 h

and 6 h in the low-dose group and at 2 h, 3 h, 4 h, and 6 h

in the high-dose group compared to the vehicle group

(Table 2). Hourly expression of REM sleep in the

Amiloride groups showed a decline with a significant

change at 3 h, 4 h, and 5 h only in the high-dose group. A

similar decreasing trend was also found in the APETx2

groups, with significant change at 2 h, 4 h, and 5 h in the

low-dose group, and at 2 h, 3 h, 5 h, and 6 h in the high-

dose groups compared with the vehicle group (Table 3).

The changes in the sleep–wake parameters are shown in

Fig. 4. The average length and number of wakefulness

episodes did not change (Figs. 4A, B). Two-way ANOVA,

however, showed main effects of drugs on the length of

NREM episodes only (P\ 0.05; F(3,59) = 5.23) (Fig. 4C),

and the numbers of NREM sleep episodes did not change

(Fig. 4D).The post hoc comparison showed that the length

of NREM sleep episodes increased in the APETx2 high-

dose group compared to the vehicle group (Bonferroni test,

P\ 0.05; Cohen’s d = 1.90; power = 0.85 at alpha level

0.05)(Fig. 4C). The length of REM sleep episodes did not

change significantly with the drug types (Fig. 4E). More-

over, two-way ANOVA revealed main effects of the drug

(P\ 0.001; F(3,59) = 9.65) on the number of REM sleep

episodes(Fig. 4F). The post hoc comparison showed that

the number of REM sleep episodes was less in theAPETx2

high-dose group than in the vehicle group (Bonferroni test,

Fig. 3 Effects of amiloride and APETx2 microinjections into the LC

on sleep–wake architecture as shown in the total recording time

(TRT) bar graph. Microinjections of amiloride (n = 7) and APETx2

(n = 8) into the LC (A) decreases wakefulness (P\ 0.001,

F(3,59) = 23.63, two-way ANOVA), (B) increases NREM sleep

(P\ 0.001, F(3,59) = 49.89, two-way ANOVA), and (C) decreases

REM sleep (P\ 0.001, F(3,59) = 163.03 two-way ANOVA).
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Table 1 Hourly expression of wakefulness (% Total Recording Time).

Hour 1 Hour 2 Hour 3 Hour 4 Hour 5 Hour 6

Amiloride microinjected animals

Baseline 65.48 ± 7.82 31.68 ± 5.25 35.76 ± 4.21 35.76 ± 5.13 33.82 ± 4.75 38.50 ± 4.02

Vehicle 67.35 ± 6.05 41.64 ± 6.87 33.25 ± 4.15 35.57 ± 4.15 37.00 ± 8.17 36.00 ± 6.05

Low dose 50.19 ± 8.42 28.26 – 4.71** 22.00 – 2.82* 28.27 ± 7.85 29.59 ± 5.11 33.95 ± 4.62

High dose 50.32 ± 9.21 18.58 ± 6.26 26.72 ± 4.10 33.49 ± 6.12 34.01 – 5.18* 23.94 – 2.74**

APETx2 microinjected animals

Baseline 60.36 ± 7.019 19.67 ± 3.75 28.80 ± 5.34 36.79 ± 6.21 31.48 ± 4.91 34.03 ± 6.34

Vehicle 61.04 ± 8.05 22.22 ± 4.10 31.17 ± 4.15 36.16 ± 4.84 37.40 ± 7.74 41.76 ± 6.33

Low dose 50.70 ± 6.26 22.63 ± 5.87 19.34 – 3.13* 31.28 ± 5.88 36.58 ± 3.24 27.45 – 4.45**

High dose 40.04 ± 5.69 15.87 ± 2.11 17.17 – 4.81* 28.27 ± 4.90 37.07 ± 6.61 37.36 ± 3.83

(*P\ 0.05, **P\ 0.01, one- way RM ANOVA followed by Tukey’s post hoc test).

Table 2 Hourly expression of NREM sleep (% TRT) in the.

Hour 1 Hour 2 Hour 3 Hour 4 Hour 5 Hour 6

Amiloride microinjected animals

Baseline 32.72 ± 6.99 60.05 ± 6.93 55.03 ± 3.86 52.11 ± 3.83 65.99 ± 3.62 53.80 ± 4.06

Vehicle 31.09 ± 5.42 54.41 ± 7.05 57.29 ± 4.53 56.55 ± 3.65 59.21 ± 4.71 59.95 ± 4.90

Low dose 48.57 ± 8.21 69.58 – 4.75** 71.27 – 3.38* 65.54 ± 7.28 60.91 ± 4.86 57.05 ± 3.68

High dose 46.98 ± 8.86 76.75 – 5.54 68.96 – 3.54* 62.28 ± 5.81 59.83 ± 4.74 68.78 – 2.33**

APETx2 microinjected animals

Baseline 38.49 ± 6.92 70.47 ± 3.56 61.59 ± 4.29 52.92 ± 4.95 57.71 ± 4.41 47.02 ± 5.13

Vehicle 37.70 ± 7.95 68.15 ± 2.65 56.93 ± 3.21 53.68 ± 5.05 55.76 ± 6.66 58.19 ± 5.46

Low dose 48.33 ± 5.92 73.42 ± 6.36 73.22 – 3.17** 62.71 ± 5.92 58.45 ± 2.98 66.79 – 3.67**

High dose 55.38 ± 5.32 79.72 – 2.16* 76.09 – 4.26* 66.47 – 3.92* 59.01 ± 6.55 59.43 – 3.26*

*P\ 0.05, **P\ 0.01, one-way RM-ANOVA followed by Tukey’s post hoc test.

Table 3 Hourly expression of REM sleep (% TRT).

Amiloride Hour 1 Hour 2 Hour 3 Hour 4 Hour 5 Hour 6

Amiloride microinjected animals

Baseline 1.80 ± 1.16 8.27 ± 3.28 9.20 ± 1.57 8.51 ± 1.58 8.60 ± 1.64 7.55 ± 1.90

Vehicle 1.56 ± 0.88 6.57 ± 1.24 9.46 ± 1.01 7.89 ± 1.73 8.99 ± 2.85 9.87 ± 2.34

Low dose 1.25 ± 0.71 2.16 ± 0.79 6.73 ± 1.55 6.19 ± 1.99 9.50 ± 2.81 8.13 ± 1.74

High dose 2.69 ± 1.36 4.66 ± 1.98 4.31 – 1.51* 4.22 – 1.01* 6.15 – 1.19* 7.14 ± 1.64

APETx2 microinjected animals

Baseline 1.14 ± 0.57 9.85 ± 1.93 9.59 ± 1.98 10.28 ± 3.20 10.80 ± 1.38 5.93 ± 1.32

Vehicle 0.83 ± 0.43 8.59 ± 1.72 10.90 ± 2.08 10.15 ± 2.00 6.83 ± 2.05 6.78 ± 1.94

Low dose 0.57 ± 0.15 4.77 – 1.37* 7.42 ± 2.00 6.00 – 0.99* 4.97 – 1.14** 4.59 ± 1.05

High dose 1.52 ± 0.66 4.19 – 1.22* 4.65 – 1.29* 5.25 ± 1.62 3.92 – 1.12** 2.86 – 1.07*

*P\ 0.05, **P\ 0.01, one-way RM-ANOVA followed by Tukey’s post hoc test.
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Fig. 4 Effects of amiloride and APETx2 microinjections into the LC

on sleep–wake parameters. Two-way ANOVA reveals no significant

effect of the drugs on wake episode length (A) and episode number

(B). Blocking ASICs with a high dose of APETx2 (C) increases the

length of NREM sleep episodes compared to the vehicle group

(P\ 0.05), however, the number of NREM sleep episodes does not

change (D). On the other hand, APETx2 does not change the length of

REM sleep episodes (E), whereas a high dose of APETx2 decreases

the number of REM sleep episodes (F) compared to the vehicle group

(P\ 0.01) (*P\ 0.05, **P\ 0.01, Bonferroni post hoc test).
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P\ 0.01; Cohen’s d = 2.25; power = 0.99 at alpha level

0.05) (Fig. 4F).

Role of LC ASICs in the Mild Hypercapnia-Induced

State Transition from NREM to REM Sleep

Next, we investigated the effects of hypercapnia on S–W

architecture and the effects of APETx2 microinjection into

the LC on the CO2-induced changes in S–W. The rats were

divided into four groups (n = 5 rats per group): (a) vehicle

only, (b) CO2 (4%) ? vehicle, (c) CO2 ? APETx2, and

(d) APETx2 alone [comparable animals were used in all

groups; data from the vehicle-only group are shown as

normocapnia and from the CO2 ? vehicle group as mild

hypercapnia (4% CO2) in Fig. 5].

1. Effects of hypercapnia on S–W architecture

First, we evaluated the effects of hypercapnia on the

amount and parameters of S–W (Fig. 5). One hour of

exposure to 4% CO2 significantly influenced the S–W

architecture. The amount of wakefulness decreased by 40%

(Bonferroni test, P\ 0.001; F(1,9) = 144.64; Cohen’s

d = 8.35; power = 1 at alpha 0.05), while the amount of

NREM sleep increased by 32% (Bonferroni test,

P\ 0.001; F(1,9) = 136.80; Cohen’s d = 8.14; power = 1

at alpha 0.05) in mild hypercapnia compared to normo-

capnia. Nevertheless, the amount of REM sleep did not

change (Fig. 5A). One-way RM ANOVA demonstrated a

significant effect on the length of wakefulness episodes

(Bonferroni test, P\ 0.05; F(1,9) = 7.94; Cohen’s d = 1.5;

power = 0.54 at alpha 0.05) and REM sleep only (Bonfer-

roni test, P\ 0.01; F(1,9) = 25.98; Cohen’s d = 3.32;

power = 0.98 at alpha 0.05), but not on the length of

NREM sleep episodes (Fig. 5B). Mild hypercapnia did not

influence the numbers of waking and NREM sleep episodes

(Fig. 5C), but the number of REM sleep episodes increased

(Bonferroni test, P\ 0.05; F(1,9) = 17.87; Cohen’s

d = 3.22; power = 0.98 at alpha 0.05) (Fig. 5C).

2. Effects of APETx2 on the CO2-induced changes in S–W

architecture

Two-way ANOVA revealed a significant interaction

between treatment and types [treatment: CO2 and non-CO2;

types: vehicle and APETx2) on the amount of wakefulness

(P\ 0.001; F(1,19) = 20.16), NREM sleep (P\ 0.001;

F(1,19) = 38.16), and REM sleep (P\ 0.001;

F(1,19) = 161.91). Further, the post hoc comparison demon-

strated that the amount of wakefulness decreased in the

CO2 ? vehicle (Bonferroni test, P\ 0.001; Cohen’s

d = 8.35; power = 1 at alpha level 0.05), CO2 ? APETx2

(Bonferroni test, P\ 0.001; Cohen’s d = 11.72; power = 1

at alpha level 0.05), and APETx2-only (Bonferroni test,

P\ 0.001; Cohen’s d = 5.26; power = 1 at alpha level
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0.05) groups compared to the vehicle-only group (Fig. 6A).

On the other hand, the post hoc comparison showed that

NREM sleep increased in the CO2 ? vehicle (Bonferroni

test, P\ 0.001; Cohen’s d = 8.14; power = 1 at alpha

level 0.05), CO2 ?APETx2 (Bonferroni test, P\ 0.001;

Cohen’s d = 13.11; power = 1 at alpha level 0.05), and

APETx2-only (Bonferroni test, P\ 0.001; Cohen’s

d = 6.92; power = 1 at alpha level 0.05) groups compared

with the vehicle-only group (Fig. 6A). Interestingly, the

post hoc comparison demonstrated that REM sleep did not

decrease in the CO2 ? vehicle and CO2 ? APETx2

groups compared with the vehicle-only group. However,

it decreased in the APETx2-only group compared with the

vehicle-only group (Bonferroni test, P\ 0.001; Cohen’s

d = 14.00; power = 1 at alpha level 0.05), CO2 ? vehicle

(Bonferroni test, P\ 0.001; Cohen’s d = 17.22; power = 1

at alpha level 0.05), and CO2 ? APETx2 (Bonferroni test,

P\ 0.001; Cohen’s d = 9.53; power = 1 at alpha level

0.05) groups (Fig. 6A).

Similarly, two-way ANOVA revealed a significant

interaction between treatment and types on the average

length of wakefulness episodes (P\ 0.05; F(1,19) = 4.51),

NREM sleep (P\ 0.001; F(1,19) = 41.73), and REM sleep

(P\ 0.001; F(1,19) = 59.68) (Fig. 6B). The post hoc com-

parison demonstrated that the average length of wakeful-

ness episodes decreased in the CO2 ? vehicle (Bonferroni

test, P\ 0.05; Cohen’s d = 1.50; power = 0.54 at alpha

level 0.05), CO2 ? APETx2 (Bonferroni test, P\ 0.05;

Cohen’s d = 1.58; power = 0.59 at alpha level 0.05), and

APETx2-only (Bonferroni test, P\ 0.05; Cohen’s

d = 1.67; power = 0.63 at alpha level 0.05) groups com-

pared to the vehicle-only group (Fig. 6B). On the other

hand, the post hoc comparison showed that the average

length of NREM sleep episodes increased in the CO2-

? APETx2 (Bonferroni test, P\ 0.001; Cohen’s

d = 3.53; power = 0.99 at alpha level 0.05), and

APETx2-only (Bonferroni test, P\ 0.001; Cohen’s

d = 3.38; power = 0.98 at alpha level 0.05) groups com-

pared with the vehicle-only group. It, however, did not

increase in the CO2 ? vehicle group compared with the

vehicle-only group (Fig. 6B). Interestingly, the post hoc

bFig. 5 Effects of mild hypercapnia on sleep–wake architecture.

A One-hour exposure to 4% CO2 (mild hypercapnia) decreases

waking (P\ 0.001), and increases NREM sleep (P\ 0.001) com-

pared to normocapnia. Nevertheless, the amount of REM does not

change. B The mild hypercapnia decreases the length of wakefulness

episodes (P\ 0.05) but does not change the length of NREM

episodes. The length of REM episodes also decreases (P\ 0.01).

C The mild hypercapnia does not influence the numbers of wake and

NREM episodes, but the number of REM sleep episodes significantly

increases [(P\ 0.05). (*P\ 0.05, **P\ 0.01 (Bonferroni post hoc

test)].
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comparison demonstrated that the average length of REM

sleep episodes did not change in the CO2 ? APETx2 group

compared with the vehicle-only group. However, it

decreased in the CO2 ? vehicle (Bonferroni test,

P\ 0.001; Cohen’s d = 3.23; power = 0.98 at alpha level

0.05) and in the APETx2-only groups (Bonferroni test,

P\ 0.001; Cohen’s d = 3.94; power = 1 at alpha level

0.05) compared with the vehicle-only group. The average

length of REM sleep episodes was also greater in the

CO2 ? APETx2 group (Bonferroni test, P\ 0.001;

Cohen’s d = 3.50; power = 0.99 at alpha level 0.05) than

in the CO2 ? vehicle and APETx2-only groups (Bonfer-

roni test, P\ 0.001; Cohen’s d = 4.33; power = 1 at alpha

level 0.05) (Fig. 6B). These results showed that ASIC

blockade abolishes the CO2-mediated effect on the length

of REM episodes. Similar effects did not occur on the

length of awake and NREM sleep episodes.

Two-way ANOVA showed no significant interaction

between treatment and types on the average number of

wakefulness episodes. Nevertheless, for the numbers of

NREM sleep episodes, the two-way ANOVA only revealed

a significant interaction between treatments (P\ 0.001;

F(1,19) = 9.68) and no interaction between types. The post

hoc comparison demonstrated that the number of NREM

sleep episodes increased in the CO2 ? vehicle (Bonferroni

test, P\ 0.05; Cohen’s d = 1.51; power = 0.43 at alpha

level 0.05) compared to the vehicle-only group (Fig. 6C).

However, it did not change in the CO2 ? APETx2 and

APETx2-only groups compared with the vehicle-only

group. The average number of NREM sleep episodes was

higher in the CO2 ? vehicle group than in the CO2-

? APETx2 (Bonferroni test, P\ 0.01; Cohen’s d = 1.88;

power = 0.74 at alpha level 0.05) and APETx2-only groups

(Bonferroni test, P\ 0.05; Cohen’s d = 1.86; power =

0.73 at alpha level 0.05) (Fig. 6C).

For the number of REM sleep episodes, two-way

ANOVA revealed main effects on treatments (P\ 0.001;

F(1,19) = 43.42)and types (P\ 0.001; F(1,19) = 41.38). The

post hoc comparison demonstrated that the number of

episodes increased in the CO2 ? vehicle (Bonferroni test,

P\ 0.001; Cohen’s d = 3.22; power = 0.99 at alpha level

0.05) and decreased in the APETx2-only (Bonferroni test,

P\ 0.05; Cohen’s d = 6.97; power = 1 at alpha level

0.05) groups compared with the vehicle-only group. In the

CO2 ?APETx2 group, the number of REM sleep episodes

was comparable to the vehicle-only group. However, it was

less than in the CO2 ? vehicle (Bonferroni test, P\ 0.001;

Cohen’s d = 3.22; power = 0.99 at alpha level 0.05) group

and more than in the APETx2-only (Bonferroni test,

P\ 0.01; Cohen’s d = 6.59; power = 1 at alpha level

0.05) group (Fig. 6C). We again found that CO2 was

unable to induce the effect on the number of REM sleep

episodes if ASICs were blocked. These results demonstrate

that ASIC blockade with APETx2 nullifies the CO2-

induced changes in the length and number of REM sleep

episodes. Such an interaction did not occur in wake and

NREM sleep parameters. Overall, these results suggest that

CO2 modulates REM sleep generation through ASICs, and

the effects on wake and NREM sleep are likely indepen-

dent of their interaction.

Discussion

Our immunohistochemical results demonstrated the pres-

ence of two types of acid-sensing channels, ASIC-2 and

ASIC-3, mostly on NE-ergic LC neurons. We further found

that ASICs on the NE-ergic LC neurons modulated sleep–

wakefulness as well as hypercapnia-induced NREM-REM

sleep state transition. Inhibition of ASICs in the LC with

bFig. 6 Effects of APETx2 microinjection into the LC on 4% CO2-

induced changes in sleep–wake architecture. A Wakefulness amount

decreased in the CO2 ? vehicle (P\ 0.001), CO2 ? APETx2

(P\ 0.001), and APETx2-only (P\ 0.001) groups compared to the

vehicle-only group. NREM sleep increases in the CO2 ? vehicle

(P\ 0.001), CO2 ? APETx2 (P\ 0.001), and APETx2-only

(P\ 0.001) groups compared with the vehicle-only group. However,

REM sleep does not change in the CO2 ? vehicle and CO2-

? APETx2 groups compared with the vehicle-only group. It

significantly decreases in the APETx2-only group compared with

the vehicle-only (P\ 0.001), CO2 ? vehicle (P\ 0.001), and CO2-

? APETx2 (P\ 0.001) groups. B The average length of wakeful-

ness episodes decreases in the CO2 ? vehicle (P\ 0.05),

CO2 ? APETx2 (P\ 0.05), and APETx2-only (P\ 0.05) groups

compared to the vehicle-only group. The average length of NREM

sleep episodes increases in the CO2 ? APETx2 (P\ 0.001) and

APETx2-only (P\ 0.001) groups compared with the vehicle-only

group. It, however, does not change in the CO2 ? vehicle group

compared with the vehicle only group. The average length of REM

sleep episodes does not change in the CO2 ? APETx2 group

compared with the vehicle-only group. However, it decreases in the

CO2 ? vehicle (P\ 0.001) and in the APETx2-only group

(P\ 0.001) compared with the vehicle-only group. The average

length of REM sleep episodes is also higher in the CO2 ? APETx2

group than in the CO2 ? vehicle (P\ 0.001) and APETx2-only

groups (P\ 0.001). C The average number of awake episodes does

not change; however, the number of NREM sleep episodes increases

in the CO2 ? vehicle (P\ 0.05) compared to the vehicle-only group.

It does not change in the CO2 ? APETx2 and APETx2-only groups

compared to the vehicle-only group. The average number of NREM

sleep episodes is also higher in the CO2 ? vehicle group compared

with the CO2 ? APETx2 (P\ 0.01) and APETx2-only groups

(P\ 0.05). The number of REM sleep episodes increases in the

CO2 ? vehicle (P\ 0.001) and decreases in the APETx2-only

(P\ 0.05) groups compared with the vehicle-only group. In the

CO2 ? APETx2 group, the number of REM sleep episodes is

comparable to the vehicle-only group. However, it is less than in

the CO2 ? vehicle (P\ 0.001) and more than in the APETx2-only

(P\ 0.01) group (*P\ 0.05, **P\ 0.01, ***P\ 0.001, Bonferroni

post hoc test.
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two different inhibitors amiloride (a universal ASIC

inhibitor) and APETx2 (a specific inhibitor of ASIC-2

and ASIC-3) significantly decreased wakefulness and REM

sleep. NREM sleep, however, was significantly increased

at the same time. The blockade of ASICs in the LC failed

to influence the length and number of wake episodes, the

number of NREM sleep episodes and the length of REM

sleep episodes. Nevertheless, the length of NREM sleep

episode was increased and the number of REM sleep

episodes was decreased significantly. These results suggest

that ASICs in the LC are involved in the maintenance, but

not the generation, of NREM sleep. Moreover, they may

also be involved in the generation of REM sleep rather than

its maintenance. In addition, mild hypercapnia (4% CO2)

significantly decreased waking and increased NREM sleep,

but did not influence the amount of REM (Fig. 5). Infusion

of 4% CO2 significantly increased the number of REM

sleep episodes, yet significantly decreased the length of

awake and REM sleep episodes. Interestingly, ASIC

blockade with APETx2 in the LC during mild hypercapnia

abolished the effects of 4% CO2 on the length and number

of REM sleep episodes, but the impact on waking and

NREM sleep and its parameters were an independent effect

of CO2 and APETx2 (Fig. 6). These results suggest that

ASICs in the LC are involved in the CO2-mediated effects

on REM sleep only.

Several studies have reported that ASICs are widely

present in the central nervous system. In the brain, several

sub-classes of ASICs such as ASIC1a, ASIC2a, ASIC2b,

and ASIC3 have been reported [39, 42, 55, 58]. In the

chemosensory areas of the brainstem, ASIC-1, ASIC-2, and

ASIC-3 have been found in the nucleus tractus solitarius

(NTS), ventro-lateral medulla (VLM), and trapezoid

nucleus, where they are involved in chemoregulatory

processes [46, 59–61]. Inhibition of ASICs in the NTS

with amiloride significantly decreases the breathing rate as

well as impairing the hypercapnia-mediated augmentation

of ventilation rate [39, 46]. Similarly, inhibition of ASICs

by amiloride and psalmotoxin-1 in the VLM impairs the

CO2-mediated increase in breathing rate [55, 62]. The

expression levels of ASIC-1, ASIC-2 and ASIC-3 vary

considerably under hypoxic conditions in the trapezoid

body as well as in the lateral paragigantocellular nucleus

[59]. Besides the brainstem chemosensory areas, ASICs in

the hypothalamus also play an essential role in the acidosis-

mediated augmentation of breathing rate [55]. ASIC-1,

ASIC-2, and ASIC-3 expression have also been reported in

the hypothalamus, and their inhibition with Amiloride

impairs the hypercapnia-induced ventilatory rate [55, 63].

These studies demonstrate that ASICs are involved in the

modulation of central chemoregulatory processes.

In our study, we found that wakefulness and REM sleep

significantly decreased, while NREM sleep significantly

increased, after amiloride and APETx2 microinjection into

the LC. The majority of LC neurons are NE-ergic, and they

are involved in the induction of wakefulness [1, 64]. The

optogenetic stimulation of NE-ergic neurons induces

wakefulness [25, 65]. Similarly, blocking NE reuptake in

the LC by inhibiting NE transporters with phentermine and

reboxetine also induces wakefulness [66, 67]. On the other

hand, the inactivation of LC neurons by photo-inhibition or

microinjection of the a-2 NE receptor agonist clonidine (an

anti-hypertensive drug) augments NREM sleep and slow-

wave activity during NREM sleep [25, 68]. Further, LC

lesions [14] and the microinjection of interleukin-1b and

tumor necrosis factor into the LC (causing peptide-

mediated inhibition of NE-ergic neurons) increase NREM

sleep [69]. Therefore, these findings suggest that selective

inhibition of NE-ergic neurons either optogenetically,

peptide-mediated, or through its own receptors augments

NREM sleep [25]. In addition, it has been reported that LC

lesions significantly decrease the numbers of both NREM

and REM sleep episodes [70, 71]. These studies thus

suggest that NE-ergic neurons in the LC play an important

role in sleep consolidation.

Previous studies have shown that brain acidosis affects

the binding affinity of NE [72, 73].The binding affinity of

NE-ergic receptors with their ligands decreases during

respiratory arrhythmia or acid–base abnormalities [74]. A

low pH induces receptor protonation, which causes the

formation of a low-affinity state of NE receptors [73]. All

these studies suggest that a higher dose of NE should be

administered at the time of cardio-pulmonary resuscitation

[74]. In addition, the number of NE-ergic receptors

declines at synapses under low pH or hypoxia, suggesting

the pH-dependent down-regulation of receptor density

[75, 76]. Prolonged sleep deprivation also alters the

binding affinity of b-NE-ergic receptors in the brain [77],

and the global blockade of such binding inhibits NE release

as well as inducing profound sleepiness [78]. These studies

clearly suggest that an acidic milieu, as well as an

abnormal sleep load, profoundly alter the NE-receptor

binding affinity, which in turn, alters the manifestations of

sleep.

During the initial phase of sleep, the cycle length

remains short, with only a few episodes of REM sleep.

However, as sleeping time progresses, the length of the

cycle increases along with a notable increase in REM sleep

frequency [4, 79]. The frequency of REM sleep increases

as the length of NREM sleep episodes become longer

[4, 79]. Given that the reduced ventilatory rate during a

prolonged NREM sleep episode may cause mild hyper-

capnia [4], the appearance of REM sleep would necessarily

be required to maintain normocapnia, and ASICs may also

be required in the state transition from NREM to REM

sleep. Mild hypercapnia increases the amount of NREM
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sleep as well as REM sleep frequency [31], but the

underlying mechanism is not clear. The LC provides NE to

almost every area in the brain [80] and modulates neuronal

functions primarily through a1-, a2-, and b-NE receptors

[78]. Studies have shown that a1- and b-receptors are

localized post-synaptically, while a2-receptors are present

both pre- and post-synaptically [78]. Activation of presy-

naptic a2- receptors in the LC inhibits NE release and

induces sleep [78, 81, 82], while the simultaneous blockade

of a1- and b-receptors elicits profound sedation [78].

Therefore, a plausible explanation for the increased NREM

sleep induced by mild hypercapnia is the decrease in

receptor affinity and/or down-regulation of NE receptor

density in the LC caused by mild hypercapnia [74–76],

which in turn may inhibit the neuronal activity and NE

release and subsequently induce NREM sleep. In addition,

mild hypercapnia increases the REM sleep frequency,

possibly through the modulation of GABA-ergic transmis-

sion. LC neurons are reportedly inhibited by GABA

neurons during REM sleep, primarily through pontine

REM-active glutamatergic/cholinergic neurons [83], and

the functions of GABA receptors can be altered by mild

hypercapnia [72]. Studies have reported that ASICs play an

essential role in maintaining GABA-ergic synaptic strength

by increasing the GABA-ergic inward current [84]. Hence,

ASICs in the LC are likely to be involved in the de-

protonation of GABA receptors under a hypercapnic state.

Therefore, the modulation of GABA-ergic neurons by

ASICs in the LC may be involved in the transition from

NREM to REM sleep (Fig. 7). Coinciding with such a

Fig. 7 A model illustrating the possible mechanism of state transition

from NREM to REM sleep. The LC modulates NREM sleep primarily

through a1-, a2-, and b-NE-ergic receptors. The deactivation of post-

synaptic a1- and b-receptors or the activation of pre-synaptic a2

autoreceptors within or outside the LC induces NREM sleep.

Prolonged NREM sleep causes mild hypercapnia, which, in turn,

augments NREM sleep, possibly by protonating NE-ergic receptors

(protonation causes receptor deactivation). Although the generation of

NREM sleep and mild-hypercapnia seem to be complementary to

each other, the nervous system does not remain in a persistent NREM

sleep-like hypercapnic state. Hence, the system may undergo

mandatory state transition, preferably to REM sleep, to restore

normocapnic conditions (increased breathing during REM sleep

restores normocapnia). Mild hypercapnia does not influence the

amount of REM sleep, but increases its frequency. Recurrent REM

sleep occurs through the activation of pontine GABA-ergic transmis-

sion. The pontine REM-active glutamatergic/cholinergic neurons

initiate REM sleep by inhibiting LC REM-OFF neurons through

GABAergic inter-neurons. ASICs play an essential role in maintain-

ing the GABA-ergic synaptic strength by increasing the GABA-ergic

inward current and de-protonating the GABA receptors during

hypercapnia. Hence, the activation of GABA-ergic receptors in the

LC may generate a state transition from NREM to REM. Thus, the

increased breathing rate during REM sleep restores normocapnic

conditions.
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proposition, our results also showed increased numbers of

NREM and decreased mild-hypercapnia-mediated REM

sleep episodes after blocking ASICs in the LC [4], which

has physiological implications as well. A persistent NREM

sleep–mediated hypercapnic state exists in the nervous

system, and this needs to be quickly overcome by

increasing the breathing rate during either wakefulness or

REM sleep [4]. Frequent arousal from NREM sleep is not a

normal physiological state, and leads to medical conditions

such as sleep apnea [4]. Hence, mild hypercapnia would

induce more REM sleep, and excess CO2can then be

eliminated by increasing the breathing rate without causing

wakefulness. Therefore, one function of REM sleep is to

maintain a normal brain CO2 level for sustained and

unperturbed sleep [4].

It has been shown that in some brain regions such as the

NTS, VLM, hypothalamus, and amygdala, ASICs under

low pH cause neuronal depolarization, but do not induce

depolarization under neutral pH (7.4) [39, 46, 55, 85].

Therefore, it is likely that blocking ASICs in the LC under

reduced pH (during hypercapnia) would cause hyperpolar-

ization in LC NE-ergic neurons. In our study, the latency of

NREM sleep did not change, but its episode length

increased significantly after blocking ASICs with APETx2.

These results suggest that ASICs per se may not be

involved in the generation of NREM sleep, but may

contribute to its maintenance as well as an efficient state

transition from NREM to REM sleep. Although the role of

ASICs in the modulation of LC neurons is not known,

patch-clamp recordings in the future would provide in-

depth information about alterations in the ASIC-mediated

currents of LC neurons.

In summary, our results show that the chemosensory

machinery of the LC may use ASICs to initiate pH-

dependent signaling cascades in neurons to modulate

sleep–wake architecture. We report that ASIC-2 and

ASIC-3 are present in the LC, and they are involved in

sleep–wake modulation. These findings support the notion

that sleep and ionic homeostasis are interlinked [86]. The

study provides insights into the mechanisms of state

transition from NREM to REM sleep. Our results suggest

that one of the functions of REM sleep is to maintain

normocapnia and avoid frequent arousals from sleep. Our

study may further provide potential therapeutic treatment

strategies for various sleep-related disorders, including

sleep apnea, congenital central hypoventilation syndrome,

and sudden infant death syndrome where chemosensory

and sleep–wake neural circuitries jointly play an active role

[87, 88].
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