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A novel GABAergic population in the medial
vestibular nucleus maintains wakefulness
and gates rapid eye movement sleep

Daiki Nakatsuka,1,3 Takeshi Kanda,1,2,3,4,* Makito Sato,1 Yukiko Ishikawa,1 Yoan Cherasse,1

and Masashi Yanagisawa1
SUMMARY

Body rocking can either induce sleep or arousal. That is, the vestibular sense influences sleep-wake states.
Neuronal interactions between sleep-wake systems and vestibular systems, however, remain unclear. In
this study, we found that GABAergic neurons in the lateral part of the medial vestibular nucleus (LMVN),
a primary vestibular afferent projection site, control sleep-wake states. Specific inhibition of LMVN
GABAergic neurons revealed that the firing of LMVN GABAergic neurons underlies stable wakefulness
and smooth transitions from non-rapid-eye-movement (NREM) sleep to rapid eye movement (REM) sleep
and that LMVNGABAergic neurons do not affect body balance control in freely moving conditions. Selec-
tive axonal tracing of LMVNGABAergic neurons indicated that LMVNGABAergic neurons send axons not
only toareas involved investibular andoculomotor functionsbutalso toareas regulating sleep-wake states.
Our findings suggest that LMVN GABAergic neurons stabilize wakefulness and gate the entry into REM
sleep through the use of vestibular information.

INTRODUCTION

Sleep has a vital role not only in the rest of the body but also in the individual life,1,2 yet the neural mechanisms governing sleep-wake states

remain largely unknown. Many cell groups in the brain have already been experimentally identified as sleep-wake regulatory neurons.3–5

Based on physiological and anatomical observations of the defined neurons involved in sleep-wake control, several neural circuit models

have also been proposed to explain how the brain organizes sleep and wakefulness,.6–9 Still, these models do not provide an integrated pic-

ture of sleep. This raises the possibility that existing concepts have overlooked different cell groups critical for sleep-wake control. Therefore,

searching for and discovering a novel sleep-wake regulatory neural population is necessary to understand sleeping and waking behaviors

comprehensively. Sleep-wake states and physical states are reciprocally influencing. Maintenance of posture requires stable wakefulness,

and body rocking can either promote sleep or arousal.10,11 These suggest neuronal interactions between the sleep-wake systems and the

vestibular systems, but their physiological and anatomical relationships remain largely unresolved. In this study, we focused on the vestibular

nucleus (VN) which is a large key brain area for the vestibular sense andmight be involved in sleep.12–15 Targeting GABAergic neurons, which

constitute small and diverse subgroups of VN neurons and whose functions are not fully understood,16–18 we performed GABAergic neuron-

specific exploration of novel sleep-wake-regulatory neurons in the VNwithGlutamate decarboxylase 1 (GAD1or also calledGAD67)-Cremice

in which Cre is expressed only in GABAergic neurons19 and an inhibitory Designer Receptor Exclusively Activated by a Designer Drug

(DREADD) hM4Di20,21 and Cre recombinase (Cre)-inducible adeno-associated viral (AAV) vectors. We systematically and selectively sup-

pressed firing of GABAergic neurons in and around the VN and assessed the effects on sleep-wake states, revealing that the lateral part

of the medial vestibular nucleus (LMVN) contains a novel GABAergic component for sustaining wakefulness.
RESULTS

Targeted suppression of GABAergic neurons in the lateral part of the medial vestibular nucleus

To elucidate how the vestibular system is involved in the sleep-wake system, we locally suppressed neural activity in the areas within or around

the medial vestibular nucleus (MVN), a pivotal center for vestibular sensory signal processing located in the medulla, and searched for

neuronal populations affecting the sleep-wake state. Here, we report the investigation of GABAergic neurons in the lateral part of the medial

vestibular nucleus (LMVN). To achieve the selective inhibition of GABAergic neurons in the LMVN, Cre-dependent AAV vectors encoding
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Figure 1. Experimental design and confirmation of selective inhibition of LMVN GABAergic neurons

(A) Schematic diagram of Cre-inducible AAV vector expressing hM4Di fused to mCherry under control of human synapsin I promoter. DIO, double-floxed

inverted open reading frame; ITR, inverted terminal repeat; hSyn, human synapsin I promoter; WPRE, woodchuck hepatitis virus post-transcriptional

regulatory element; pA, poly-A tail.

(B) Schematic of bilateral injection of AAV. The outline adapted from the brain atlas of Franklin and Paxinos22 represents a coronal section at the level of the

medulla oblongata corresponding to 6.12 mm posterior to bregma. Red vertical lines and circles indicate the injection capillaries and targets, respectively.

(C) Representative images of the coronal brain sections of a GAD1/LMVN/M4 mouse. Confocal fluorescence images (red) and differential interference contrast

(DIC) images (gray) are merged. (Left) Wide-field images of the coronal sections. Each value in the upper left corner indicates the anterior-posterior (AP)

coordinate from bregma (mm). (Right) Magnified images corresponding to five frames with numbers in left wide-field images (C1-5). Fluorescence images

are captured in z stack and projected with maximum intensity. Anatomical abbreviations are listed in Table 1. See also Figure S1.

(D) Representative projected z stack confocal images of fluorescence in situ hybridization (FISH) for Gad1mRNA (Left, green) and immunohistochemistry (IHC) for

hM4Di-mCherry (Middle, red) in the LMVN of a GAD1/LMVN/M4 mouse. Merged image of (Left) and (Middle) displays colocalization (Right).

(E) Fluorescence (Left, red) and Dodt gradient contrast (Right, gray) images of the LMVN of a GAD1/LMVN/M4mouse in the same field of view. The patch pipette

is seen on the right side.

(F) Representative recording from an hM4Di-expressing LMVN neuron of a GAD1/LMVN/M4 mouse in the current-clamp configuration. The solid bar indicates

the duration of 5 mMCNO application (5 min). The dotted line denotes 0 mV. Spontaneous action potentials in LMVN neurons expressing hM4Di were inhibited

by the application of CNO and recovered after washout.

(G) The mean firing rate of the LMVN neuron expressing hM4Di before (black circles, Baseline) and during (red circles, CNO) the application of CNO. Data

obtained from the same cell are connected with a line. *p < 0.05, Wilcoxon signed-rank test.
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hM4Di fused to mCherry were injected bilaterally into the LMVN of GAD1-Cre mice (called GAD1/LMVN/M4 mice here) (Figures 1A and 1B).

The expression patterns of hM4Di indicated by mCherry fluorescence were analyzed in the brains of all GAD1/LMVN/M4 mice used for elec-

troencephalogram and electromyogram (EEG/EMG) recordings. For the following sleep analysis (Figures 2, 3, and 4), we accepted only data

from the GAD1/LMVN/M4 mice in which hM4Di was expressed bilaterally in the LMVN but not or rarely in the surrounding areas which have

been already reported to be involved in the regulation of sleep-wake states: the medial parabrachial nucleus (MPB), locus coeruleus (LC),

laterodorsal tegmental nucleus (LDTg), sublaterodorsal tegmental nucleus (SLD), parafacial zone (PZ), dorsal and lateral paragigantocellular

reticular nucleus (DPGi and LPGi), gigantocellular reticular nucleus (Gi), and Gi ventral part (GiV) (Figures 1C and S1).7,23–26 Although AAV

vectors could induce retrograde gene transduction via axonal infection in some cases,27 no evident expression of hM4Di was detected in

areas distant from the LMVN in GAD1/LMVN/M4 mice (Figures 1C and S1; other areas, data not shown). Histological analysis of the

LMVN of GAD1/LMVN/M4 mice confirmed that hM4Di was expressed exclusively in GABAergic neurons (Figure 1D; 93.6% of mCherry-pos-

itive cells expressedGAD1mRNA, 772 of 825 cells from 3mice). In the LMVN of GAD1/LMVN/M4mice, hM4Di-expressing neurons exhibited

spontaneous action potentials (Figures 1E and 1F). Application of the selective agonist of hM4Di clozapineN-oxide (CNO) almost completely

inhibited the spontaneous firing of LMVN neurons expressing hM4Di (Figures 1F and 1G; before 3.93G 0.80 Hz; during 0.06G 0.03 Hz, n = 6

cells, p = 0.03). These results indicate that the administration of CNO into GAD1/LMVN/M4mice effectively and specifically inhibits the firing

of GABAergic neurons in the LMVN, an unexplored area regarding sleep-wake control.
Lateral part of the medial vestibular nucleus GABAergic neurons maintain wakefulness during the active phase

To examine if LMVN GABAergic neurons have an intrinsic ability to regulate sleep-wake states, the sleep-wake patterns of GAD1/LMVN/M4

micewere observed for 24 h following the intraperitoneal (IP) administration of CNOor saline. First, GAD1/LMVN/M4micewere administered

CNO at the onset of the dark phase zeitgeber time 12 (ZT12) when mice are most active. Administration of CNO at ZT12 exerted unexpected

effects on sleep-wake patterns in GAD1/LMVN/M4 mice: NREM sleep occupied a large part of the 5 h following the administration of CNO

(Figure 2A; note that effects of CNO administration on GAD1/LMVN/M4mice were evaluated in compared to that of saline, unless otherwise

stated). The hourly amounts of NREM sleep in GAD1/LMVN/M4mice were markedly increased at the expense of wakefulness for the first 5-h

periods (ZT12–17) following the administration of CNOat ZT12 (Figure 2C;Wake F(1,7)R 13.07, p < 0.01; NREMF(1,7)R 14.66, p < 0.01; n = 8

mice). No significant changes were observed in hourly amounts of wakefulness and NREM sleep over the subsequent hours, but for two time

periods (Figure 2C; an increase in Wake for ZT19–20, F(1,7) = 6.45, p = 0.04; a decrease in NREM for ZT21–22, F(1,7) = 7.39, p = 0.03; for all

other periods,Wake, F(1,7)% 5.33, p > 0.05; NREM, F(1,7)% 5.44, p > 0.05). Thus, the data acquired during the first 5 h after the administration

of CNOor saline were used for a simple comparison between conditions. Also, in the 5-h data, the administration of CNO at ZT12 remarkably

increased the total time of NREM sleep at the expense of wakefulness in GAD1/LMVN/M4 mice (Figure 2C; Wake, D (= CNO – saline)

�132.8 G 14.4 min, p = 0.01; NREM, D +131.0 G 13.9 min, p = 0.01). A large increase in the total time of NREM sleep in GAD1/LMVN/

M4 mice following the administration of CNO at ZT12 was due to an augmentation not in the duration but in the number of NREM sleep

episodes (Figures 3A and 3B; the duration, D +1.9G 0.8 min, p = 0.69; the number, D +26.2G 3.5, p = 0.01). In addition, the administration

of CNO at ZT12 decreased the duration and increased the number of wake episodes in GAD1/LMVN/M4 mice (Figures 3A and 3B; the dura-

tion, D �19.8 G 4.9 min, p = 0.01; the number, D +22.4 G 3.4, p = 0.01), reflecting severely fragmented wakefulness due to the frequent

appearance of NREM sleep episodes (Figure 2A). These findings indicate that LMVNGABAergic neurons are essential for maintaining wake-

fulness in the active phase. In addition, in GAD1/LMVN/M4 mice, hM4Di was expressed in a part of the MVN (Figures 1C and S1). Thus, the

inhibition of LMVN GABAergic neurons could potentially impact the vestibular function of mice. GAD1/LMVN/M4 mice exhibit no obvious

sign of dizziness after the administration of CNO at ZT12 (Videos S1 and S2). Quantifying neck EMG activity during wakefulness, which reflects
iScience 27, 109289, March 15, 2024 3



Figure 2. Suppression of LMVN GABAergic neurons decreases the total amounts of wakefulness and REM sleep

(A) The representative hypnograms after the administration of saline (upper) or CNO (lower) into a GAD1/LMVN/M4mouse at ZT12. Purple, green, and light blue

lines indicate the duration of wakefulness (W), NREM sleep (N), and REM sleep (R), respectively. Arrowheads on the upper side denote the timing of

administration. Recordings during IP administration were not shown (blank).

(B) Same as (A), but the administration at ZT0.
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Figure 2. Continued

(C) The plots in the left column show hourly mean amounts of wakefulness (upper), NREM sleep (middle), and REM sleep (lower) in GAD1/LMVN/M4mice during

the first 24 h following the administration of saline (black circles) or CNO (red circles) at ZT12 (n = 8 mice). Arrowheads denote the timing of administration. Error

bars indicateGSEM. The total values for the first 5 h following the administration of saline (black circles) or CNO (red circles) at ZT12 are shown in the right column,

in which data obtained from the same mouse are connected with a line. Wake, NREM, and REM represents wakefulness, NREM sleep, and REM sleep,

respectively, in this and the following figures.

(D) Same as (C), but administered at ZT0 (n = 14 mice). The hourly amount of wakefulness in GAD1/LMVN/M4mice was significantly different between saline and

CNO groups (F(1,13) = 6.504, p = 0.02), however, there was no statistically significant interaction effect between group (saline and CNO) and time point

throughout 24 h following administration (F(23,299) = 1.439, p = 0.09). *p < 0.05, two-way repeated measures ANOVA followed by Bonferroni’s multiple

comparison test (C left and D left) or Wilcoxon signed-rank test (C right and D right). The light gray background indicates data obtained from experiments

during the dark phase in this and the following figures.
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eye-head gaze shifts,28 also indicated no significant difference in head orientation behavior between the administration of saline and CNO

(Figure S4; variance, p = 0.15; integral, p = 0.25, n = 7 mice). These results suggest that the chemogenetic inhibition of LMVN GABAergic

neurons has a negligible influence on known vestibular functions at least in freely moving conditions.
Also, in the rest phase, lateral part of the medial vestibular nucleus GABAergic neurons sustain wakefulness

Circadian rhythm is crucial in regulating the sleep-wake cycle, which emerged as a distinct sleep-wake pattern during the light and dark

phases.29–32 To investigate whether LMVN GABAergic neurons contribute to sleep-wake control not only in the dark phase but also in the

light phase, GAD1/LMVN/M4 mice (n = 14 mice) were next subjected to the administration of CNO at the onset of the light phase ZT0

whenmice are falling asleep. During the initial 5 h following the administration of CNOat ZT0, the total amount of wakefulnesswas decreased,

the duration of wake episodes was also reduced, and the number of wake episodes was increased in GAD1/LMVN/M4 mice (Figures 2D, 3C,

and 3D; the total time, D�25.9G 6.3 min, p = 0.004; the episode duration, D�2.0G 0.3 min, p = 0.004; the number of episodes, D +7.93G

3.08, p = 0.04), which were similar to that of the administration of CNO at ZT12 (Figures 2C, 3A, and 3B) but the changes were significantly

more minor compared with administration at ZT12 (D at ZT12 versusD at ZT0; the total time, p = 0.0002; the episode duration, p = 0.0002; the

number of episodes, p = 0.01; Wilcoxon rank-sum test). In addition, changes in the hourly amounts of wakefulness in GAD1/LMVN/M4 mice

did not reach statistical significance over the 24 h following the administration of CNO at ZT0 (see legends to Figure 2D). The hourly amounts

of NREM sleep in GAD1/LMVN/M4 mice were significantly increased during the first 3 h following the administration of CNO at ZT0 (ZT0–3,

F(1,13)R 5.10, p < 0.04), but not during the subsequent hours (F(1,13)% 3.91, p > 0.07) except for during ZT21–22 (F(1,13) = 4.89, p = 0.046)

(Figure 2D). During the first 5 h following the administration of CNOat ZT0, the total amount of NREM sleep inGAD1/LMVN/M4micewas also

increased (Figure 2D;D +33.7G 7.2 min, p = 0.004), but the change was smaller than that of administration at ZT12 (D at ZT12 versusD at ZT0,

p = 0.0002, Wilcoxon rank-sum test). Unlike administration at ZT12, both the duration and the number of NREM sleep episodes in GAD1/

LMVN/M4 mice were not altered following the administration of CNO at ZT0 (Figures 3C and 3D; the duration, D +0.5 G 0.3 min, p =

0.96; the number, D +2.93G 2.66 p = 0.12), of which, however, no significant changes in the number of NREM sleep episodes could attribute

no ‘‘net’’ effect of CNO administration on the transition to NREM sleep (see later in discussion and Figure 4). Administration of CNO at ZT0

produced similar but smaller effects on wakefulness and NREM sleep in GAD1/LMVN/M4 mice as compared to the administration at ZT12,

suggesting that the firing of LMVN GABAergic neurons has a role in the maintenance of wakefulness throughout the day and night, but the

need in the rest period is less than in the active period.
Lateral part of the medial vestibular nucleus GABAergic neurons control the number, but not the duration, of rapid eye

movement sleep episodes in the rest phase

Under natural conditions, REM sleep follows NREM sleep. However, the administration of CNO at ZT12 in GAD1/LMVN/M4mice caused the

frequent appearance of NREM sleep episodes (Figures 2C, 3A, and 3B), but had no significant effect on any of the measures of REM sleep

(Figures 2C, 3A, and 3B; the hourly amount, F(1,7) % 4.13, p > 0.08; the total time for the first 5 h, D +1.0 G 1.5 min, p = 0.31; the episode

duration, D +0.7 G 0.3 min, p = 0.91; the number of episodes, D 0.00 G 1.56, p = 0.87), suggesting that the appearance and maintenance

of REM sleep during the active period is controlled normally even when the states of wakefulness and NREM sleep are highly disrupted

by the inhibition of LMVN GABAergic neurons. Unlike administration at ZT12, the hourly amounts of REM sleep in GAD1/LMVN/M4 mice

were continuously decreased during the initial 4-h periods following the administration of CNO at ZT0 (ZT0–4 F(1,13) R 5.65, p < 0.02), fol-

lowed by sporadic increases in REM sleep (ZT16–17, 19–20, and 21–22; F(1,13) R 5.04, p < 0.05; other time points; F(1,13) % 2.35, p > 0.14)

(Figure 2D). Reflecting the changes in the hourly amount of REM sleep, the cumulative amount of REM sleep in GAD1/LMVN/M4 mice also

decreased after the administration of CNO at ZT12 but recovered to the control level (administration of saline) within 24 h of administration

(Figure S2; ZT0–11, and ZT12–13, F(1,13) R 5.65, p < 0.04; ZT19–24/0, F(1,13) % 0.17, p > 0.70), suggesting that the inhibition of LMVN

GABAergic neurons in the light period reduces the amount of REM sleep, but does not disturb the following homeostatic recovery responses.

During the first 5 h following the administration of CNO at ZT0, GAD1/LMVN/M4 mice showed a large reduction in the total amount of REM

sleep (Figure 2D; D �9.1 G 1.9 min, p = 0.001), which was due to a decrease in not the duration but the number of REM sleep episodes

(Figures 3C and 3D; the duration, D +0.1 G 0.1 min, p = 0.15; the number, D �9.5 G 1.8, p = 0.001). These findings suggest that the activity

of LMVN GABAergic neurons controls the appearance, but not the maintenance, of REM sleep in the light phase.
iScience 27, 109289, March 15, 2024 5



Figure 3. Inhibition of LMVN GABAergic neurons prevents sustained wakefulness

(A) The mean episode duration of wakefulness (left), NREM sleep (middle), and REM sleep (right) in GAD1/LMVN/M4 mice for the first 5 h following the

administration of saline (black circles) or CNO (red circles) at ZT12. Data obtained from the same mouse are connected with a line (n = 8 mice).

(B) The number of episodes of wakefulness (left), NREM sleep (middle), and REM sleep (right) in GAD1/LMVN/M4mice for the first 5 h following the administration

of saline (black circles) or CNO (red circles) at ZT12. Data obtained from the same mouse are connected with a line (n = 8 mice).

(C) Same as (A), but administered at ZT0 (n = 11 mice).

(D) Same as (B), but administered at ZT0 (n = 11 mice). *p < 0.05, Wilcoxon signed-rank test.
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Lateral part of the medial vestibular nucleus GABAergic neurons gate the entry into rapid eye movement sleep in the rest

phase

To clarify the process of fragmented wakefulness and less appearance of REM sleep by the inhibition of LMVN GABAergic neurons, the

transitions between sleep and wake states in GAD1/LMVN/M4 mice for the first 5 h following the administration of CNO were calculated.

As predicted from fragmented wakefulness (Figures 2 and 3), the transitions of wakefulness to and from NREM sleep in GAD1/LMVN/M4

mice were increased following the administration of CNO at ZT12 (Figure 4A; D[W to N] +24.1 G 3.1, p = 0.01; D[N to W] +24.0 G 37, p =

0.01) and ZT0 (Figure 4B; D[W to N] +7.7 G 3.2, p = 0.04; D[N to W] +11.4 G 2.9, p = 0.004), indicating that LMVN GABAergic neurons

stabilize the state of wakefulness via suppression of wake-to-NREM transitions during both the light and dark periods. NREM-to-REM tran-

sitions in GAD1/LMVN/M4 mice were decreased by the administration of CNO at ZT0 but not at ZT12 (Figures 4A and 4B; D[N to R], ZT12,

-0.1 G 0.9, p = 0.93; ZT0, -9.2 G 1.8, p = 0.001), raising the possibility that the activity of LMVN GABAergic neurons affect the diurnal vari-

ation of appearance of REM sleep (e.g., not only the number but also the probability of the NREM-to-REM transitions is increased during

the light phase as compared to during the dark phase in the rodents.33). The circadian alterations in the probability of NREM-to-REM tran-

sitions (see legends to Figure 4C) were also observed in GAD1/LMVN/M4 mice during the first 5 h following the administration of saline

(Figures 4C and 4D; ZT0, 0.58 G 0.03, n = 7 mice; ZT12, 0.23 G 0.08, n = 14 mice; p = 0.002, Wilcoxon rank-sum test), which were signif-

icantly decreased following the administration of CNO at ZT0 (Figure 4D; D �0.27G 0.04, p = 0.001) but not at ZT12 (Figure 4C; D �0.14G

0.09, p = 0.12). These results suggest that the activity of LMVN GABAergic neurons increases the probability of entry into REM sleep

following NREM sleep, especially in the rest phase. As a consequence of less appearance of REM sleep in GAD1/LMVN/M4 mice following

the administration of CNO at ZT0 (Figures 3 and 4), the number of REM-to-NREM transitions was decreased (Figures 4A and 4B; D[R to N],

ZT0, -9.2 G 1.8, p = 0.001; ZT12, -0.1 G 1.5, p = 0.93), which resulted in no net change in the number of the transition to NREM sleep (the

net change, D[W to N] + D[R to N], ZT0, 2.1 G 2.7; ZT12, 24.0 G 3.5) and thereby no significant change in the number of NREM sleep

episodes following the administration of CNO at ZT0 (Figures 3D and 4B). The probability of REM-to-NREM transitions in GAD1/LMVN/

M4 mice was not altered following the administration of CNO (Figures 4C and 4D; ZT12, D �0.06 G 0.08, p = 0.36; ZT0, D �0.14 G

0.28, p = 0.69), suggesting that LMVN GABAergic neurons do not influence the decision to enter either wakefulness or NREM sleep after

REM sleep episodes.

Some reports have shown that stimulation and lesions of vestibular systems affect oscillatory activity in EEG.34–37 The delta, theta, beta, and

alpha waves were changed, albeit with small differences, following the administration of CNO in GAD1/LMVN/M4 mice during some sleep-

wake states (Figure S3), suggesting that the activity of LMVN GABAergic neurons also influences the EEG waves. However, a significant in-

crease in the delta wave activity during NREM sleep, an indication of sleep need,38–40 was not observed in GAD1/LMVN/M4 mice during
6 iScience 27, 109289, March 15, 2024



ll
OPEN ACCESS

iScience 27, 109289, March 15, 2024 7

iScience
Article



Figure 4. Suppression of LMVN GABAergic neurons promotes wake-to-NREM transinsions but impedes NREM-to-REM transitions in the light phase

(A) The number of transitions between sleep-wake states in GAD1/LMVN/M4mice for the first 5 h following the administration of saline (black circles) or CNO (red

circles) at ZT12. Data obtained from the same mouse are connected with a line (n = 8 mice). W, N, and, R indicate wakefulness, NREM sleep, and REM sleep,

respectively. Arrows denote the direction of the transition. A1, W to N; A2, N to W; A3, R to W; A4, W to R; A5, N to R; A6, R to N.

(B) Same as (A) but the administration at ZT0 (n = 14 mice).

(C) Probability of transitions between sleep-wake states in GAD1/LMVN/M4 mice for the first 5 h following the administration of saline (black circles) or CNO (red

circles) at ZT12. Transition probability (as an example, N to R) was calculated by dividing the number of the N to R transitions by the total number of transitions

from N to W or R. The mice in which N or R was not observed for the first 5 h following the administration of saline or CNO were discarded from the analysis of

transition probability (N to R, n = 7 mice; R to N, n = 5 mice).

(D) Same as (C), but for administration at ZT0 (n = 14 mice; no mice were discarded). *p < 0.05, Wilcoxon signed-rank test.
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NREM sleep following the administration of CNO (Figure S3), suggesting that sleep need detectable by EEG is not enhanced during the in-

hibition of LMVN GABAergic neurons.

Lateral part of the medial vestibular nucleus GABAergic neurons send their axons to the sleep-wake systems as well as the

vestibular and ocular systems

In GAD1/LMVN/M4 mice, most hM4Di-expressing cells lay in the MVN (Figures 1 and S1). MVN GABAergic neurons are components of the

vestibular commissural, vestibulo-ocular, vestibulo-olivary, and vestibule-spinal pathways.41,42 A recent report has clarified efferent distribu-

tion ofMVNGABAergic neurons to the vicinity of themedulla,43 however the long-distance and cell-type specific projection patterns from the

LMVN have yet to be elucidated. To understand how LMVNGABAergic neurons organize sleep-wake states, the axonal projections of LMVN

GABAergic neurons were traced using Cre-driven AAV vectors encoding GFP fused to the palmitoylation domain of growth-associated pro-

tein 43 (palGFP) (Figure 5A). Viral vector-mediated gene transfer of palGFP enables precise visualization of the axonal arbors in the mamma-

lian brain.44–46 Cre-inducible AAV vectors encoding palGFP were unilaterally injected into the LMVN of GAD1-Cre mice (Figure 5B), resulting

in the selective expression of palGFP in LMVN GABAergic neurons (Figure 5C; 98.7% of palGFP-expressing cells in the LMVN were GAD1

mRNA-positive, n = 1444 cells from 3 mice). GFP-labeled cell bodies were found in the LMVN on the ipsilateral side of the injection. The pro-

jections to the contralateral MVN were also observed (Figure 5D), corresponding to the inhibitory commissural pathways between the bilat-

eral MVN.47–50 Axonal projections of LMVNGABAergic neurons were examined from the forebrain to themedulla (Table 1; n = 3mice). Axons

of LMVNGABAergic neurons were detected in the components of the vestibular and ocular systems: the vestibular nuclei (themedial, lateral,

superior, and descending vestibular nucleus (MVN, LVN, SVN, andDVN)), nucleus x and y, nuclei of cranial nerves (the oculomotor (3N), troch-

lear (4N), abducens (6N), and hypoglossal nucleus (12N)), medial longitudinal fasciculus (MLF) ascending to the interstitial nucleus of Cajal

(InC) and nucleus of Darkshevich (Dk), and cerebellar flocculus (Fl) (dark blue in Table 1; Figure 5E), which are consistent with previous reports

using other techniques.41,42 Unexpectedly, dense projections from LMVN GABAergic neurons were found in other areas (Figure 6A). The

nuclei of the horizontal and vertical limb of the diagonal band (HDB and VDB), and medial septal nucleus (MS), in which LMVN

GABAergic axons were found (magenta in Table 1; Figure 6A), are involved in the generation of the EEG theta rhythm but not sleep-wake

control,51–55 suggesting that the modulation of the theta component of EEG wave in GAD1/LMVN/M4 mice following CNO administration

(Figure S3) is caused by blockage of GABAergic transmission from the LMVN to MS, HDB, and VDB. Axons of LMVN GABAergic were de-

tected in the lateral and posterior hypothalamic areas (LH and PH),mammillary nuclei, interpeduncular nuclei (IPN), ventrolateral PAG (vlPAG),

median raphe nucleus (MnR), dorsomedial tegmental area (DMTg), parabrachial area (PB), LDTg, and pons central gray (PCG) (magenta in

Table 1; Figure 6A), which are through to regulate sleep-wake states.56–58 The anatomical connectivity between the MVN and sleep-wale-

related areas is consistent with a histological study in the hamster.59 These findings suggest that LMVN GABAergic neurons could control

sleep-wake states through direct connectivity with hypothalamic and brainstem sleep-wake regulatory areas (see discussion).

DISCUSSION

We discovered a novel sleep-wake-regulatory GABAergic population residing in the LMVN. Selective suppression of LMVNGABAergic neu-

rons revealed that they are crucial inmaintainingwakefulness and entry into REM sleep during the rest period. Furthermore, specific tracing of

axons of LMVN GABAergic neurons disclosed a novel GABAergic circuit from LMVN to brain areas critical for sleep-wake control.

Lateral part of the medial vestibular nucleus GABAergic neuronal population is a novel regulatory component for

wakefulness

Cre-dependent AAV vectors encoding hM4Di were randomly injected into the brainstem of GAD1-Cre mice to search for a novel GABAergic

population critical for sleep-wake control. In GAD1/LMVN/M4 mice, hM4Di-mCherry was expressed mainly in the LMVN (Figures 1 and S1),

which could be due to the non-uniform distribution of GABAergic neurons in the dorsal medulla: GABAergic neurons comprise less than 10%

of neurons in the vestibular nuclei, and the largest number is located in the MVN.16–18 Acute inhibition of LMVNGABAergic neurons showed

that LMVNGABAergic neurons suppress wake-to-NREM transitions, underlyingmaintenance of wakefulness (Figures 2, 3, and 4). This finding

does not conflict essentially with the transection studies (e.g., the animals transected at the pontomedullary junction frequently show a quies-

cent state60). Still, it is inconsistent with a lesion study showing that the lesion of vestibular nuclei does not alter sleep-wake patterns in cats.61

This inconsistency could be due to a homeostatic compensation commonly observed in sleep-wake control following the ablation of brain
8 iScience 27, 109289, March 15, 2024
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Figure 5. Experimental design and confirmation of specific tracing of LMVN GABAergic axons

(A) Schematic diagram of Cre-inducible AAV vector expressing palGFP under control of EF1a promoter. Other abbreviations are defined in Figure 1A.

(B) Schematic of unilateral injection of AAV. The outline is the same as Figure 1B. Green vertical line and circle indicate the injection capillary and target,

respectively.

(C) Representative projected z stack confocal images of IHC for palGFP (Left, green) and FISH for Gad1mRNA (Middle, red) in the LMVN of the GAD1-Cre mouse

injected with Cre-inducible AAV vector expressing palGFP. Merged image of (Left) and (Middle) displays colocalization (Right).

(D) Representative images of the coronal brain section of a GAD1-Cre mouse injected unilaterally with Cre-inducible AAV vectors encoding palGFP into the

LMVN. (Left) Wide-field images of the coronal sections. The value in the upper left corner indicates the AP coordinates from bregma (mm). AAV vectors were

injected into the right side (a white frame). The contralateral projections were observed on the left side. (Right) Magnified images corresponding to a white

frame in the left wide-field image.

(E) Confocal fluorescence images of the coronal sections in which a high density of GFP-positive axons was detected. Each value in the upper side indicates the AP

coordinates from bregma (mm). Fluorescence images are captured in z stack and projected with maximum intensity. The right side of the image corresponds to

the ipsilateral side of the injection. Anatomical abbreviations are listed in Table 1.
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areas (e.g., chronic dysfunctions of a wake-promoting center the LC have less effect on sleep-wake states than acute ones) and specific inac-

tivation of LC noradrenergic neurons.62–65 Activation of MVN neurotensin neurons, presumable GABAergic/glycinergic neurons, increases

NREM sleep but decreases REM sleep.13 The different effects and locations from LMVN GABAergic neurons suggest that there are multiple

populations of inhibitory neurons with distinct functions for sleep regulation in the MVN.

In general, the stabilization of wakefulness is mediated through lowering homeostatic sleep drive so-called sleep need or enhancing neu-

ropeptide orexin/hypocretin signaling. Suppression of LMVN GABAergic neurons caused the fragmented wakefulness but did not alter the

supposed representation of sleep need: the duration of NREM sleep episodes and delta-wave activity in EEG during NREM sleep (Figures 3,

4, and S3). Fragmentedwakefulness is also observed inmice lacking neuropeptide orexin signaling.66–69 However, loss of orexin signaling also

exhibits other sleep abnormalities, such as direct wake-to-REM transitions, suggesting that roles of LMVNGABAergic neurons in sleep-wake

control might be overlapped with but not entirely equivalent to those of orexin neurons. Taken together, the activity of LMVN GABAergic

neurons maintains wakefulness through mechanisms somewhat independent of sleep need and orexin system.

Potential mechanisms underlying maintenance of wakefulness through lateral part of the medial vestibular nucleus

GABAergic neurons

To understand the mechanisms underlying LMVN GABAergic maintenance of wakefulness, it is first necessary to clarify the anatomical

relationships. VN GABAergic projection to the brainstem has been the subject of many studies, including recent genetic methods,43

but the whole-brain analysis has been lacking. Our whole-brain analysis of LMVN GABAergic projections uncovered unknown anatomical

connectivity (Table 1), providing insights into the functional relevance to several possible mechanisms for the stabilization of wakefulness

through LMVN GABAergic neurons. One possible mechanism is the direct interference with thalamocortical oscillations,9 which is unfor-

tunately unlikely due to rare projections of LMVN GABAergic neurons found in the cerebral cortex and the thalamus. Another possible

mechanism is the suppression of sleep-promoting neurons by LMVN GABAergic neurons, as firing rate of MVN neurons increases during

wakefulness and decreases during NREM sleep.70,71 Dense projections from LMVN GABAergic neurons were detected in vestibular and

oculomotor-related areas and the connected areas such as the LM, Dk, ECu, DMTg, X, and Y (see Table 1 for non-abbreviated names).72–76

Interestingly, in the hypothalamus and the brainstem, all non-vestibular-ocular-related areas with dense LMVN GABAergic projections

were sleep-wake-regulatory areas: the hypothalamus, the LH, PH, SuMM, and TMN; the brainstem, IPN, vlPAG, MnR, PB, KF, LDTg,

and PCG (Table 1), of which an effective area for the LMVN GABAergic suppression of NREM sleep might be the vlPAG where NREM

sleep-promoting neurons reside.77 The ventrolateral preoptic nucleus (VLPO), a moderately dense projection site of LMVN GABAergic

neurons, is well known as a sleep-promoting area,78 thus the VLPO could also be an effective efferent site for the LMVN GABAergic sup-

pression of NREM sleep.

Another possible mechanism for stabilizing wakefulness is the optimization of wake-promoting neuron activity via GABAergic inhibitory

tone. For example, the activity of LC noradrenergic (NA) neurons, a regulator of arousal,63,79,80 is adjusted by local GABAergic interneurons in

the LC,81 and the excessive activation and the inactivation of LC NA neurons result in behavioral arrests and increased wake-to-NREM sleep

transitions, respectively.63 Thus, to stabilize wakefulness, the activity of wake-promoting neurons, such as LC NA neurons, should be opti-

mized to a limited range. Because of LMVN GABAergic moderate projections to the LC and dense projections to several wake-promoting

areas such as the LH, PH, SuMM, TMN, andMPB,82,83 LMVNGABAergic neurons could stabilize the state of wakefulness through direct inhib-

itory modulation or indirect control of wake-promoting neurons via inhibitory local interneurons.

A role of lateral part of the medial vestibular nucleus GABAergic neurons in controlling rapid eye movement sleep

REM sleep was also affected by the inhibition of LMVNGABAergic neurons: the transition probability of NREM-to-REM decreased despite an

increase in wake-to-NREM transitions (Figures 3 and 4), suggesting that the activity of LMVNGABAergic neurons opens the gate of the entry

into REM sleep. The duration of REM episodes was not changed by the inhibition of LMVN GABAergic neurons (Figure 3), indicating that

LMVN GABAergic neurons do not contribute to maintenance of REM sleep. The inhibition of the entry into REM sleep caused by the sup-

pression of LMVN GABAergic neurons was more pronounced in the light phase simply because the probability of the transitions from

NREM to REM sleep is increased in rodents during the light phase.33 Electrophysiological and c-Fos immunohistochemical studies have
10 iScience 27, 109289, March 15, 2024



Table 1. Projection areas from LMVN GABAergic neurons

Brain area Axon Brain area Axon

Cerebral cortex Ventromedial preoptic nucleus +

Agranular insular cortex – Hypothalamus

Cingulate cortex – Accessory olfactory tract +

Dorsal peduncular cortex – Anterior hypothalamic area +

Dysgranular insular cortex – Anteroventral periventricular nucleus +

Granular insular cortex – Arcuate nucleus of the hypothalamus +

Indusium griseum – Dorsal hypothalamic area +

Infralimbic cortex – Dorsal tuberomammillary nucleus ++

Neocortex (all four lobes) – Dorsomedial hypothalamic nucleus ++

Prelimbic cortex – A Lateral hypothalamic area (LH) +++

Rhinencephalon B Lateral mammillary nucleus (LM) +++

Organum vasculosum + Lateral part of the supramammillary nucleus (SuML) ++

Piriform area – Lateral preoptic area ++

Tenia tecta – Medial mammillary nucleus (MM) +

Basal forebrain and septum A Medial part of the supramammillary nucleus (SuMM) +++

Fornix + Median eminence –

Lambdoid septal zone + Nigrostriatal tract +

Lateral septal nucleus + Parasubthalamic nucleus +

Medial forebrain bundle + Paraventricular nucleus of the hypothalamus +

Medial septal nucleus (MS) ++ Pedunclar part of lateral hypothalamus ++

Nucleus basalis of Meynert + A Posterior hypothalamic area (PH) +++

A Nucleus of the horizontal limb of the diagonal band (HDB) +++ Premammillary nucleus ++

A Nucleus of the vertical limb of the diagonal band (VDB) +++ Retrochiasmatic area +

Septofimbrial nucleus + Septohypothalamic nucleus ++

Substantia innominata (SI) ++ Stria terminalis +

Ventral pallidum + Subincertal nucleus ++

Basal ganglia and claustrum Subparaventricular zone +

Claustrum – Suprachiasmatic nucleus +

Endopiriform claustrum + Supraoptic decussations ++

Globus pallidus – Supraoptic nucleus +

Nucleus accumbens + A Tuberomammillary nucleus (TMN) +++

Striatum – Ventromedial hypothalamic nucleus +

Subthalamic nucleus + Amygdala and bed nucleus of the stria terminalis +

Epithalamus Basolateral nucleus of the amygdala –

Lateral habenula – Bed nucleus of the stria terminalis +

Medial habenula – Cortex-amygdala transition zone –

Stria medullaris + Cortical amygdaloid area +

Thalamus Extended amygdala ++

Anterior pretectal nucleus ++ Medial amygdaloid nucleus +

Dorsal lateral geniculate nucleus + Mentral amygdaloid nucleus +

Intergeniculate leaf – Nucleus of the lateral olfactory tract +

Medial lemniscus (mL) + Hippocampus

Mediodorsal thalamic nucleus, lateral part + CA1 field –

Nucleus of the fields of Forel + CA2 field –

Nucleus of the posterior commissure ++ CA3 field –

(Continued on next page)
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Table 1. Continued

Brain area Axon Brain area Axon

Nucleus reuniens + Dentate gyrus –

Paracentral thalamic nucleus + Septohippocampal nucleus +

Parafascicular thalamic nucleus + Midbrain

Paratenial nucleus + Anterior pretectal nucleus +

Posterior intralaminar thalamic nucleus + Central nucleus of the inferior colliculus –

Posterior thalamic nuclear group + Deep gray layer of the superior colliculus +

Precommissural nucleus + Deep white layer of the superior colliculus +

Rhomboid nucleus + Dorsal motor nucleus of the vagus nerve +

Submedius thalamic nucleus + Dorsal raphe nucleus (DR) ++

Subparafascicular thalamic nucleus + Dorsolateral periaqueductal gray (dlPAG) +

Thalamic reticular nucleus + Dorsomedial periaqueductal gray (dmPAG) +

Subthalamus External nucleus of the inferior colliculus +

Anteromedial thalamic nucleus + Interfascicular nucleus +

Centrolateral thalamic nucleus + Interpeduncular nucleus, caudal subnucleus (IPC) +

Centromedial thalamic nucleus + Interpeduncular nucleus, dorsolateral subnucleus (IPDL) –

Fields of Forel + Interpeduncular nucleus, dorsomedial subnucleus (IPDM) +

Interanteromedial thalamic nucleus ++ A Interpeduncular nucleus, intermediate subnucleus (IPI) +++

Paraventricular thalamic nucleus ++ A Interpeduncular nucleus, lateral subnucleus (IPL) +++

Zona incerta ++ Interpeduncular nucleus, rostral subnucleus (IPR) ++

Preoptic Area B Interstitial nucleus of Cajal (InC) +++

Magnocellular preoptic nucleus + Lateral periaqueductal gray (lPAG) ++

Medial preoptic area + A Median raphe nucleus (MnR) +++

Medial preoptic nucleus + Mesencephalic reticular formation ++

Median preoptic nucleus + B Nucleus of Darkshevich (Dk) +++

Parastrial nucleus + Nucleus of the brachium of the inferior colliculus +

Ventrolateral preoptic nucleus ++ B Oculomotor nucleus (3N) +++

B Oculomotor nucleus, parvicellular part (3PC) +++ B Paraabducens nucleus (Pa6) +++

Parabigeminal nucleus + Parvocellular reticular nucleus (PCRt) ++

A Paramedian raphe nucleus (PMnR) +++ Pedunculopontine nucleus (PPT) ++

Paranigal nucleus + Pontine nuclei +

Pararubral nucleus + Pontine reticular nucleus (Pn) +

Paratrochlear nucleus + Posterodorsal tegmental nucleus ++

Pre-Edinger-Westphal nucleus ++ Principal sensory trigeminal nucleus ++

Red nucleus + Raphe interpositus nucleus +

Retrorubral field + Superior cerebellar peduncle +

Retrorubral nucleus ++ Superior olive +

Rostral linear nucleus + B Superior vestibular nucleus (SVN) ++++

Subpeduncular tegmental nucleus ++ Supragenual nucleus ++

Substantia nigra + Supratrigeminal nucleus ++

Superficial gray layer of the superior colliculus + Trigeminal motor nucleus +

Superior colliculus + Trigeminal nerve ++

B Supraoculomotor periaqueductal gray (Su3) +++ Trigeminal transition zone +

Supraoculomotor cap (Su3C) ++ Ventral cochlear nucleus +

Trochlear nucleus (4N) ++ Vestibular nerve +

Ventral tegmental area + B Vestibulomesencephalic tract (veme) +++

(Continued on next page)
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Table 1. Continued

Brain area Axon Brain area Axon

A Ventrolateral periaqueductal gray (vlPAG) +++ Medulla

Pons Ambiguous nucleus +

A5 cell group + Caudoventrolateral reticular nucleus +

A7 cell group + Cuneate nucleus ++

B Abducens nucleus (6N) +++ B Descending vestibular nucleus (DVN) ++++

Anterior tegmental nucleus + Dorsal paragigantocellular nucleus (DPGi) ++

Barrington’s nucleus ++ Dorsal part of the medullary reticular nucleus +

Central gray, alpha part (CGA) ++ B External cuneate nucleus (ECu) +++

A Central gray, beta part (CGB) +++ Gigantocellular reticular nucleus (Gi) ++

Central gray, gamma part (CGG) ++ Gigantocellular reticular nucleus, alpha part (GiA) +

Dorsal cochlear nucleus ++ Gigantocellular reticular nucleus, ventral part (GiV) +

Dorsal lateral parabrachial nucleus, + B Hypoglossal nucleus (12N) +++

Dorsal tegmental nucleus (DTg) + Inferior olive ++

Dorsomedial spinal trigeminal nucleus + Intermediate reticular nucleus +

B Dorsomedial tegmental area (DMTg) +++ Intermedius nucleus of the medulla +

External lateral parabrachial nucleus ++ Interposed cerebellar nucleus +

Facial nucleus – Lateral paragigantocellular nucleus (LPGi) +

Intermediate nucleus of the lateral lemniscus ++ Lateral reticular nucleus ++

A Kolliker-Fuse nucleus (KF) ++++ B Medial longitudinal fasciculus (MLF) +++

A Lateral parabrachial nucleus (LPB) +++ Nucleus of Roller +

B Lateral vestibular nucleus (LVN) ++++ Nucleus prepositus (PRP) ++

A Laterodorsal tegmental nucleus (LDTg) +++ Nucleus raphe obscurus +

Locus coeruleus (LC) ++ B Nucleus x (X) +++

Longitudinal fasciculus of the pons + B Nucleus y (Y) +++

A Medial parabrachial nucleus (MPB) +++ Parvicellular part of the lateral cerebellar nucleus ++

B Medial vestibular nucleus magnocellular part (MVNMC) ++++ Retroambiguus nucleus +

B Medial vestibular nucleus, parvicellular part (MVNPC) +++ Rostral ventral respiratory group +

Motor root of the trigeminal nerve + Solitary nucleus (NST) ++

B Nucleus of origin of efferents of the vestibular nerve (EVe) +++ Spinal trigeminal nucleus ++

Nucleus of the trapezoid body + Cerebellum

Nucleus raphe magnus + B Flocculus (FI) +++

Nucleus raphe pontis + Lobule I, II, III, IV, and V +

Nucleus reticularis tegmenti pontis ++ Medial cerebellar nucleus +

The relative densities of GFP-positive axons in individual brain areas (n = 3 mice). ++++, highly dense; +++, dense; ++, moderately dense; +, sparse; -, highly

sparse. Of the areas with dense (R+++) axons of LMVNGABAergic neurons, black diamonds and open circles are shown in sleep-wake-related areas and vestib-

ular-related areas, respectively. See also Figures 5 and 6.
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revealed that MVN neurons increase their activity during spontaneous REM sleep, rebound REM sleep, and pharmacologically induced REM-

like states.70,71,84–86 Dense projections of LMVNGABAergic neurons were found in REM-regulatory areas such as the LH, PH, SuMM, IPN, and

vlPAG (Table 1).83,87,88 Taken together, these results suggest that the transitions from NREM to REM sleep is triggered by LMVN GABAergic

neurons through direct or indirect control of multiple REM-regulatory neurons.
Physiological and pathological interaction between the sleep-wake system and the vestibular system

Chemogenetic inhibition of LMVN GABAergic neurons, a kind of loss-of-function experiment, disrupted sleep-wake architecture, indicating

that sleep-wake state is regulated by LMVN GABAergic neurons under physiological conditions. The MVN is well-known to contain neurons

that respond to head rotation and eye movement,89–91 whereas behavior of MVN neurons, especially specific neuron types, during sleep-

wake cycles is largely unknown. LMVN GABAergic neurons exhibited spontaneous firing at a regular frequency (Figure 1), consistent with

previous reports using the MVN slices.92–94 Thus, there might not be much difference between LMVN GABAertgic neurons and most
iScience 27, 109289, March 15, 2024 13



Figure 6. LMVN GABAergic neurons project to the sleep-wake systems

(A) Confocal fluorescence images of the coronal sections in which a high density of GFP-positive axons was detected. Each value in the upper side indicates the

AP coordinates from bregma (mm). Fluorescence images are captured in z stack and projected with maximum intensity. The right side of the image corresponds

to the ipsilateral side of the injection. Anatomical abbreviations are listed in Table 1.

(B) A schematic of LMVN GABAergic projections to sleep-wake-regulatory areas.
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MVNneurons in terms of basic firing properties. Spontaneous firing ofMVNneurons is modulated by sleep-wake regulatorsmonoamines and

acetylcholine,95–98 which might shape sleep-wake state-dependent firing patterns of most MVN neurons: high-frequency spiking during

wakefulness and REM sleep, and low-frequency spiking during NREM sleep.70,71 Therefore, firing of LMVN GABAergic neurons across

sleep-wake states may have similar firing characteristics to the majority of MVN neurons.

Suppression of LMVN GABAergic neurons did not cause large changes in walking, posture of sleep, and head movement (Videos S1 and

S2, and Figure S4), which is consistent with a recent optogenetic study: activation of GABAergic neurons in the vestibular nuclei does not

contribute to postural maintenance.99 Thus, unlike other types of MVN neurons, LMVNGABAergic neurons may not actively affect vestibular

functions in freely moving conditions without specific strong or prolonged vestibular stimuli. However, LMVN GABAergic neurons are not
14 iScience 27, 109289, March 15, 2024
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unrelated to the vestibular system because the dense anatomical connections with the vestibular-related areas were observed (Figure 5; Ta-

ble 1). In addition, several LMVN GABAergic projection sites, such as the PB, KF, and DMTg, are involved in both sleep-wake and vestibular

functions.100–102 The role of the vestibular system is to sense body movement and maintain body balance. Wakefulness is a state of coordi-

nation between the active brain state and the tonus of skeletal muscles, especially antigravity muscles. Thus, when the body is in a state of

greatmotion, the brain should be awake to coordinatemuscle tonus. In other words, wakefulness is maintainedby themechanism in response

to vestibular inputs. Assuming that LMVN GABAergic neurons are responsible for the mechanism, when LMVNGABAergic neurons are sup-

pressed, wakefulness dependent on vestibular inputs becomes fragmented.

Strong vestibular stimulation promotes wakefulness, whereas specific low-frequency vestibular stimulation induces sleep.11,103 Low-fre-

quency stimulation depotentiates synaptic efficacy in MVN neurons,104 implying that slow rocking-induced sleep might be mediated by

the reduction of LMVNGABAergic neuron activity. Prolonged vestibular stimulation leads to a pathological condition called sopite syndrome

(e.g., drowsiness, apathy, and sleep disturbances).105,106 Synaptic inputs to MVN neurons exhibit opposite long-term changes, potentiation

and depression, depending on the input pattern,107 thus dysfunctions of LMVN GABAergic neurons under particular prolonged vestibular

stimulation might underlie sopite syndrome. Further study for LMVN GABAergic neurons would help in understanding these physiological

or pathological relationships between sleep-wake systems and vestibular systems.

Limitations of the study

This study explores and discovers a novel population, LMVNGABAergic neurons, linking the vestibular systems and the sleep-wake systems,

but does not fully demonstrate the vestibular contribution to sleep. LMVNGABAergic neurons project to the vestibulo-ocular and sleep-wake

regulatory areas, but this study has not been able to show whether the projections to each area are from the identical, distinct, or overlapping

neuronal populations. In addition, experiments that manipulate specific neuron activity do not yet reveal what information LMVNGABAergic

neurons encode. Further detailed anatomical and physiological experiments, especially recording of firing of LMVN GABAergic neurons

in vivo, would address these limitations.
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Streptavidin-conjugated Alexa Fluor 488 Thermo Fisher Scientific Cat# S32354; RRID:AB_2315383
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Reverse primer for amplification of GAD1 cDNA

50-AGCTTTGATCTTGGGAGCCA-30
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Recombinant DNA

Plasmid: pAAV-hSyn-DIO-hM4Di-mCherry Krashes et al.21 RRID:Addgene_44362

Plasmid: pAAV-EF1a-DIO-palGFP This paper N/A
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Material availability

All materials reported in this paper will be shared by the lead contact upon reasonable request.
Data and code availability

� All data generated or analyzed during this study are included in this article. Further enquiries can be directed to the lead contact.

� All code used in this paper will be shared by the lead contact upon reasonable request.
� Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon reasonable

request.
EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Animals

All experimental procedures involving animals were approved by the institutional animal care and use committees of the University of Tsu-

kuba. GAD1-Cremice19 were used in all experiments. All mice weremaintained on a C57BL/6 background and genotyped by PCR of tail DNA

using primers for Cre recombinase. Mice were maintained under a strict 12-h light-dark cycle (light on at 9:00 a.m. and off at 9:00 p.m.) in a

temperature- (22�C) and humidity-controlled room and fed ad libitum.
METHOD DETAILS

Construction of AAV plasmids

The AAV-ITR plasmid for DREADD pAAV-hSyn-DIO-hM4Di-mCherry was provided by Brian Roth (Krashes et al., 2011). The AAV-ITR plasmid

for axonal tracing pAAV-EF1a-DIO-palGFP was constructed by subcloning the coding region of palGFP (mGFP) from pCAG-mGFP (a gift

from Connie Cepko; Addgene plasmid #14757)108 into the pAAV-EF1a-DIO cassette made from pAAV-EF1a-double floxed-

hChR2(H134R)-mCherry-WPRE-HGHpA (a gift from Karl Deisseroth; Addgene plasmid #20297).
Production of AAV vectors

To package the AAV genome into the AAV serotype 2 capsid, HEK-293A cells were cotransfectedwith an AAV-ITR plasmid, pHelper (Agilent),

and pAAV-RC (Agilent) using calciumphosphate precipitation. Two days later, HEK-293A cells were harvested, centrifuged, and suspended in

artificial cerebrospinal fluid (aCSF). The collected cells were lysed by freeze-thaw cycles following the vortexing. To isolate AAV vectors, cell

debris was removed by centrifugation, and the supernatant was subjected to DNase/RNase-treatment. The titer of isolated AAV was >1012

genomic copies/ml, which was determined by quantitative PCR.
Microinjection of AAV vectors

AAV vectors were injected into GAD1-Cremice aged 4 weeks or older. During surgery, mice were anesthetizedwith isoflurane (induction with

4% and maintenance with 2% through a mask at a rate of 1 mL/min), and the heads were fixed in a stereotaxic apparatus (SR-AM, Narishige),

and then the bodies were placed on a heating pad (FHC-HPS-MO, Muromachi Kikai) for maintenance of body temperature at 37�C. After the
skin incision along the midline and removal of the soft tissues above the skull, small craniotomies (0.5 mm diameter) were made in the skull

over the areas of interest (bregma coordinates; AP from �5.3 to �6.1 mm; ML fromG0.6 toG1.0 mm unilaterally or bilaterally) and the dura

mater was removed. The coordinates were adjusted based on the bregma-lambda distance. The tip of the injection pipette filled with AAV

vector solution was first placed on the brain’s surface and advanced vertically to a depth of 3.00 mm–3.93 mm from the surface with a motor-

ized micromanipulator (EMM-3NV, Narishige). AAV vector solution (0.3–0.5 mL) was injected at the rate of >15 min/mL with a microinjector

(BJ110, BEX) controlled by a pulse generator (BT200, BEX). After the withdrawal of the pipette, the skin incision was closed with silk sutures,

and the mouse was returned to the home cage.
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Brain slice preparation and patch-clamp recordings

Acute brain slices containing the LMVN were prepared from 6� to 7�week�old GAD1/LMVN/M4 mice injected with AAV vectors >2 weeks

before patch-clamp recordings. The mice were decapitated under isoflurane anesthesia. The brains were rapidly removed into an ice-cold

cutting solution that contained (in mM): 2.5 KCl, 1.25 NaH2PO4, 26 NaHCO3, 11 glucose, 210 sucrose, 0.5 CaCl2, 5 MgCl2 (pH 7.4, when

bubbled with 95% O2 and 5% CO2). The brains were cut coronally into 200-300 mm-thick slices with a vibratome (VT-1200S, Leica). Before re-

cordings, the slices containing the LMVN were incubated at 37�C for 1 h in artificial cerebrospinal fluid (aCSF) that contained (in mM): 125

NaCl, 2.5 KCl, 1.25 NaH2PO4, 26 NaHCO3, 11 glucose, 2 CaCl2, 1 MgCl2 (pH 7.4, when bubbled with 95% O2 and 5% CO2). Neurons in

the LMVN were visualized with a 403 water immersion objective (W Plan-Apochromat, 1.0 NA, Zeiss) and Dodt-Gradient-Contrast optics us-

ing an upright microscope (Axio Examiner D1, Zeiss) and a charge-coupled device (CCD) camera (AxioCam MRm, Zeiss). The slices were

continuously perfused with oxygenated aCSF. Recording patch pipettes were pulled from glass capillaries (1B150F-4, World Precision Instru-

ments) using a micropipette puller (P-97, Sutter Instrument) to give a resistance of 2.9–6.4 MU. The patch pipettes were filled with a solution

containing (in mM): 135 K-gluconate, 6 NaCl, 2 MgCl2, 0.2 ethylene glycol-bis(2-aminoethylether)-N,N,N0,N0-tetraacetic acid (EGTA), 10 4-(2-

hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), 4 Mg-Adenosine triphosphate (Mg-ATP), 0.4 Na-Guanosine-50-triphosphate (Na-

GTP), and 10 Na2-phosphocreatine (pH adjusted to 7.3 with KOH, the osmolality adjusted to 275–285 mOsm with K-gluconate). All patch-

clamp recordings were performed at room temperature (RT) using a computer-controlled amplifier (MultiClamp 700B, Molecular Devices).

The signals were digitized with the A/D converter (Digidata 1440A, Molecular Devices) and acquired with Clampex software (Molecular De-

vices) at a sampling rate of 50 kHz and low-pass filtered at 5 kHz.Whole-cell patch-clamp recordings weremade from LMVN neurons express-

ing hM4Di which were identified by the fluorescence of mCherry. The whole-cell recordings were initially made under voltage-clamp condi-

tions and then switched to current-clamp mode for recording action potentials. The aCSF containing 5 mM CNO was perfused after 3 min

stable recordings of action potentials. Data obtained fromwhole-cell patch recordings were analyzed using Clampfit software (Molecular De-

vices). The mean firing rates in Baseline (Figure 2D) and CNO (Figure 2D) were calculated from the number of action potentials for 1 min pe-

riods from 3.5 min before and 2.5 min after the onset of CNO application (the left edge of the solid bar in Figure 2C). All data in the text are

given as the mean G SEM.
Implantation of EEG/EMG electrodes

EEG and EMG electrodes were implanted in GAD1/LMVN/M4 mice which were injected with AAV vectors >1 week before surgery. The

implant surgery was performed in the same way as the AAV injection described above. The custom-made 6-pin connector consisting of

four male and two female terminals (3 rows by 2 columns in the AP axis) was used as an EEG/EMG electrode. Two flexible wires (AS633, Coo-

ner Wire Company) were soldered to two female terminals in the middle row of the 6-pin connector prior to the implantation. Four small cra-

niotomies (0.5 mm diameter) were made in the skull over the frontal and parietal lobes in both hemispheres (2 lobes by 2 hemispheres) for

mounting the 6-pin connector on the skull. Four male terminals were implanted in the craniotomies, two of which were used for EEG record-

ings (between ipsilateral frontoparietal electrodes), and the remaining twowere not used in this study. The flexible wires were inserted into the

neck muscles for EMG recordings. The 6-pin connector was glued with dental cement (3M) to the skull, and the skin was sutured. The mouse

was put on a warming plate until fully recovered from anesthesia and transferred to an individual cage.
EEG/EMG recording and data analysis

Following 3–7 days of recovery from the implant surgery of EEG/EMGelectrodes, micewere connected to a flexible recording cable assembly

and acclimated for >5 days to the EEG/EMG recording conditions, in which a constant white-noise sound was present to avoid disruption in

the sleep-wake cycle by a sudden noise. During the acclimation and the experimental period, mice were housed at a constant temperature,

humidity, and light-dark cycle (same as home-cage conditions described above) with ad libitum access to food and water gel. After the accli-

mation, a flexible cable assembly was connected to an analog amplifier (AB-611J, Nihon Kohden). EEG signals were amplified 100000x (20x

and 5000x) and band-pass filtered between 0.5 and 100 Hz. EMG signals were amplified 40000x (20x and 2000x) and band-pass filtered be-

tween 5 and 300 Hz. EEG/EMG signals were digitized at 250 Hz with a 16 bit analog-to-digital converter (NI PCIe-6320, National Instruments).

EEG/EMG were recorded for >2 weeks, and EEG/EMG data for 24 h from the onset of the light or dark phase onset when CNO or saline was

injected into the mice (see below) were analyzed. EEG/EMG data were split into epochs of 20 s and scored for sleep-wake states using a

MATLAB (MathWorks)-based program according to the following criteria: wakefulness by low-voltage fast EEG and high-amplitude EMG;

NREM sleepby high-voltage and low-frequency (1–4Hz) EEGand low-amplitude EMG; REM sleepby low-voltage EEGwith clear theta activity

(6–8 Hz) and dramatic suppression of EMG with occasional muscle twitches. The EEG power spectrum was computed by fast-Fourier trans-

form (FFT). The EEGpowers in 1-Hz bins were summed in the frequency bands of 1–4 Hz (delta) or 6–8 Hz (theta), 10–15 Hz (alpha), or 10–30 Hz

(beta). All data are given as the mean G SEM.
Quantification of EMG

To evaluate vestibular-related behavior, neck EMG activity was recorded in freely-moving mice. Neck EMG recordings were the same as

above. All EMG data was rectified. EMG data was split into 20-s epochs and only epochs of wakefulness were quantified by the variance

and the integral. The EMG variance for each epoch was calculated as follows: the variance for the 4 consecutive of the 0.5-s summed values
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of rectified EMGwas calculated (the 2-s variance value), and the median of the consecutive 10 of the 2-s variance values was used as the EMG

variance. The EMG integral for each epoch was the mean of the consecutive 5 of the 4-s summed values of rectified EMG.

Intraperitoneal administration

CNO (Enzo Life Science) was dissolved in saline to a concentration of 0.5 mg/mL and intraperitoneally (ip) injected into mice at a dose of

5 mg/kg body weight (10 mL/kg body weight). Mice were subjected to ip injection of saline (10 mL/kg body weight) at least 3 times before

EEG/EMG recordings for acclimation to the procedure. CNO or saline was intraperitoneally injected into GAD1/LMVN/M4 mice at ZT0 or

ZT12. EEG/EMG recordings were resumed within 3 min after ip administration. The administration interval was >3 days. Effects of CNO

administration on sleep-wake states in GAD1/LMVN/M4 mice were evaluated by comparison to that of saline administration into the

same mice at the same time point unless otherwise stated.

Synthesis of a probe for in situ hybridization

A fragment of GAD1 cDNA was polymerase chain reaction (PCR)–amplified from a mouse brain cDNA library by the following primers: sense

50-GCACCCGTGTTTGTTCTCAT-30 and antisense 50-AGCTTTGATCTTGGGAGCCA-30, and cloned into the multi-cloning site of pGEM-T

Easy vector (Promega). The plasmid vector containing a fragment of GAD1 cDNA was digested with a restriction enzyme NcoI to linearize

at the 50 end of a cDNA fragment, which was used as a template for PCR with SP6 promoter primer from its 30 end to synthesize the probe

for GAD1 mRNA. The probe was labeled with fluorescein (FITC) (11685619910, Sigma-Aldrich/Roche).

Brain slice preparation for histology

The mice injected with AAV vectors >2 weeks before histology were anesthetized with isoflurane and transcardially perfused with saline, fol-

lowed by 4% paraformaldehyde (PFA) in phosphate-buffered saline (PBS, 0.1 M). The brains were removed from the skull after the perfusion

and post-fixed with the same fixative for >12 h at 4�C. After post-fixation, the brains were placed in a 30% sucrose in PBS for >24 h and then

stored with optimal cutting temperature compound (Tissue-Tek OTC compound, Sakura Finetek) at�80�C. The brains were sectioned coro-

nally at a thickness of 40 mm for double ISH/IHC staining or 60 mm for single IHC staining with a cryostat (CM3050S, Leica). The sections were

washed with phosphate buffer (PB, 0.1 M) three times for 10 min each before the following FISH and IHC procedures.

Double in situ hybridization-immunohistochemistry staining

All steps were performed at RT unless otherwise indicated. The brain sections containing the LMVNof GAD1-Cre/LMVN/M4mice were used.

The sectionswere re-fixedwith 4%PFA for 15min, rinsedwith PBS three times for 10min each, permeabilized with 0.3%Triton X-100, and then

rinsed with PBS twice for 5 min each. For the pretreatment, the sections were digested with 1 mg/mL proteinase K at 37�C for 30 min, neutral-

ized with 0.75%glycine twice for 15min each, rinsedwith PBS twice for 5min each, acetylatedwith 0.25% acetic anhydride for 15min, and then

rinsed with PBS twice for 5 min each. The pretreated sections were pre-hybridized for 1–2 h and hybridized overnight at 60�C with a FITC-

labeled probe for GAD1 mRNA in hybridization buffer (50% deionized formamide (dFA), 5x saline sodium citrate buffer (SSC), 0.1%

N-lauroylsarcosine (NLS), 0.1% sodium dodecyl sulfate (SDS), and 2% blocking reagent (11096176001, Sigma-Aldrich/Roche)). The hybridized

sections were rinsed with 2x SSC/50% dFA/0.1% NLS at 50�C twice for 20 min each. After rinsing, the sections were incubated with RNase A

buffer (10 mM Tris-HCl [pH 8.0], 1 mM ethylenediaminetetraacetic acid (EDTA), 0.5 M NaCl) for 5 min and treated with RNase A in RNase A

buffer for 20min at 37�C followed by washing in 2x SSC/0.1%NLS at 37�C twice for 20min each, in 0.2x SSC/0.1%NLS at 37�C twice for 20min

each, and in tris-buffered saline (TBS, 50mM) for 5min at RT. Endogenous peroxidase activity was quenchedwith 0.3%H2O2 in TBS for 20min.

After rinsing with TBS for 5min, the sections were blockedwith 1% blocking reagent for 1 h and sequentially incubatedwith amouse anti-FITC

antibody conjugated to horseradish peroxidase (HRP) (1:80000; 200-032-037, Jackson ImmunoResearch Labs) and a rabbit anti-RFP antibody

(1:1,000; PM005, MBL International) diluted in 1% blocking reagent/0.5% Triton X-100 in TBS at 4�C overnight. Following washing with TNT

(TBS, 0.15 M NaCl, and 0.05% Tween 20) three times for 10 min each, the HRP signal was enhanced using the tyramide signal amplification

(TSA) biotin system (TSA Plus Biotin Kit, PerkinElmer). After rinsing with TNT, the sections were incubated with a streptavidin-conjugated

Alexa Fluor 488 (1:1000; S32354, Thermo Fisher Scientific) and an Alexa Fluor 594-conjugated anti-rabbit IgG antibody (1:1000; A-11012 or

A-21207, Thermo Fisher Scientific) diluted in 1% blocking reagent in TBS for 4�5 h. Double ISH/IHC staining of GAD1 mRNA and palGFP

was performed in the same way, but using a streptavidin-conjugated Alexa Fluor 594 (1:1000; S32356, Thermo Fisher Scientific) for detection

of GAD1 mRNA, a rabbit anti-GFP antibody (1:200; sc-8334, Santa Cruz Biochemistry) as a primary antibody for IHC of palGFP, and an Alexa

Fluor 488-conjugated anti-rabbit IgG antibody (1:1000; A-11008, Thermo Fisher Scientific) as the secondary antibody.

Immunohistochemistry for axonal tracing and data analysis

All steps were performed at RT unless otherwise indicated. The sections made from the brains of GAD1-Cre mice unilaterally injected with

Cre-inducible AAV vectors encoding palGFP into the LMVN were used. The sections were washed with 0.1 M PB three times for 10 min each,

blocked with 3% bovine serum albumins (BSA) in TBS for 1h, and immunostained with a rabbit anti-GFP antibody (G10362; Thermo Fisher

Scientific/Molecular Probes) diluted in 0.5% Triton X-100 in 0.5 mM TBS at 4�C overnight. The sections were rinsed with TBS three times

for 10 min each and incubated with Alexa Fluor 488-conjugated anti-rabbit IgG secondary antibody (1:1000, A11008, Thermo Fisher

Scientific/Molecular) diluted in TBS for >5 h at 4�C.
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Confocal imaging and image analysis

After double ISH/IHC or single IHC staining, the sections were rinsed with 0.1 M PB three times for 10 min each and mounted with an anti-

photobleaching medium (H-1200, Vector Labs). Imaging was performed using a confocal laser scanning microscope (Axio Imager Z2 and

LSM700, Zeiss). In some sections, lambda scan mode was used to remove autofluorescence signals in the confocal images. Image analysis

was performed with Fiji (RRID:SCR_002285).109 GFP-positive axon density was estimated based on the appearance, not the fluorescence in-

tensity, of GFP-positive axons in the region of interest. The density was scored on 0–4 scales (4, highly dense; 3, dense; 2, moderately dense; 1,

sparse; 0, highly sparse). The symbols in Table 1 indicate the total value of the axon density from 3mice (++++, >10; +++, >7X%10; ++, >4

X%7; +, >0X%4; -, 0). Drawings were adapted from the brain atlas of Franklin and Paxinos.22 Anatomical abbreviations are listed in Table 1.
QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis

All statistical analyses were carried out using SPSS software version 23 (IBM), JMP 11 (JMP), and R. Wilcoxon signed-rank test was used for

paired comparisons (Figures 1G, 2C, 2D, 3, 4, and S4). Wilcoxon rank-sum test was applied for intergroup comparisons (between administra-

tion times of drugs). Two-way repeated-measures ANOVA followed by Bonferroni test was used for statistical analysis of hourly sleep data

(Figures 2C, 2D, and S2) and EEG power spectrum (Figures S3A and S3B) as follows: if there was a significant interaction between the admin-

istrated drugs (CNO and saline) and time (ZT) or frequency (Hz), then themain effect of the administered drug at each time point or frequency

was tested. EEG powers in the several frequency bands were analyzed by Student’s paired t-test. The level of significance was set at two-

tailed p < 0.05.
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