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Abstract 40 

Emotionally salient situations usually trigger arousal along with autonomic and 41 

neuroendocrine reactions. To examine whether the extended amygdala plays a role in 42 

sleep/wakefulness regulation, we examined the effects of optogenetic and 43 

pharmacogenetic excitation of GABAergic neurons in the bed nucleus of the stria 44 

terminalis (GABABNST neurons). Acute optogenetic excitation of these cells during 45 

non-rapid eye movement (NREM) sleep resulted in immediate state transition to 46 

wakefulness, while stimulation during rapid eye movement (REM) sleep showed no 47 

effect on sleep/wakefulness states in male mice. Anterograde tracing study suggested 48 

GABABNST neurons send axonal projections to several brain regions implicated in 49 

arousal, including the preoptic area, lateral hypothalamus, periaqueductal gray, deep 50 

mesencephalic nucleus and parabrachial nucleus. A dual orexin receptor antagonist, 51 

DORA 22, did not affect the optogenetic transition from NREM sleep to wakefulness. 52 

Chemogenetic excitation of GABABNST neurons evoked a sustained wakefulness state, 53 

but this arousal effect was markedly attenuated by DORA 22. These observations 54 

suggest that GABABNST neurons play an important role in transition from NREM sleep 55 

to wakefulness without the function of orexin neurons, but prolonged excitation of these 56 

cells mobilizes the orexin system to sustain wakefulness. 57 

 58 
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Significance Statement 59 

We examined the role of the bed nucleus of the stria terminalis (BNST) in the regulation 60 

of wakefulness. Optogenetic excitation of GABAergic neurons in the BNST 61 

(GABABNST neurons) during NREM sleep in mice resulted in immediate transition to a 62 

wakefulness state without function of orexins. Prolonged excitation of GABABNST 63 

neurons by a chemogenetic method evoked a longer-lasting, sustained wakefulness state, 64 

which was abolished by pre-administration of a dual orexin receptor antagonist, DORA 65 

22. This study revealed a role of the BNST GABAergic system in sleep-wakefulness 66 

control, especially in shifting animals’ behavioral states from NREM sleep to 67 

wakefulness, and provides an important insight into the pathophysiology of insomnia 68 

and the role of orexin in arousal regulation. 69 

70 
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Introduction 71 

Animals shift their sleep-wakefulness state according to their internal state and the 72 

external environment by utilizing three major influential elements, i.e., homeostatic, 73 

circadian and allostatic factors. Among them, allostatic factors include the nutritional 74 

state and external environment, which trigger emotion (Saper et al., 2010). For example, 75 

stressful and emotionally-salient situations such as encountering predators, adapting to 76 

novel situations or expecting a reward require animals to shift their behavior to a 77 

vigilant state, along with alteration of their physiological condition through modulation 78 

of autonomic and endocrine functions (Winsky-Sommerer et al., 2004; Cano et al., 79 

2008). 80 

The bed nucleus of the stria terminalis (BNST) is a constituent of the extended 81 

amygdala, which is generally considered to play an important role in stress response, 82 

fear and anxiety (Davis et al., 2010; Lebow and Chen, 2016). Through projections to 83 

various brain regions including relay nuclei of the autonomic nervous system, 84 

hypothalamic regions and the central nucleus of the amygdala, the BNST plays a major 85 

role in endocrine and autonomic reactions in response to emotionally-salient stimuli, 86 

along with behavioral expression of anxiety and fear. Animal experiments have 87 

suggested that expression of anxiety-like behaviors requires the function of the BNST, 88 

while excitation of the BNST resulted in anxiety-like behaviors (Fendt et al., 2003; 89 
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Sullivan et al., 2004; Kalin et al., 2005; Straube et al., 2007). These observations 90 

suggest the possibility that the BNST also plays an important role in increasing 91 

vigilance level and arousal in response to environmental factors associated with stress 92 

and danger. 93 

In humans, some psychiatric conditions that are characterized by increased fear 94 

and anxiety, such as anxiety disorders, compulsive behavior disorders and 95 

post-traumatic stress disorder and depression, are usually accompanied by sleep 96 

disorders such as insomnia or nightmares (Khazaie et al., 2016). From the viewpoint of 97 

sleep-wakefulness control, investigating the function of the BNST will potentially 98 

provide key information to understand pathophysiology of insomnia associated with 99 

these stress-related psychiatric disorders as well as primary insomnia, which sometimes 100 

results from anxiety due to being unable to sleep (somniphobia or hypnophobia). 101 

The BNST is a heterogeneous area with different physiological functions, 102 

diverse input-output architecture and distinct gene expression patterns of its sub-nuclei 103 

(Lebow and Chen, 2016). However, GAD67 (also referred to as GAD1) is 104 

predominantly expressed in the entire BNST, suggesting that GABAergic neurons are 105 

the major population of the BNST and may have a pivotal role in physiological 106 

functions (Kudo et al., 2012; Lebow and Chen, 2016). In this study, we aimed at 107 
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revealing the function of the major neuronal subtype, GAD67-expressing GABAergic 108 

neurons in the BNST (GABABNST neurons) in sleep-wakefulness regulation. 109 

We found that acute optogenetic excitation of GABABNST neurons during 110 

non-rapid eye movement (NREM) sleep in mice resulted in immediate transition to a 111 

wakefulness state without the function of orexins, neuropeptides that play a highly 112 

important role in maintenance of wakefulness. Notably, stimulation of GABABNST 113 

neurons during REM sleep did not show any effects on sleep/wakefulness states. 114 

We also found that longer excitation of GABABNST neurons by a chemogenetic 115 

method evoked a longer-lasting, sustained wakefulness state, which was decreased by 116 

pre-administration of a dual orexin receptor antagonist, DORA 22. 117 

This study adds new knowledge about the function of the BNST GABAergic 118 

system in sleep-wakefulness control, especially in shifting animals’ behavioral states 119 

from NREM sleep to wakefulness, and provides an important insight into the 120 

pathophysiology of insomnia and the role of orexin in arousal regulation. 121 

122 
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Materials & Methods 123 

Animals. All experimental procedures were approved by the Animal Experimental and 124 

Use Committee of Kanazawa University (AP-122500) and were in accordance with 125 

NIH guidelines. All mice used in this study were backcrossed to C57B6/J mice 126 

(http://jaxmice.jax.org/strain/013636.html) more than 10 times, male, 12~20 weeks old 127 

of age, and had a body weight of 25~32 g at the time of surgery. We used heterozygous 128 

GAD67-Cre mice in which the Cre recombinase gene was knocked-in in the GAD67 129 

allele (Wu, 2011). The mice were maintained at 22 , with a strict 12 h light/dark 130 

cycle (light on at 8:45 local time) and access to food and water ad libitum. 131 

Plasmids. We used pAAV-EF1a-DIO-hM3D(Gq)-mCherry (provided by Dr. Bryan 132 

Roth), pAAV-EF1a-DIO-hChR2(H134R)-EYFP-WPRE-HGHpA (provided by Dr. Karl 133 

Deisseroth), pAAV-EF1a-DIO-EYFP-WPRE-HGHpA (Addgene plasmid # 20296), 134 

pHelper (Stratagene) and pAAV2-rh10 (provided by Penn Vector Core). 135 

Virus production. The AAV10 virus vectors were produced utilizing triple-transfection, 136 

helper-free method and purified as described previously (Mieda et al., 2015). The titers 137 

of recombinant AAV vectors (genomic copies/ml) were as follows; AAV10- 138 

EF1α-DIO-hM3Dq-mCherry, 1.16×1013; AAV10-EF1α-DIO-ChR2-EYFP, 3.70×1013; 139 

AAV10-EF1α-DIO-EYFP, 5.82×1013.  140 
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Surgery. The GAD67-Cre mice were deeply anesthetized with sodium pentobarbital 141 

(64.8 mg/kg). AAV vectors (0.10~0.25 μl) were stereotactically-injected into the BNST 142 

bilaterally (anteroposterior, +0.2 mm; mediolateral, ±1.0 mm; dorsoventral, -4.2 mm 143 

from the bregma). For optogenetic studies, optic fibers were bilaterally implanted in the 144 

BNST (±30° angle to sagittal line; anteroposterior, +0.2 mm; mediolateral, ±1.1 mm; 145 

dorsoventral, -3.7 mm from the bregma) and fixed with photocurable resin. For 146 

implantation of EEG/EMG electrodes, four holes were drilled at ±2 mm anterior and ±2 147 

mm lateral to the bregma. Stainless wires (Cooner) for monitoring EMG were 148 

bilaterally inserted into the neck muscles and connected to the EEG/EMG electrodes. 149 

The electrodes were rigidly fixed with dental cement. After a recovery period of at least 150 

one week in home cages, mice were subjected to experiments. 151 

Drugs. Clozapine-N-oxide (CNO, Sigma-Aldrich cat #34233-69-7) was dissolved in 152 

saline (0.5 mg/ml). DORA 22 (((2R, 5R)-5-((5-fluoropyridin-2-yl) 153 

oxymethyl)-2-methylpiperidin-1-yl)-(5-fluoro-2-pyrimidin-2-ylphenyl) methanone) 154 

(Gotter et al., 2013) was provided by Merck Sharp & Dohme Corp, and was dissolved 155 

in 20 % vitamin E TPGS (d-alpha tocopheryl polyethylene glycol 1000 succinate, 156 

Sigma-Aldrich cat #9002-96-4) (6 mg/ml). 157 

Oral administration. A 22 G ball tip needle is passed gently through the mouth and 158 
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pharynx into the esophagus of mice. DORA 22 (30 mg/kg, freshly prepared in 20% 159 

vitamin E TPGS) or vehicle is then administered slowly. Oral administration of DORA 160 

22 or 20% vitamin E TPGS was done 30 min prior to CNO/saline i.p. administration. 161 

Sleep recording. The EEG and EMG signals were amplified through an amplifier 162 

(AB-611J, Nihon Koden, Tokyo). The EEG signals were filtered at 0.5 Hz (low) and 163 

100 Hz (high). The EMG signals were filtered at 15 Hz (low) and 300 Hz (high). The 164 

signals were digitally recorded in a computer using EEG/EMG recording software 165 

(Vital Recorder, Kissei Comtec). 166 

Designer receptors exclusively activated by designer drugs (DREADD). After 167 

specifically expressing hM3Dq in GABABNST neurons by AAV-mediated gene transfer, 168 

CNO (5.0 mg/kg) or saline was randomly administered (i.p.) to mice with a 30 G needle 169 

at ZT4.0. EEG and EMG recordings were initiated just after drug administration, and 170 

continued for 5 h. Each mouse was administered with CNO or saline with an interval 171 

for at least 3 days and we conducted experiment with crossover method to avoid the 172 

repeat effects. Experimenters were blind to the drugs (CNO or saline) administered. In 173 

DORA 22 experiment, DORA 22 or vehicle was orally administered 30 min before 174 

CNO or saline i.p. injection and all of drug combinations were applied to each mouse 175 

with 3 days intervals. EEG/EMG were visually scored into 16-s epochs of wakefulness, 176 
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REM and non-REM sleep according to standard criteria of rodent sleep (Radulovacki et 177 

al., 1984).  178 

Optogenetics. Optical cables were connected to implanted optic fibers to deliver 473 nm 179 

laser stimulation at least 1 h before experiments. Cables were wrapped with thin 180 

aluminum sheets to reduce leaked light. Laser intensity was calibrated to 10~12 181 

mW/mm2 for each experiment. During each experiment, EEG/EMG were visually 182 

monitored. Pulses of 473 nm light with 10-ms width, and 20 Hz frequency were applied 183 

during NREM or REM sleep for 20 s. Photostimulation was applied during NREM 184 

sleep when it continued for 40 s or longer, and during REM sleep when it lasted 30 s or 185 

longer. 186 

c-Fos immunostaining. Orexin, tyrosine hydroxylase (TH), histidine decarboxylase 187 

(HDC), tryptophan hydroxylase (TPH) and c-Fos signals were counted by observers 188 

who were blind to the drug administered (CNO or saline), and the numbers of 189 

c-Fos/orexin-, c-Fos/TH-, c-Fos/HDC- and c-Fos/TPH-positive neurons was counted. 190 

In situ hybridization. In situ hybridization histochemistry was performed as previously 191 

described (Mieda et al., 2011). In brief, floating brain sections (30 μm) were treated 192 

with 4 % paraformaldehyde and 0.3 % Triton-X 100 sequentially. After rinsing with 193 

PBS three times, the sections were incubated in proteinase K (2 μg/ml, 30 min, at 194 
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37 ) followed by 0.75 % glycine (15 min, 2 times) and treated with 4 % PFA. After 195 

rinsing with PBS, the sections were treated with 0.5 % acetic anhydrate for acetylation. 196 

After incubation with hybridization buffer at 60 , sections were incubated with 197 

digoxin-conjugated anti-sense GAD67 RNA probes for 16 h at 60 . Sections were 198 

washed in 2× standard saline citrate (SSC) with 50 % formamide/0.1 % 199 

N-lauroylsarcosine solution at 50  followed by RNase A treatment. After washing in 200 

2× SSC with 0.1 % N-lauroylsarcosine, 0.2× SSC with 0.1 % N-lauroylsarcosine and 201 

Tris-buffered saline (TBS), the sections were treated with 1 % blocking reagent (Roche 202 

cat # 11096176001) in TBS (pH 7.5) before antibody reaction. Then, the sections were 203 

incubated with alkaline phosphatase-conjugated anti-digoxin (1:2000, Roche cat # 204 

11093274910) and chicken anti-GFP antibodies (for detecting ChR2-EYFP expression, 205 

1:800, Aves Labs cat # GFP-1020) or goat anti-mCherry antibody (for detecting 206 

hM3Dq-mCherry expression, 1:500, SICGEN cat # AB0040-200) containing 1 % 207 

blocking reagent/pH 7.5 TBS at 4 . After rinsing in pH 7.5 TBS with 0.1 % Tween 20, 208 

the sections were incubated in 1 % blocking reagent containing pH 7.5 tris-buffered 209 

saline. The sections were then incubated with donkey Alexa Fluor 488 anti-rat antibody 210 

(1:800, ThermoFisher cat # A-21208) or donkey Alexa Fluor 488 anti-goat antibody 211 

(1:800, ThermoFisher cat # A-11055) containing 1 % blocking reagent/pH 7.5 TBS. 212 
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After rinsing in 1 % blocking reagent/pH 7.5 TBS (15 min, 1 time) and pH 8.0 TBS 213 

with 50 mM Mg solution, the sections were treated with Fast-Red solution 214 

(Sigma-Aldrich cat # F4648-50SET). Sections were then washed in pH 7.5 TBS and 215 

mounted on slide glasses. 216 

Immunohistochemistry. Mice were anesthetized with sodium pentobarbital and then 217 

fixed by intra-cardiac perfusion with 4 % paraformaldehyde. Then, the brain was 218 

post-fixed for 24 h in the same fixative and cryoprotected by immersion in 30 % sucrose 219 

for 2 days. Brain sections of 30-μm thickness were cut with a cryostat. Sections were 220 

washed and blocked with PBS containing 0.25 % Triton X-100 plus 3 % bovine serum 221 

albumin (BSA). Then, slices were incubated with the designated primary antibodies in 222 

PBS overnight at 4 °C. Antibodies used were rat anti-GFP (1:800, Nacalai Tesque cat # 223 

04404-84), goat anti-mCherry antibody (1:500, SICGEN cat # AB0040-200), rabbit 224 

anti-c-Fos antibody (1:10,000, Santa Cruz Biotechnology cat # sc-52), guinea pig 225 

anti-orexin B antibody (1:500), rabbit anti-HDC antibody (1:800, Progen cat # 16045), 226 

mouse anti-TPH antibody (1:500, Sigma-Aldrich cat # T0678) and mouse anti-TH 227 

antibody (1:2000, Santa Cruz Biotechnology cat # sc-25269). Then, slices were washed 228 

with PBS three times, followed by incubation with the designated secondary antibodies 229 

in PBS for 2.5 h. Secondary antibodies used in this study were Alexa Fluor 230 
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488-conjugated anti-rat antibody (1:800, ThermoFisher cat # A-21208), Alexa Fluor 231 

488-conjugated anti-rabbit antibody (1:800, ThermoFisher cat # A-21206 and # 232 

A-21441), Alexa Fluor 488-conjugated anti-guinea pig antibody (1:800, ThermoFisher 233 

cat # A-11073), Alexa Fluor 594-conjugated anti-rabbit antibody (1:800, ThermoFisher 234 

cat # A-21207 and A-11037), Alexa Fluor 594-conjugated anti-goat antibody (1:800, 235 

ThermoFisher cat # A-11058) and Alexa Fluor 488-conjugated anti-mouse antibody 236 

(1:800, ThermoFisher cat # A-21202). Slices were washed three times in PBS, mounted 237 

on subbed slides, air dried, and coverslipped using VECTASHIELD Hard Set Mounting 238 

Medium.  239 

Statistical analysis. Statistical analysis was conducted using Prism version 6 (GraphPad 240 

software). In optogenetic experiments, Welch’s t-test and Student’s t-test were 241 

respectively used to analyze the difference of the latency in NREM sleep and REM 242 

sleep between the ChR2- and YFP-expressing groups (Fig. 1F, G), and paired t-test was 243 

used to analyze the effects of DORA (Fig. 1H) and the effect on wakefulness after 244 

stimulation (Fig. 3B). In chemogenetic experiments, paired t-test was used to analyze 245 

latencies to each sleep state, and two-way repeated measures ANOVA was used to 246 

detect significant effects of time and drug administration, followed by Bonferroni post 247 

hoc test for every 15 min analysis (Fig. 4E). Two-way repeated measures ANOVA was 248 
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also applied to EEG power spectrum data (Fig. 4F, 5D). Pearson correlation coefficient 249 

was calculated to estimate the strength of relation between the number of genetically 250 

manipulated neurons and wakefulness amount (Fig. 4G). Student’s t-test was used to 251 

compare c-Fos-positive mCherry-, orexin-, TH-, HDC- and TPH-positive neurons 252 

between the CNO- and saline-injected groups (Fig. 4H) and Welch’s t-test was used for 253 

c-Fos analysis to confirm the effect of CNO on hM3Dq-mCherry positive neurons 254 

activity (Fig. 4D). In DREADD experiments with DORA 22 treatment, one-way 255 

repeated measures ANOVA was used to detect significant effects on latencies to each 256 

sleep state between drug treatments, followed by Tukey’s post hoc test (Fig. 5B), and 257 

two-way repeated measures ANOVA was used to detect significant effects of time and 258 

drug administration, followed by Tukey’s post-hoc test for hourly analysis (Fig. 5C). 259 

 260 

261 
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Results 262 

Optogenetic excitation of GABABNST neurons during NREM sleep but not REM sleep 263 

triggers transition to wakefulness. 264 

To investigate whether GABABNST neurons play a role in the mechanism by which 265 

somnolent animals convert to a vigilant state, we examined the effect of optogenetic 266 

stimulation of these cells while monitoring sleep/wakefulness states by EEG/EMG 267 

recordings. After specifically expressing Cre-dependent ChR2-EYFP in GABABNST 268 

neurons of GAD67-Cre mice using AAV-mediated gene transfer, optic fibers were 269 

placed at the BNST (Fig. 1A). Two weeks after virus injection, EYFP-positive neurons 270 

were almost exclusively detected in neurons in the BNST with few ectopic expressions 271 

in regions outside of the BNST, including basal forebrain (BF), caudate putamen (CPu), 272 

the internal capsule (ic), lateral globus pallidus (LGP), lateral preoptic area (LPO), 273 

lateral septum (LS), medial preoptic area (MPOA) and medial septum (MS) (Fig. 1B). 274 

Double staining study suggested that these cells also expressed Gad67 mRNA (Fig. 1C).  275 

In our preliminary study, 1 Hz photo-stimulation showed no effect, while 5 Hz 276 

stimulation evoked transition from NREM sleep to wakefulness with substantially 277 

longer time delay after the stimulation as compared with 20 Hz stimulation. Both 10 Hz 278 

and 20 Hz stimulation caused immediate transition. Stimulation with faster frequency 279 
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did not cause more rapid transition as compared with 20 Hz. Based on these preliminary 280 

results, we used 20 Hz stimulation here. 281 

ChR2-positive fibers were observed in several brain regions including the 282 

amygdala (central nucleus, basomedial nucleus and amygdala-hippocampal transitional 283 

zone), hypothalamus (preoptic area, anterior hypothalamus, paraventricular nucleus, 284 

lateral hypothalamus and mammillary nuclei) and midbrain regions (periaqueductal 285 

gray (PAG), deep mesencephalic nucleus (DpMe) and parabrachial nucleus (PBN)) (Fig. 286 

2B, Table. 1). 287 

Laser stimulation (473-nm, 10-ms width, 20 Hz for 20 s) was delivered during 288 

NREM or REM sleep (Fig. 1D, Movie. 1). We found that excitation of GABABNST 289 

neurons during NREM sleep resulted in immediate transition to wakefulness. The time 290 

to state transition from optical stimulation was 2.71 ± 0.59 s (n = 6), which was 291 

strikingly shorter than that of the control (EYFP) group (295.39 ± 106.61 s, n = 6; t10 = 292 

2.35, p < 0.05; Fig. 1E, F). Notably, optogenetic excitation of GABABNST neurons 293 

during REM sleep had no effect on sleep-wakefulness transition. The time to 294 

wakefulness after stimulation during REM sleep was 36.45 ± 13.08 s and 37.29 ± 15.19 295 

s for the EYFP- and ChR2-expressing groups, respectively (EYFP, n = 6; ChR2, n = 6; 296 

t10 = 0.04, p = 0.484; Fig. 1G). 297 
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Hypothalamic neuropeptides, orexins, are known to play an important role in 298 

regulation of wakefulness (Sakurai, 2007). Also, it has been suggested that orexin 299 

neurons receive dense innervation by the BNST (Sakurai et al., 2005; González et al., 300 

2016), and pharmacological activation of the BNST resulted in activation of orexin 301 

neurons (Zhang et al., 2009). After injection of AAV10-EF1α-DIO-ChR2-EYFP in the 302 

BNST of Gad67-Cre mice (Fig. 2A), we observed substantial numbers of 303 

ChR2-positive fibers in the lateral hypothalamic area (LHA) (Fig. 2B, Table 1), where 304 

orexin neurons reside and preoptic area, which sends abundant projections to orexin 305 

neurons (Saito et al., 2013). Therefore, we next examined whether the orexin system 306 

plays a role in the acute arousal effect of optogenetic excitation of GABABNST neurons 307 

during NREM sleep. We used DORA 22, a potent dual orexin receptor antagonist, 308 

which was administered before the stimulation. However, DORA 22 had no effect on 309 

laser-induced state transition during NREM sleep (vehicle, n = 6, 1.36 ± 0.66 s; DORA 310 

22, n = 6, 1.57 ± 0.67 s; t5 = 0.44, p = 0.44; Fig. 1H). This observation suggests that 311 

orexin is not involved in the state transition caused by acute excitation of GABABNST 312 

neurons. 313 

Prolonged stimulation of GABABNST neurons resulted in longer wakefulness time. 314 

We also examined the effect of longer optogenetic stimulation of GABABNST neurons 315 
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during NREM sleep (Fig. 3). We repeated the stimulation 10 times every 1 min (473 nm, 316 

10-ms width, 20 Hz for 20 s, every 1 min; Fig. 3A). This longer stimulation during 317 

NREM sleep resulted in significantly longer episode duration of wakefulness (single 318 

train, n = 6, 206.45 ± 103.85 s; 10 trains, n = 6, 466.27 ± 119.05 s; t5 = 2.82, p < 0.05, 319 

Fig. 3B). The prolonged stimulation also resulted in increase of wakefulness time along 320 

with decrease of both NREM and REM sleeps (Fig. 3C). 321 

To make prolonged manipulation of GABABNST neurons easier, we used a 322 

chemogenetic strategy (DREADD) (Armbruster et al., 2007; Roth, 2016) to stimulate 323 

these cells. AAV10-EF1a-DIO-hM3Dq-mCherry was bilaterally injected in the BNST of 324 

GAD67-Cre mice (Fig. 4A). Histological observations suggested that 325 

hM3Dq-mCherry-positive neurons were almost exclusively observed within the area of 326 

the BNST. Small numbers of mCherry-positive neurons were also detected outside of 327 

the BNST area (e.g. BF, CPu, ic, LGP, LPO, LS, MS, and MPOA; Fig. 4B). Double 328 

staining study showed that these cells expressed Gad67 mRNA (Fig. 4C). After 329 

expressing hM3Dq-mCherry specifically in GABABNST neurons, saline or CNO was 330 

intraperitoneally administered at ZT4.0, and mice were subjected to sleep analysis by 331 

EEG/EMG recording (Fig. 4E).  332 

DREADD-mediated activation of GABABNST neurons was evaluated as 333 
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c-Fos-immunostaining (saline, n = 5, 5.47 ± 0.73 %; CNO, n = 5, 58.42 ± 4.18 %; t8 = 334 

6.61, p < 0.001; Fig. 4D). We also observed an increase in wakefulness 30 - 75 min after 335 

CNO administration as compared with control injection. Wakefulness time for saline 336 

and CNO groups, were respectively as follow: 30 min, 60.42 ± 7.42% and 81.3 ± 7.04%, 337 

p < 0.05; 45 min, 29.86 ± 7.31% and 63.82 ± 9.11%, p < 0.001; 60 min, 10.43 ± 2.61% 338 

and 41.96 ± 9.60%, p < 0.001; 75 min, 18.38 ± 5.78% and 40.10 ± 7.92%, p < 0.05 (n = 339 

17, F(1, 16) = 11.71, p < 0.01; Fig. 4E). NREM sleep time were decreased as follow: 45 340 

min, 66.09 ± 6.80% and 36.18 ± 9.11%, p < 0.001; 60 min, 79.50 ± 2.79% and 56.99 ± 341 

9.46%, p < 0.05 (n = 17, F(1,16) = 4.97, p < 0.05; Fig. 4E). Notably, CNO administration 342 

decreased REM sleep amount for a longer period: 60 min, 10.07 ± 1.48% and 1.05 ± 343 

1.05%, p < 0.001; 75 min, 8.97 ± 1.71% and 0.86 ± 0.60%, p < 0.001; 90 min, 9.15 ± 344 

1.58% and 3.40 + 1.69%, p < 0.01; 105 min, 10.30 ± 2.10 % and 0.24 ± 0.24%, p < 345 

0.001; 120 min, 7.53 ± 1.96% and 1.10 ± 0.60%, p < 0.001 (n = 17, F(1, 16) = 110.9, p < 346 

0.001; Fig. 4E). This effect had been continued for 4 h after CNO administration 347 

(ZT4.0-ZT8.0: 8.17 ± 0.45 % and 2.86 ± 0.51 %; n = 17, t16 = 8.98, p < 0.001; data not 348 

shown) as compared with NREM sleep. The latencies to NREM and REM sleep were 349 

also markedly lengthened in the CNO-administered group (NREM sleep: saline, n = 17, 350 

18.38 ± 2.23 min; CNO, n = 17, 42.30 ± 6.44 min; t16 = 4.25, p < 0.001; REM sleep: 351 
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saline, n = 17, 47.10 ± 6.84 min; CNO, n = 17, 158.26 ± 18.08 min; t16 = 5.52, p < 352 

0.001; Fig. 4E). Because off-target expression of hM3Dq was very small (Fig. 4B), we 353 

postulated that the effects of CNO observed in this study mainly resulted from the 354 

excitation of GABABNST neurons. Moreover, to assess the degree of the AAV-mediated 355 

gene transfer, we quantified numbers of mCherry-positive cells for each experimental 356 

animal. We plotted the length of wakefulness for 2 h after CNO administration over 357 

numbers of positive neurons in each sample. We found a positive correlation between 358 

the number of mCherry-positive cells in the BNST (n = 17, R = 0.43, p < 0.05), but not 359 

BF (n = 17, R = -0.13, p = 0.31), suggesting that the close relationship between 360 

excitation of GABABNST neurons and arousal duration (Fig. 4G). 361 

We next examined the effect of the DREADD-mediated excitation of 362 

GABABNST neurons on the quality of NREM sleep. The power spectral profiling of EEG 363 

for 2 h after the stimulation suggests that the pharmacogenetic excitation of GABABNST 364 

neurons did not evoke significant effect on the power profile in NREM sleep (two-way 365 

repeated measures ANOVA, n = 17, F(1, 16) = 0.059, p = 0.81; Fig. 4F). 366 

 367 

Orexin plays a role in increase in wakefulness induced by DREADD-excitation of 368 

GABABNST neurons. 369 
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Orexin is known to play an important role in maintenance of wakefulness, rather than in 370 

vigilance state transition itself (Sakurai, 2007). The longer episode duration of 371 

wakefulness after longer optogenetic stimulation (Fig. 3) and DREADD (Fig. 4E) 372 

prompted us to examine whether the orexin system is mobilized after prolonged 373 

excitation of GABABNST neurons, which leads to longer wakefulness episode duration, 374 

although we found the immediate state transition by the optogenetic stimulation was not 375 

affected by DORA 22 (Fig. 1H).  376 

To examine the involvement of orexin neurons in the arousal actions by 377 

DREADD-induced excitation of GABABNST neurons, we first examined the activity of 378 

orexin neurons using c-Fos-immunostaining (Fig. 4H). Because we found the arousal 379 

effect by CNO administration emerged at 30 min after the injection (Fig. 4E) and it is 380 

assumed that c-Fos expression would be observed after about 90 min after the maximal 381 

excitation of neurons (Xiu J et al., 2014), mice were sacrificed and their brains were 382 

fixed 2 h after CNO administration. The proportion of c-Fos-expressing orexin neurons 383 

was significantly larger in the CNO-treated group than in the control group (saline, n = 384 

9, 12.06 ± 3.34 %; CNO, n = 8, 27.68 ± 6.03 %; t15 = 2.34, p < 0.05; Fig. 4H). These 385 

data suggest that excitation of GABABNST neurons for a substantial time period 386 

mobilizes the function of orexin neurons. 387 
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To examine the effect of DREADD stimulation of GABABNST neurons on other 388 

arousal related regions, we also examined c-Fos expression in the LC, TMN, and DR 389 

after the CNO administration (Fig. 4H). We found that the pharmacogenetic excitation 390 

of GABABNST neurons resulted in significant increase of c-Fos expression in 391 

TH-positive noradrenergic neurons in the LC (saline, n = 9, 4.16 ± 0.51%; CNO, n = 8, 392 

11.60 ± 2.34%; t15 = 2.73, p < 0.01; Fig. 4H). However, we failed to observe increase of 393 

c-Fos expression in HDC-positive histaminergic neurons in the TMN (saline, n = 9, 1.70 394 

± 0.44%; CNO, n = 8, 3.99 ± 1.65%; t15 = 1.29, p = 0.11; Fig. 4H) and TPH-positive 395 

serotonergic neurons in the DR (saline, n = 9, 2.36 ± 0.91%; CNO, n = 7, 1.82 ± 0.57%; 396 

t14 = 0.47, p = 0.32; Fig. 4H). This suggests that excitation of GABABNST neurons lead 397 

activation of noradrenergic neurons in the LC.  398 

Since we found activation of orexin neurons after excitation of GABABNST 399 

neurons by DREADD (Fig. 4H), we next examined whether the orexin system actually 400 

plays a role in the increase of wakefulness amount by excitation of GABABNST neurons. 401 

We used a dual orexin receptor antagonist, DORA 22, to block orexinergic 402 

neurotransmission (Fig. 5A). The CNO-induced increase in latency to NERM sleep was 403 

abolished by administration of DORA 22 (vehicle + CNO, 29.91 ± 5.23 min; DORA 22 404 

+ CNO, 6.49 ± 2.45 min; one-way repeated measures ANOVA, n = 9, F(3,24) = 16.39, p 405 
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< 0.001; Tukey’s post hoc test, p < 0.01; Fig. 5B). The DREADD-induced increase in 406 

wakefulness amount was also significantly attenuated by administration of DORA 22 at 407 

ZT4.0 (vehicle + CNO, 61 ± 8 %; DORA 22 + CNO, 33 ± 6 %; two-way repeated 408 

measures ANOVA, n = 9, F(3,24) = 2.93, p = 0.054; Tukey’s post hoc test, p < 0.001; Fig. 409 

5C). This alteration was accompanied by an increase in NREM sleep time by DORA 22 410 

(vehicle + CNO, 39 ± 8 %; DORA 22 + CNO, 63 ± 6 %; two-way repeated measures 411 

ANOVA, n = 9, F(3,24) = 3.30, p < 0.05; Tukey’s post hoc test, p < 0.001; Fig. 5C). 412 

Interestingly, DORA 22 did not affect the DREADD-induced increase in 413 

latency to REM sleep (vehicle + CNO, 133.2 ± 28.86 min; DORA 22 + CNO, 91.83 ± 414 

26.53 min; one-way repeated measures ANOVA, n = 9, F(3,24), = 6.41, p < 0.05; Tukey’s 415 

post hoc test, p = 0.73; Fig. 5B) as well as the decrease in REM sleep amount (ZT4.0 - 416 

8.0: vehicle + CNO, 4.06 ± 1.04 %; DORA 22 + CNO, 4.36 ± 0.97 %; paired t-test, n = 417 

9, t8 = 0.22, p = 0.42; Fig. 5C). 418 

NREM sleep mean relative EEG power spectrum for 2 h after saline or CNO 419 

administration did not showed significant effect within each group (two-way repeated 420 

measures ANOVA, n = 9, F(3, 24) = 0.46, p = 0.71; Fig. 5D). 421 

These observations suggest that the orexin system plays a role in sustaining 422 

wakefulness after prolonged activation of GABABNST neurons, mainly by inhibiting 423 
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NREM sleep rather than REM sleep. 424 

 425 

426 
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Discussion 427 

Excitation of GABABNST neurons triggers transition from NREM sleep to wakefulness 428 

sleep without function of orexin system 429 

One of the hallmarks after exposure of animals to an emotionally-salient environment is 430 

an increase in vigilance, wakefulness and arousal, as an adaptive response to 431 

environmental situations (Saper et al., 2010; Sakurai, 2014). On the other hand, the 432 

mechanisms by which the limbic system drives wakefulness might cause hyperarousal 433 

when it is inappropriately activated. In fact, psychiatric conditions such as anxiety 434 

disorders, PTSD, and depression are usually accompanied by sleep disturbance 435 

(Khazaie et al., 2016). 436 

Because the BNST is implicated in anxiety and stress (Davis et al., 2010; 437 

Lebow and Chen, 2016), we examined here the effect of manipulation of this region on 438 

sleep/wakefulness states in mice. Since the major neuronal population of the BNST is 439 

GAD67-expressing GABAergic neurons (Kudo et al., 2012; Lebow and Chen, 2016), 440 

we manipulated these GABABNST neurons at different stages of sleep/wakefulness states. 441 

We found that acute optogenetic activation of GABABNST neurons caused immediate 442 

transition from NREM sleep to wakefulness with about a 3 s delay from the start of 443 

stimulation. The location of BNST is close to the BF, and optogenetic stimulation of the 444 
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GABAergic neurons in these areas have been recently shown to cause arousal (Anaclet 445 

et al., 2015; Xu et al., 2015) and increased cortical gamma oscillations (Kim et al., 446 

2015). However, because spillover of the ChR2 expression into these areas were very 447 

small (Fig. 1B) and tips of optic fibers were precisely placed at the position of the 448 

BNST in all samples, it is not likely that the effects observed in this study was due to 449 

stimulation of these cells.  450 

This quick transition was not blocked by DORA 22, suggesting that the 451 

immediate transition from NREM sleep to wakefulness by BNST activation does not 452 

require the function of orexin. 453 

 454 

Prolonged excitation of GABABNST neurons mobilizes orexin system to stabilize 455 

wakefulness 456 

We also examined the effect of more sustained excitation of GABABNST 457 

neurons by a chemogenetic method (DREADD). DREADD-mediated stimulation of 458 

GABABNST neurons significantly increased wakefulness time for 1 h, along with 459 

decreases in NREM and REM sleep amounts (Fig. 4E). Latencies to each sleep state 460 

were also lengthened (Fig. 4E). The effect on REM sleep was longer than that on 461 

wakefulness and NREM sleep (Fig. 4E, 5C), suggesting that excitation of GABABNST 462 
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neurons had a stronger influence on REM sleep as compared with NREM sleep. This 463 

suggests that different neuronal pathways are driven by GABABNST neurons to inhibit 464 

NREM and REM sleep. 465 

We found prolonged excitation of GABABNST neurons evoked by DREADD, 466 

which induced longer wakefulness episode duration, accompanied by an increase in 467 

c-Fos-positive orexin neurons (Fig. 4H). This was consistent with a previous report that 468 

suggested that disinhibition of the BNST increased c-Fos expression in orexin neurons 469 

(Zhang et al., 2009). These observations prompted us to examine whether prolonged 470 

excitation of GABABNST neurons might mobilize the orexin system to sustain 471 

wakefulness. To evaluate this hypothesis, we used a dual orexin receptor antagonist, 472 

DORA 22. The CNO-induced increase in wakefulness and prolonged latency to NREM 473 

sleep was suppressed by pretreatment with DORA 22 (Fig. 5B, C). These observations 474 

strongly suggest that the function of the orexin system is necessary for prolonged 475 

wakefulness induced by sustained excitation of GABABNST neurons. 476 

Previous studies have suggested that pharmacological disinhibition of the 477 

BNST resulted in elevated sympathetic tone in wild-type mice but not in mice that lack 478 

orexin neurons or the orexin gene (Zhang et al., 2009). The control of cardiovascular 479 

function through activation of sympathetic outflow is fundamental in stressful 480 
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environments, which also requires animals to sustain wakefulness to ensure adaptive 481 

behavior. This suggests that activation of orexin neurons also plays an important role in 482 

sustaining arousal through the influence of the limbic system. A recent report suggests 483 

that the orexin signaling plays a role in the facilitation of cue-induced reinstatement of 484 

alcohol seeking induced by neuropeptide S (Ubaldi et al., 2016). This suggests a 485 

reciprocal interaction between orexin neurons in the LHA and BNST neurons. 486 

Mazzone et al recently reported that stimulation of vesicular GABA transporter 487 

(vGAT)-expressing BNST neurons by DREADD promotes anxiety-like behavior 488 

(Mazzone et al., 2016). Our present study suggests that this activation also evokes 489 

wakefulness. 490 

In our experiments, REM sleep reduction was observed for a longer time as 491 

compared with NREM sleep after chemogenetic excitation of GABABNST neurons (Fig. 492 

4E). Considering previous reports that showed that intracerebroventricular orexin 493 

administration or chemogenetic excitation of orexin neurons in the light period 494 

decreased NREM and REM sleep with a similar time course (Mieda et al., 2011; Sasaki 495 

et al., 2011), it is suggested that the later phase REM sleep suppression after 496 

DREADD-mediated activation of GABABNST neurons is caused by mechanisms other 497 

than activation of orexin neurons. In fact, a dual orexin receptor antagonist, DORA 22, 498 
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had no effect on REM sleep suppression induced by DREADD (Fig. 5B, C). 499 

Since the BNST has widespread ascending and descending projections, we 500 

examined the projection pattern of GABABNST neurons. After expressing ChR2 in 501 

GABABNST neurons, ChR2-positive fibers were observed in the midbrain including the 502 

MPOA, PAG, DpMe and PBN (Fig. 2B, Table. 1), regions implicated in REM sleep 503 

regulation (Dong et al., 2001; Dong et al., 2003, 2004, 2006a, 2006b, 2006c; Saper et al., 504 

2010; Hayashi et al., 2015; Van Dort et al., 2015). These observations suggest that 505 

excitation of GABABNST neurons might act directly on these regions to inhibit REM 506 

sleep without involvement of the orexin system. 507 

Our optogenetic stimulation study showed that acute excitation of GABABNST 508 

neurons during REM sleep failed to evoke a rapid transition to wakefulness (Fig. 1F). 509 

Several studies using animals and humans have shown that regions in the limbic 510 

systems are active during REM sleep (Maquet et al., 1996; Nofzinger et al., 1997; 511 

Sastre et al., 2000). This might explain why further excitation of GABABNST neurons 512 

did not trigger a transition of wakefulness, because these neurons might be already 513 

active during REM sleep. 514 

 515 

Multiple pathways are involved in regulation of wakefulness by GABABNST neurons. 516 
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This study focused on the major neuronal type in the BNST, GAD67-expressing neurons 517 

(i.e. GABAergic neurons) (Bota et al., 2012; Kudo et al., 2012; Lebow and Chen, 2016). 518 

Previous studies have suggested that orexin neurons receive direct synaptic input from 519 

BNST neurons (González et al., 2016), and GABABNST neurons directly evoke 520 

inhibitory postsynaptic current (IPSC) to orexin neurons (Jennings et al., 2013). 521 

However, it is not likely that GABABNST neurons activate orexin neurons through direct 522 

synaptic contact with GABA as a neuromodulator (Li et al., 2002; Yamanaka et al., 523 

2003; Xie et al., 2006). A population of GABABNST neurons also contains corticotropic 524 

releasing hormone (CRH) (Day et al., 1999; Nguyen et al., 2016), which activates 525 

orexin neurons (Winsky-Sommerer et al., 2004). These observations suggest the 526 

possibility that GABABNST neurons trigger the transition from NREM sleep to 527 

wakefulness through a neuronal pathway other than the orexin system, and these cells 528 

also more slowly activate orexin neurons through releasing CRH to sustain wakefulness. 529 

Alternatively, other indirect influences after excitation of GABABNST neurons might 530 

activate orexin neurons after prolonged excitation of these cells. Because orexin neurons 531 

receive abundant direct synaptic input by GABAergic neurons in the preoptic area 532 

(Saito et al., 2013), projection of GABABNST neurons to MPOA (Fig. 2B, Table. 1) is a 533 

possible pathway to disinhibit orexin neurons. Alternatively, GABAergic interneurons 534 
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in the LHA might play a role in the disinhibition of orexin neurons by GABABNST 535 

neurons. The circuit for the immediate arousal caused by acute optogenetic stimulation 536 

of GABABNST neurons is likely to be different from the circuitry involving orexinergic 537 

activation for prolonged wakefulness, because DORA did not affect the transition (Fig. 538 

1H). Since we found GABABNST neurons send axonal projections to various brain 539 

regions which have been implicated in the arousal regulations such as DpMe, PBN and 540 

PAG (Fig. 2B), the rapid transition might possibly due to GABAergic signaling on these 541 

regions. 542 

 We also found the DREADD stimulation of GABABNST neurons was 543 

accompanied by increase of c-Fos expression in TH-positive noradrenergic neurons in 544 

the LC but not in HDC-positive histaminergic neurons in the TMN and TPH-positive 545 

serotonergic neurons in the DR. This suggests that activation of noradrenergic neurons 546 

might be at least responsible for arousal induced by GABABNST stimulation. 547 

This study showed that GABABNST neurons trigger transition from NREM 548 

sleep to wakefulness without the function of the orexin system, but prolonged excitation 549 

of these neurons mobilizes orexin neurons to sustain arousal. This is consistent with that 550 

fact that orexin-deficient narcoleptic animals and humans can readily wake up by 551 

various external stimuli, but cannot sustain wakefulness (Sakurai, 2014). This is also 552 
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consistent with previous observations in non-human primates that showed although 553 

DORA promotes sleep, it protects the ability of selective arousal to emotionally-salient 554 

stimuli, unlike the sedative hypnotic effects of benzodiazepines (Tannenbaum et al., 555 

2016). This study also revealed that some GABAergic neurons play a role in increasing 556 

arousal, providing an important insight for considering the action of sleep-inducing 557 

agents, because most of them are GABAergic modulators.  558 

 559 

560 
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Legends for Figures 760 
Fig. 1. Optogenetic stimulation of GABABNST neurons induced immediate transition 761 
from NREM sleep to wakefulness. 762 
 763 
(A) Optogenetic manipulation of GABA neurons in BNST. Left, Schematic 764 
representation of protocol. Right, Focal expression of ChR2-EYFP (yellow) in the 765 
BNST. White line shows placement of optic fiber tip. Scale bar, 250 μm. (B) Numbers 766 
of EYFP-positive cells in various brain regions after injection of 767 
AAV10-EF1α-DIO-ChR2-EYFP in Gad67-Cre mice (n = 6). (C) Top panels show 768 
fluorescent images of immunohistochemical (IHC) staining for GFP (green, top left), 769 
and in situ hybridization for GAD67 mRNA (red, top right). Scale bars, 200 μm. Bottom 770 
panels show merged images (left: x10, right: x20). Scale bars: left, 200 μm; right, 50 μm. 771 
(D) Schematic drawing of experimental procedures. (E) Representative EEG trace (top, 772 
black), EMG trace (middle, blue) and EEG power spectrum (bottom, color map; a.u., 773 
arbitrary unit) around stimulation point. Scale bar: 5 s. (F) Effects of laser stimulation 774 
which induced immediate transition from NREM sleep to wakefulness. EYFP, n = 6; 775 
ChR2, n = 6; *p < 0.05, Welch’s t-test. (G) Laser stimulation did not show any change 776 
in latency of REM sleep to wakefulness. EYFP, n = 6; ChR2, n = 6; n.s., not significant 777 
(p ≥ 0.05), Student’s t-test. (H) Left: Schematic drawing of experimental procedures. 778 
Right: Laser-induced change in latency of NREM sleep to wakefulness transition after 779 
administration of DORA 22. Values are mean ± SEM. Abbreviations; 3V, third ventricle; 780 
AC, anterior commissure; BF, basal forebrain; BNST, bed nucleus of the stria 781 
terminalis; CPu, caudate putamen; ic, internal capsule; LGP, lateral globus pallidus; LS, 782 
lateral septum; LV, lateral ventricle; MPOA, medial preoptic area; MS, medial septum. 783 

784 
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Fig. 2. Projection patterns of axons of GABABNST neurons. 785 
 786 
(A) Schematics of AAV injection and representative image of expression origin. 787 
AAV10-EF1α-DIO-ChR2-EYFP was injected into the BNST of GAD67-Cre mice. 788 
Representative EYFP-positive neurons are shown in right image. Scale bar: 250 μm. (B) 789 
Representative images showing EYFP-positive axonal fibers in brain regions implicated 790 
in sleep-wakefulness regulation. Distances from the bregma are shown. Each bottom 791 
image shows representative image of region shown in rectangle. Scale bars: 250 μm. 792 
Abbreviations; AC, anterior commissure; Amy, amygdala; Aq, aqueduct; BNST, bed 793 
nucleus of the stria terminalis; DpMe, deep mesencephalic nucleus; DR, dorsal raphe; 794 
LC, locus coeruleus; LDT, laterodorsal tegmental nucleus; LH, lateral hypothalamus; 795 
Mam, mammillary nucleus; MPOA, medial preoptic area; opt, optic tract; ox, optic 796 
chiasm; PAG, periaqueductal gray; PPT, pedunculopontine tegmental area; TMN, 797 
tuberomammillary nucleus; VTA, ventral tegmental area; xscp, decussation of the 798 
superior cerebellar peduncle; 3V, third ventricle; 4V, fourth ventricle. 799 
 800 
Fig. 3. Longer stimulation of GABABNST neurons during NREM sleep evoked more 801 
sustained wakefulness. 802 
(A) Experimental procedures. 20-s of 20 Hz pulses were applied 1 or 10 times (every 1 803 
min) at ZT4.0 - ZT10.0. Duration of the first wakefulness episode after the 804 
laser-induced transition to wakefulness was measured. (B) Episode duration of 805 
laser-induced wakefulness. Values are mean ± SEM. *p < 0.05, paired t-test. (C) 806 
Vigilance state time for every 5 min plotted just after the end of stimulation. 807 

808 
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Fig. 4. DREADD-mediated excitation of GABABNST neurons induced wakefulness. 809 
 810 
(A) Left: Schematic representation of AAV injection. 811 
AAV10-EF1a-DIO-hM3Dq-mCherry was bilaterally injected into the BNST (red area) of 812 
Gad67-Cre mouse. Right: Image (area of blue rectangle in left panel) showing focal 813 
expression of hM3Dq-mCherry (yellow) in the BNST, counterstained with DAPI (blue). 814 
Scale bar: 250 μm. (B) Numbers of mCherry-positive cells in various brain regions after 815 
injection of AAV10-EF1a-DIO-hM3Dq-mCherry in Gad67-Cre mice (n = 17) (C) Top 816 
panels show fluorescent images of immunohistochemical (IHC) staining for mCherry 817 
(green, top left), and in situ hybridization for Gad67 mRNA (red, top right) in BNST. 818 
Scale bars: 200 μm. Bottom panels show merged images (left: x10, right: x20). Scale 819 
bars: left, 200 μm; right, 50 μm. (D) Left: Representative images showing IHC staining 820 
for hM3Dq-mCherry (magenta, left) and c-Fos (green, middle) in GABABNST neurons in 821 
the light period. CNO (bottom panels) increased c-Fos expression in hM3Dq-expressing 822 
GABABNST neurons as compared to saline (top panels). Arrowheads indicate c-Fos 823 
(+)/hM3Dq-mCherry (+) cells in GABABNST neurons. Scale bars: 100 μm. Right: the 824 
proportion of c-Fos (+)/mCherry (+) cells in GABABNST neurons was significantly 825 
larger in the CNO group (magenta) compared with control (blue). Values are mean ± 826 
SEM. Saline, n = 5; CNO, n = 5; ***p < 0.001, Welch’s t-test. (E) Left: Schematic 827 
drawing of experimental procedures. Saline or CNO (5.0 mg/kg) was intraperitoneally 828 
administered at ZT4.0, and mice were subjected to EEG/EMG recording. Graphs below 829 
the schema represent the latency time from wakefulness to NREM (top) or REM 830 
(bottom) sleep after drug administration. Saline, n = 17; CNO, n = 17; ***p < 0.001, 831 
paired t-test. Values are mean ± SEM. Right: Change in proportion of each state (top, 832 
wakefulness; middle, NREM sleep; bottom, REM sleep) after saline (blue) or CNO 833 
(magenta) administration. Saline, n = 17; CNO, n = 17; two-way repeated measures 834 
ANOVA followed by Bonferroni post-hoc test, *p < 0.05, **p < 0.01, ***p < 0.001. (F) 835 
EEG power density is shown as the mean percentage of total EEG power ± SEM in 836 
saline and CNO administered group for 2 h after injection (n = 17 per group) for 1 Hz 837 
frequency bins between 0 and 20 Hz. The delta (1–4 Hz, light dark) and the theta ranges 838 
(6–9 Hz, dark) are indicated by shaded areas. No statistically significant differences 839 
were observed between each data (n = 17, F(1, 16) = 0.059, p = 0.81, two-way repeated 840 
measures ANOVA). (G) Correlations between wakefulness time and number of 841 
hM3Dq-mCherry-positive cells in the BNST (top), BF (bottom) for 2 h after CNO 842 
administration. (H) Effect of GABABNST neurons excitation by DREADD on c-Fos 843 
expression (magenta) of orexin and monoamine neurons (green) for c-Fos analysis. 844 



 

 48 

Arrowheads indicate c-Fos positive orexin or monoamine neurons. Scale bars: 50 μm. 845 
The hM3Dq expressing mice were sacrificed 2 h after saline or CNO (5.0 mg/kg) was 846 
administered (i.p.) at ZT4.0. The graphs show the percentage of c-Fos positive neurons 847 
in each area in saline (blue) and CNO (magenta) administered group. Values are mean ± 848 
SEM. Saline, n = 9; CNO, n = 8 (orexin, HDC and TH) and saline, n = 9; CNO, n = 7 849 
(TPH); n.s., not significant (p ≥ 0.05), *p < 0.05, **p < 0.01, Student’s t-test. 850 
Abbreviations; AC, anterior commissure; BF, basal forebrain; BNST, bed nucleus of the 851 
stria terminalis; CPu, caudate putamen; DR, dorsal raphe; HDC, histidine 852 
decarboxylase; ic, internal capsule; LC, locus coeruleus; LGP, lateral globus pallidus; 853 
LH, lateral hypothalamus; LS, lateral septum; LV, lateral ventricle; MPOA, medial 854 
preoptic area; MS, medial septum; OX, orexin; TH, tyrosine hydroxylase; TMN, 855 
tuberomammillary nucleus; TPH, tryptophan hydroxylase. 856 
 857 
 858 
Fig. 5. Dual orexin receptor antagonist (DORA 22) attenuated arousal effects induced 859 
by chemogenetic activation of GABABNST neurons. 860 
 861 
(A) Schematic drawing of experimental procedures. Vehicle (20% vitamin E TPGS) or 862 
DORA 22 (30 mg/kg in 20% vitamin E TPGS) was orally administered 30 min before 863 
the start of EEG/EMG recording. Saline or CNO (5.0 mg/kg) was intraperitoneally 864 
administered, and mice were subjected to EEG/EMG recording starting at ZT4.0. (B) 865 
Latency to first NREM (top) or REM (bottom) sleep after saline (blue bar) or CNO 866 
(magenta bar) administration. Vehicle + saline, n = 9; vehicle + CNO, n = 9; DORA 22 867 
+ saline, n = 9; DORA 22 + CNO, n = 9; *p < 0.05, **p < 0.01, one-way repeated 868 
measures ANOVA followed by Tukey’s post-hoc test. Values are mean ± SEM. (D) EEG 869 
power density is shown as the mean percentage of total EEG power ± SEM in each 870 
group for 2 h after injection for 1 Hz frequency bins between 0 and 20 Hz. The delta (1–871 
4 Hz, light dark) and the theta ranges (6–9 Hz, dark) are indicated by shaded areas. No 872 
statistically significant differences were observed between each data (n = 9, F(3, 24) = 873 
0.46, p = 0.71, two-way repeated measures ANOVA). (C) Time of each state (top, 874 
wakefulness; middle, NREM sleep; bottom, REM sleep) between ZT4.0 - ZT8.0 after 875 
saline (blue line) or CNO (magenta line) administration with drugs. Dashed lines and 876 
solid lines represent vehicle and DORA 22 groups, respectively. Vehicle + saline, n = 9; 877 
vehicle + CNO, n = 9; DORA 22 + saline, n = 9; DORA 22 + CNO, n = 9; *p < 0.05, 878 
**p < 0.01, ***p < 0.001, vehicle + saline versus vehicle + CNO; †††p < 0.001, vehicle + 879 
CNO versus DORA 22 + CNO; #p < 0.05, ##p < 0.01, DORA 22 + saline versus DORA 880 
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22 + CNO; two-way repeated measures ANOVA followed by Tukey’s post-hoc test. 881 
Values are mean ± SEM. 882 
 883 
  884 
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Table. 1. Relative abundance of axons arising from GABABNST neurons. EYFP-positive 885 
fibers were observed in brain slices after expression of ChR2-EYFP in GABABNST 886 
neurons. 887 
 888 

Symbols: -, no recognizable fibers; ±, a few fibers; +, slightly dense fibers; ++, 889 

moderately dense fibers; +++, highly dense fibers. 890 

 891 

Movie. 1. Optogenetic Excitation of GABABNST Neurons 892 
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