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SUMMARY

Sleep is regulated by homeostatic process and
circadian clock. Light indirectly modulates sleep
by entraining the circadian clock to the solar day.
Light can also influence sleep independent of
photo-entrainment [1]. An acute light exposure
could induce sleep, and an acute dark pulse could
increase wakefulness in nocturnal animals [1, 2].
The photoreceptors and cell types in the retina
that mediate light and dark effects on sleep are
well characterized [1–4]. A few studies have
explored the brain region involved in acute light in-
duction of sleep. Fos expression and nonspecific
lesions suggest that the superior colliculus (SC)
may play a role in acute light induction of sleep
[2, 5]. In contrast, the brain area and neural circuits
mediating acute dark induction of wakefulness are
unknown. Here, we demonstrated that retina gan-
glion cells (RGCs) had direct innervations on the
GABAergic neurons in the mouse SC, and the activ-
ities of these cells were inhibited by an acute dark
pulse, but not influenced by a light pulse. Moreover,
ablating SC GABAergic neurons abolished the
acute dark induction of wakefulness, but not light
induction of sleep. Based on optogenetic and elec-
trophysiological experiments, we found that SC
GABAergic neurons formed monosynaptic func-
tional connections with dopaminergic neurons in
the ventral tegmental area (VTA). Selective lesions
of VTA dopaminergic cells totally abolished acute
dark induction of wakefulness without affecting
the light induction of sleep. Collectively, our find-
ings uncover a fundamental role for a retinal-SC
GABAergic-VTA dopaminergic circuit in acute dark
induction of wakefulness and indicate that the
dark and light signals affect sleep-wake behaviors
through distinct pathways.
RESULTS

SC GABAergic Neurons Receive Direct Functional Input
from RGCs and Are Inhibited by an Acute Dark Pulse
To examine whether the GABAergic neurons have direct

functional connections with retina ganglion cells (RGCs), we

performed intravitreal injection with Cre-independent adeno-

associated virus (AAV) encoding channelrhodopsin [6]

(EF1a-ChR2-mCherry-AAV) into both eyes of the GAD1-GFP

mice (Figure 1A). After 3 weeks, acute coronal brain slices con-

taining the superior colliculus (SC) were prepared for in vitro

patch-clamp recording. GAD1 neurons in the SC slices were

patch-clamped with the guidance of GFP fluorescence to test

the responses to optogenetic stimulation of ChR2-expressing

RGC terminals. Photic stimulation (5-ms pulses; 10 Hz) of the

RGC terminals evoked excitatory postsynaptic currents

(EPSCs) in most (84%) of recorded GAD1 neurons in the SC

within 5 ms (Figures 1B–1E). In addition, the light-evoked

EPSCs were completely blocked by AMPA and NMDA receptor

antagonists NBQX and D-APV (Figure 1B), which indicates that

these responses were mediated by glutamate released from

the axon terminals of RGCs and postsynaptic glutamate

AMPA and NMDA receptors on GAD1 neurons within the SC.

We also showed the electrophysiological characteristics of re-

corded SC GAD1 neurons connecting to RGCs, including the

distribution of resting membrane potentials (Figure 1F) and

the typical traces in response to current injections (Figure 1G).

When the current injections of 210 pA and �210 pA were con-

ducted, the neuron showed action potentials and a prominent

depolarizing sag, respectively (Figure 1G). These findings

demonstrate monosynaptic functional connectivity between

RGCs and SC GABAergic neurons.

To test whether GABAergic neurons in the SC play a role

in the regulation of spontaneous sleep, acute dark induction

of wakefulness, or light induction of sleep, we analyzed

Fos expression of SC GABAergic neurons in GAD1-GFP mice

exposed to different light conditions and durations. We

observed less Fos expression in SC GAD1 neurons of mice

exposed to a dark pulse from zeitgeber time (ZT) 2 to ZT 4

compared to control mice (Figures 1H–1M and 1T). Unexpect-

edly, a light pulse (100 lx) from ZT 14 to ZT 16 did not further
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Figure 1. SC GABAergic Neurons Receive Direct Functional Input from RGCs and Are Inhibited by an Acute Dark Pulse

(A) Schematic diagram of intravitreal ChR2-mCherry virus injection into the both eyes of a GAD1-GFP mouse.

(B) Photostimulation (5 ms) evoked EPSCs in a SC GABAergic neuron. NBQX and D-APV completely abolished the EPSCs.

(C) A typical example of photo-evoked EPSC (boxed region in B).

(D) Number and proportion of recorded SC GAD1 neurons that responded and did not respond to the photostimulation of ChR2-expressing RGC terminals.

(E) Latency of photostimulation-evoked EPSCs averaged from 20 trials.

(legend continued on next page)
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increase Fos expression in SC GAD1 neurons (Figures 1N–1T).

These results revealed that the activities of SC GABAergic

neurons were inhibited by a dark pulse, but not influenced by

a light pulse. Moreover, the Fos expression in the daytime

(ZT 4) was similar to that at night (ZT 16) (Figures 1H, 1J, 1N,

1P, and 1T), and about 30% of the SC GABAergic neurons

expressed Fos at both ZT 4 and ZT 16, indicating that SC

GABAergic neurons are excited throughout the day.

Acute Dark Induction of Wakefulness Requires
GABAergic Neurons in the SC
We ablated GABAergic neurons within the SC to test whether

they are necessary for acute light induction of sleep, dark induc-

tion of wakefulness, and spontaneous sleep-wake cycle. To

selectively kill these neurons, we bilaterally microinjected an

AAV vector that Cre-dependently expresses caspase3 (CAG-

flex-taCasp3-TEVp-AAV) into the SC of vesicular GABA

transporter (Vgat)-Cre mice (SC-Vgat-taCasp3 mice), which ex-

pressed Cre recombinase under the promoter of the gene

encoding Vgat (Figure 2A). The Vgat-Cre mice injected with

EF1a-DIO-EGFP-AAV in the SC (SC-Vgat-EGFP mice) served

as a control by expressing enhanced green fluorescence protein

(EGFP) in GABA-immunopositive neurons in the SC (Figure 2B).

SC GABAergic neurons were efficiently eliminated in SC-Vgat-

taCasp3 mice (Figure 2B).

To examine whether lesions of these neurons affect acute

light induction of sleep, we photo-entrained the mice to a 12

h:12 h light/dark (LD) cycle and then exposed them to a 3-h light

pulse from ZT 14 to ZT 17. Two groups of mice had similar

baseline sleep and were well entrained to the LD cycle (Figures

S1A and S1B). The 3-h light pulse significantly increased the

amount of sleep (non-rapid eye movement [NREM] and REM

sleep were calculated as total sleep) and decreased wakeful-

ness during the light-exposed period in both SC-Vgat-EGFP

mice and SC-Vgat-taCasp3 mice (Figures 2C–2F). These find-

ings demonstrate that GABAergic neurons in the SC are not

necessary for the photo-entrainment of sleep or acute light in-

duction of sleep in mice.

We next exposed the mice to a 3-h dark pulse from ZT 2 to ZT

5 to assess whether the SC GABAergic neurons are involved in

acute dark induction of wakefulness. In SC-Vgat-EGFP mice,

the 3-h dark pulse significantly decreased sleep and increased

wakefulness during the presentation of dark pulse period (Fig-

ures 2G–2J). However, the acute dark pulse failed to induce

any significant effect on sleep and wakefulness in SC-Vgat-

taCasp3 mice (Figures 2G–2J). Although it seems that lesions
(F) Distribution of resting membrane potential of connected GABAergic neurons

(G) Typical traces of a SC GABAergic neuron in response to 210 and �210 pA c

(H–J) Representative imagines of Fos immunostaining (H), GAD1-GFP expression

group.

(K–M) Representative images of Fos immunostaining (K), GAD1-GFP expression (L

(ZT 2–4) group.

(N–P) Representative images of Fos immunostaining (N), GAD1-GFP expression (O

group.

(Q–S) Representative images of Fos immunostaining (Q), GAD1-GFP expression

pulse (ZT 14–16) group. The scale bar represents 100 mm.

(T) The amount of Fos+GAD1+ neurons in the SC of GAD1-GFP mice at ZT 4 and Z

three brain sections analyzed bilaterally per mouse. Values are mean ± SEM. **p

Bonferroni test.
of SC GABAergic neurons reduce the baseline sleep, there is

no significant difference between the control and lesion group

in terms of the baseline condition. These results indicate that

GABAergic neurons of the SC are required for acute dark induc-

tion of wakefulness in mice.

VTA Dopaminergic Neurons Receive Direct Functional
Innervations from GABAergic Neurons in the SC
To test whether SC GABAergic neurons project to dopaminergic

neurons within the ventral tegmental area (VTA), which were

recently reported to be critical for the consolidation of wakeful-

ness [7–9], we unilaterally microinjected the Cre-dependent

AAV vector EF1a-DIO-EGFP-AAV into the SC of Vgat-Cre mice

(Figures 3A and 3B). We then stained immunohistochemically

for tyrosine hydroxylase (TH) and found that both ipsilateral

and contralateral VTA TH neurons received dense projections

from the GABAergic neurons of the SC (Figures 3C–3H). In addi-

tion, we also found that SC GABAergic neurons projected to

other nuclei, which have not been demonstrated to be critical

for sleep-wake regulation, such as dorsal cortex of the inferior

colliculus, parabigeminal nucleus, and ventral nucleus of the

lateral lemniscus (Figures S2A–S2C).

To explore whether SC GABAergic neurons have direct

functional connections with dopaminergic cells in the VTA,

we bilaterally injected the Cre-dependent AAV vector

EF1a-DIO-ChR2-AAV into the SC (Figure 3I). First, we tested

responses from somata of ChR2-expressing neurons and

found that photostimulation (5-ms pulses; 5 Hz) of cell bodies

of Vgat neurons elicited robust spikes (Figures S3A and S3B).

We next performed whole-cell recordings in acute slices con-

taining the VTA area with ChR2-expressing SC GABAergic ter-

minals while activating these terminals with blue light. Photic

stimulation (5-ms pulses; 5 Hz) of SC GABAergic terminals

evoked inhibitory postsynaptic currents (IPSCs) in recorded

VTA neurons within 5 ms (Figures 3J–3L). Moreover, the

light-evoked IPSCs were completely abolished by gabazine

(Figure 3J), indicating that these responses were mediated

by GABA release from the axon terminals of Vgat neurons

and postsynaptic GABAA receptors on VTA neurons. The post-

synaptic cell types were identified by single-cell RT-PCR and

characteristic firing patterns [10]. The results showed that

both dopaminergic (Figures 3M and 3N) and non-dopami-

nergic neurons (Figure S3C) received projections from SC

GABAergic neurons. We found that about 62% VTA neurons

formed monosynaptic connection with GABAergic cells in

the SC (Figure 3P) and 69% of the connected neurons were
in the SC.

urrent injections.

(I), and co-localization (J) in the SC of GAD1-GFP mice at ZT 4 for the baseline

), and co-localization (M) in the SC of GAD1-GFPmice at ZT 4 for the dark pulse

), and co-localization (P) in the SC of GAD1-GFPmice at ZT 16 for the baseline

(R), and co-localization (S) in the SC of GAD1-GFP mice at ZT 16 for the light

T 16 in the baseline group and light or dark pulse group. n = 3 mice per group;

< 0.01 compared with dark pulse, assessed via one-way ANOVA followed by a
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Figure 2. SC GABAergic Neurons Are Required for Acute Dark Induction of Wakefulness, but Not Light Induction of Sleep

(A) Generation of a SC-Vgat-taCasp3 (lesion) mouse or SC-Vgat-EGFP (control) mouse bymicroinjection of AAV-DIO-EGFP and AAV-flex-taCasp3-TEVp vectors

or the AAV-DIO-EGFP vector alone into the SC of a Vgat-Cre mouse.

(B) Coexpression of EGFP (green) and GABAergic neurons (red) in the SC of a control mouse and the lack of such expression in a lesion mouse. Scale bars

represent 200 mm. IL, intermediate layer; SL, superficial layer.

(C and D) Time course changes in sleep (C) and wakefulness (D) in mice of control group and lesion group. Each cycle represents the hourly mean ± SEM of sleep

and wakefulness. The black and white bars on the x axes indicate light-off and light-on treatment, respectively, at night.

(E and F) Sleep (E) and wakefulness (F) amount during a 3-h light pulse compared to the baseline in control and lesion mice.

(G andH) Time course changes in sleep (G) andwakefulness (H) inmice of control group and lesion group. The black andwhite bars on the x axes indicate light-off

and light-on treatment, respectively, in the daytime.

(I and J) Sleep (I) and wakefulness (J) amount during a 3-h dark pulse compared to the baseline in control and lesion mice.

Values are means ± SEM (control group, n = 7; lesion group, n = 8). *p < 0.05, **p < 0.01 compared with baseline. For (C), (D), (G), and (H), data were assessed via

two-way ANOVA followed by a Bonferroni test. For (E), (F), (I), and (J), data were assessed by a paired, two-tailed Student’s t test. See also Figure S1.
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identified as dopaminergic cells (Figure 3Q). In addition, we

also showed the distribution of resting membrane potentials

of recorded dopaminergic (Figure 3O) and non-dopaminergic

neurons (Figure S3D) connecting to SC GABAergic neurons.

These findings reveal that VTA dopaminergic neurons receive

direct functional input from GABAergic neurons in the SC,

which may serve as the downstream of acute dark induction

of wakefulness mediated by the SC.
4 Current Biology 29, 1–8, February 18, 2019
VTA Dopaminergic Neurons Are Necessary for Acute
Dark Induction of Wakefulness
To test whether the dopaminergic neurons in the VTA are

required for acute dark induction of wakefulness or light induc-

tion of sleep, we selectively ablated these neurons by microin-

jecting CAG-flex-taCasp3-TEVp-AAV into the VTA of TH-Cre

mice (Figure 4A). The TH-Cre mice injected with EF1a-DIO-

EGFP-AAV in the VTA (VTA-TH-EGFP mice), which led to the



Figure 3. VTA Dopaminergic Neurons Receive Monosynaptic Inputs from SC GABAergic Neurons

(A) Schematic diagram of Cre-dependent EGFP virus microinjection into the unilateral SC of a Vgat-Cre mouse.

(B) EGFP expression in the SC. The scale bar represents 200 mm.

(C–E) Distributions of SC terminals (C), TH-positive neurons (D), and co-localization (E) in the contralateral VTA. IPN, interpeduncular nucleus.

(F–H) Distributions of SC terminals (F), TH-positive neurons (G), and co-localization (H) in the ipsilateral VTA. The scale bar represents 100 mm.

(I) Schematic diagram of bilateral Cre-dependent ChR2-mCherry virus microinjection into the SC of a Vgat-Cre mouse.

(J) Photostimulation (5 ms) evoked IPSCs in a VTA dopaminergic neuron. Gabazine completely abolished the IPSCs.

(K) A typical example of photo-evoked IPSC (boxed region in J).

(L) Latency of photostimulation-evoked IPSCs averaged from 10 trials.

(M) Single-cell TH mRNA-expression analysis using RT-PCR.

(N) Typical traces of a VTA dopaminergic neuron in response to 10 and�30 pA current injections. A typical example of potential waveform of a VTA dopaminergic

neuron is shown in boxed region.

(O) Distribution of resting membrane potential of connected dopaminergic neurons in the VTA.

(P) Number and proportion of recorded VTA neurons that responded and did not respond to the photostimulation of ChR2-expressing SC GABAergic terminals.

(Q) Number and proportion of dopaminergic and non-dopaminergic VTA neurons that connected to SC GABAergic cells.

See also Figures S2 and S3.
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expression of EGFP in TH-immunopositive neurons in the VTA

of these mice, served as a control (Figure 4B). Dopaminergic

neurons were efficiently killed in TH-Cre mice injected with

CAG-flex-taCasp3-TEVp-AAV (abbreviated as VTA-TH-taCasp3

mice; Figure 4B). The baseline sleep profiles of the control and

lesion groups were similar and well entrained to the LD cycle

(Figures S4A and S4B). We then exposed the two groups of

mice to a light or dark pulse using the protocols that were the

same as those performed in SC-Vgat-taCasp3 and SC-Vgat-

EGFP mice. The 3-h light pulse significantly increased the

amount of sleep (Figures 4C and 4E) and decreasedwakefulness

(Figures 4D and 4F) during the light-exposed period in both

groups. In contrast, the 3-h dark pulse markedly reduced the

amount of sleep and induced wakefulness in VTA-TH-EGFP

mice but did not influence the amount of sleep or wakefulness

in VTA-TH-taCasp3 mice (Figures 4G–4J). These results indicate

that VTA dopaminergic neurons, which are downstream of SC
GABAergic cells, are required for acute dark induction of wake-

fulness in mice.

DISCUSSION

Here, we first demonstrate that the acute induction of wakeful-

ness by dark is entirely dependent on the GABAergic neurons

in the SC and that VTA dopaminergic cells serve as the neces-

sary downstream.

Light affects the sighted animals through both image-forming

system and non-image-forming system [11, 12] by the retina.

The SC has already been demonstrated as an essential nucleus

in image-forming system, which mediates orienting responses

[13, 14], avoidance, and defense-like behaviors [15–18]. Parval-

bumin-positive excitatory projection neurons in the superficial

layer of the SC and glutamatergic neurons in the intermediate

layer of the SC serve as a key subtype for detecting looming
Current Biology 29, 1–8, February 18, 2019 5



Figure 4. VTA Dopaminergic Neurons Are Required for Acute Dark Induction of Wakefulness, but Not for Light Induction of Sleep

(A) Generation of a VTA-TH-taCasp3 (lesion)mouse or a VTA-TH-EGFP (control) mouse bymicroinjection of AAV-DIO-EGFP andAAV-flex-taCasp3-TEVp vectors

or an AAV-DIO-EGFP vector alone into the VTA of a TH-Cre mouse.

(B) Coexpression of EGFP (green) and TH-positive neurons (red) in the VTA of a control mouse and the lack of such expression in a lesion mouse. Scale bars

represent 200 mm. IPN, interpeduncular nucleus; SN, substantia nigra.

(C and D) Time course changes in sleep (C) and wakefulness (D) in mice of control group and lesion group. Each cycle represents the hourly mean ± SEM of sleep

and wakefulness. The black and white bars on the x axes indicate light-off and light-on treatment, respectively, at night.

(E and F) Sleep (E) and wakefulness (F) amount during a 3-h light pulse compared to the baseline in control and lesion mice.

(G andH) Time course changes in sleep (G) andwakefulness (H) inmice of control group and lesion group. The black andwhite bars on the x axes indicate light-off

and light-on treatment, respectively, in the daytime.

(I and J) Sleep (I) and wakefulness (J) amount during a 3-h dark pulse period compared to the baseline in control and lesion mice.

Values are means ± SEM (control group, n = 9; lesion group, n = 6). *p < 0.05, **p < 0.01 compared with baseline. For (C), (D), (G), and (H), data were assessed via

two-way ANOVA followed by a Bonferroni test. For (E), (F), (I), and (J), data were assessed by a paired, two-tailed Student’s t test. See also Figure S4.
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objects and triggering fear as well as defensive responses

[19, 20]. In this study, we uncover a key role of the SC

GABAergic neurons in non-image-forming system in terms of

acute dark induction of wakefulness. Because the alert state is

tightly coupled with various vital behaviors, such as drinking,
6 Current Biology 29, 1–8, February 18, 2019
feeding, etc., the acute effect of dark on wakefulness can help

nocturnal animals rapidly adapt to an environment change,

which is usually accompanied by photo circumstance variation.

Previous studies indicate that the ventrolateral preoptic area

(VLPO) and the SC mediate the acute light induction of sleep
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using Fos mRNA expression quantifying and nonspecific cell-

type ablating [2, 5]. However, our results show that the activities

of GABAergic neurons do not change significantly after acute

light exposure in the dark phase and lesions of SC GABAergic

neurons did not influence light induction of sleep. Moreover, the

Fos expression data indicated that light activated GABAergic

neurons and other types of cells in the SC. We found that

GABAergic neurons in the SC played an important role in dark in-

duction of wakefulness, but whether SC glutamatergic neurons

are involved in the regulation of acute light induction of sleep

remained to be clarified. In addition, the VLPO may also be

involved in the regulation of acute light induction of sleep. How-

ever, in consideration of previous studies, VLPO might not serve

as a contributor to light induction of sleep because the detect-

able afferents from RGCs are very sparse [21, 22].

Moreover, Fos in SC GABAergic neurons is highly expressed

in both the light phase and the dark phase, which suggests

that GABAergic neurons are activated throughout the day.

Considering that Fos expression of SC GABAergic neurons is

markedly reduced when the animals are exposed to a dark pulse

in the daytime, the retina may serve as the dominant activator of

these neurons during the light phase. In terms of the dark phase,

the locus coeruleus (LC) that excites during the arousal period

[23–25] and directly innervates the SC [26] is supposed to be a

main upstream nucleus that activates the SC in the dark phase.

In the past decades, the role of VTA dopaminergic neurons in

sleep-wake regulation is extensively studied. The firing rate of

these neurons does not change across sleep-wake states [27].

Recently, VTA dopaminergic neurons were demonstrated to be

sufficient for inducing arousal, and nucleus accumbens (NAc)

is the key downstream for mediating this effect [7–9]. In addition,

the dopamineD2-like receptors are required for thewakefulness-

promoting effect of VTA dopaminergic cells [8]. Our results show

that selective lesions of VTA dopaminergic neurons hardly affect

spontaneous sleep under baseline conditions, suggesting that

VTA dopaminergic neurons do not function in spontaneous

sleep-wake cycle, whereas these neurons are essential for acute

dark induction of wakefulness.

In light of our findings, we propose that, in the light phase, an

acute dark pulse reduces the activity of GABAergic neurons in

the SC, resulting in disinhibition of VTA dopaminergic cells that

are functionally connected to the SC GABAergic neurons. As a

consequence, activation of VTA dopaminergic neurons induces

wakefulness and suppresses sleep when mice are exposed to a

dark pulse. In the dark phase, the LC is activated and excites the

GABAergic neurons in the SC. Because the SC GABAergic neu-

rons have been already activated by the LC, the acute light pulse

is not able to increase the activities of these cells further and

influence sleep-wake behavior. Overall, our findings uncover a

fundamental role for a retinal-SC GABAergic-VTA dopaminergic

circuit in the acute dark induction of wakefulness.
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TTCGCGTTCCGACAG Primer 3 (50 to 30): CTTGCGTC

GGCCATGATATAGACG

This paper N/A

Recombinant DNA

pAAV-EF1a-hChR2(H134R)-mCherry Donated by Karl Deisseroth N/A

pAAV-EF1a-DIO-hChR2(H134R)-mCherry Donated by Karl Deisseroth N/A

Software and Algorithms

SleepSign 3.0 Kissei Comtec http://www.sleepsign.com

Clampex 10.3 Molecular Devices https://www.moleculardevices.com/#gref

ImageJ N/A https://imagej.net

Prism 7.00 GraphPad Software https://www.graphpad.com/scientific-software/prism/

Other

vibratome Leica Cat#: VT1200S

microtome Leica Cat#: CM1900

IR-sensitive CCD camera DAGE MTI Cat#: IR1000

pipette puller Sutter Cat#: P-1000

fixed upright microscope Olympus Cat#: BX51WI
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CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Zhi-Li

Huang (huangzl@fudan.edu.cn).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice
Vesicular GABA transporter (Vgat)-Cre mice [B6.FVB-Tg (Slc32a1-cre) 2.1 Hzo/FrKJ mice; Jackson Laboratory, Bar Harbor, Maine,

USA], tyrosine hydroxylase-IRES-Cre knockin mice [29] (TH-IRES-Cre mice; donated by Yu-Qiang Ding of Tongji University), and

glutamic acid decarboxylase 1 (GAD1)-GFP knockin mice [30] (provided by Yuchio Yanagawa of Gunma University) were housed

in a soundproof room at an ambient temperature of 22 ± 0.5�C, with a relative humidity of 60% ± 2%. A 12-h light/dark cycle (white

lights on at 07:00, illumination intensity z100 lx, before photic experiments) was automatically controlled. Food and water were

available ad libitum. We used only male heterozygous mice, 6–8 weeks old at the start of the experimental procedures. Experimental

protocols were approved by the Medical Experimental Animal Administrative Committee of Shanghai, in accordance with the

Guidelines of the NIH in the United States regarding the care and use of animals for experimental procedures. Every effort was

made to minimize the number of animals used for experiments and any pain or discomfort experienced by the animals.

METHOD DETAILS

Virus vector preparation
AAV10 serotype viruses encoding EF1a-hChR2(H134R)-mCherry (EF1a-ChR2-mCherry-AAV) and EF1a-DIO-hChR2(H134R)-

mCherry (EF1a-DIO-ChR2-mCherry-AAV) were prepared as previously described [28]. AAV vectors carrying the CAG-FLEX-

taCasp3-TEVp or EF1a-DIO-eGFP construct were packaged into serotype 2/9 vectors, which consisted of AAV2 ITR genomes

pseudotyped with AAV9 serotype capsid proteins. The final viral vector titers were in the range of 1–5 3 1012 viral particles per mL.

Intravitreal injection
Micewere anesthetizedwith chloral hydrate (intraperitoneal, 360mg kg�1) and placed under a stereomicroscope. Next, EF1a-ChR2-

mCherry-AAV at a volume of 1.5 mL was injected into both eyes using NanoJect II (Drummond Scientific Company).

Surgery and virus injection
Mice were anesthetized with chloral hydrate (intraperitoneal, 360 mg$kg�1) and placed in a stereotaxic apparatus. The skin was cut,

and a small craniotomy was made above the superficial layer of the SC or VTA. AAV vectors were slowly injected (40 nL/min) into the

bilateral superficial layer of the SC (200 nL for each position; AP = �3.8 mm; ML = 0.7 mm; DV = �1.2 mm) or VTA (200 nL for each

position; AP =�3.4 mm; ML = 0.3 mm; DV = �4.0 mm) for polysomnographic recording and brain slice electrophysiology or into the

unilateral superficial layer of the SC for anterograde tracing. The glass pipette was left in place for eight additional minutes and then

slowly withdrawn.

Three weeks after injections, mice used for in vivo tests were implanted with electrodes for electroencephalogram (EEG) and

electromyogram (EMG) recordings under chloral hydrate (intraperitoneal, 360 mg kg�1) anesthesia. The implant [31–34], consisting

of two stainless steel screws (1 mm in diameter) as EEG electrodes, was inserted through the skull (+1.0 mm anteroposterior;

�1.5 mm mediolateral from bregma or lambda) according to the mouse brain atlas [35]. Two insulated stainless steel wires, used

as the EMG electrodes, were bilaterally placed into both trapezius muscles. The electrodes were attached to a mini-connector

and fixed to the skull with dental cement. We then used surgical sutures to the skin, and the mouse was kept in a warm environment

until resuming normal activity.

Polysomnographic recording and analysis
After a 7-day recovery period, the mice were individually housed in transparent barrels and habituated to the recording cable for

3 days before recording. The simultaneous recordings for EEG and EMGwere carried out with a slip ring that let themicemove freely.

The recording started at 07:00, that is, the beginning of the light period.

As previously described [31, 32, 36–38], cortical signals were amplified and filtered (0.50–30 Hz for EEG, 20–200 Hz for EMG), then

digitized at a sampling rate of 128 Hz and recorded with SleepSign software (Kissei Comtec, Nagano, Japan). The sleep–wake states

were automatically classified in 4 s periods as wakefulness, NREM sleep, or REM sleep with the SleepSign software on the basis of

published standard criteria [31, 32, 36–39]. The automatically definedwake or sleep stages were then checked visually and corrected

if necessary.

Histology and immunohistochemistry
Mice were anesthetized with chloral hydrate (intraperitoneal, 360 mg kg�1) and perfused transcardially with phosphate-buffered

saline (PBS), followed by 4% paraformaldehyde (PFA) in 0.1 M phosphate buffer (PB). Brains were removed, post-fixed overnight,

and incubated in PBS containing 20%sucrose until they sunk to the bottom. Coronal sections (30 mm)were cut on amicrotome (Leica
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CM1900). The brain sections were washed five times for 3 min each in PBS and incubated with primary antibody in PBS containing

0.3% Triton X-100 (PBST) at 4�C for 24 h (anti-Fos, ABE457, 1:5,000, Millipore; anti-GABA, PA5-32241, 1:1,000, Thermo Fisher Sci-

entific; anti-TH, AB152, 1:3,000, Millipore). Primary antibodies were washed five times with PBS before incubation with secondary

antibodies (Alexa 594-conjugated goat anti-rabbit for Fos, GABA and TH, R37117, 1:1000, Thermo Fisher Scientific). Fluorescent

images were collected with a confocal microscope (Nikon AIR-MP).

Brain slice electrophysiology
Three weeks after injection of EF1a-ChR2-mCherry-AAV in GAD1-GFP mice or EF1a-DIO-ChR2-mCherry-AAV in Vgat-Cre mice,

brain slices containing the SC or the VTA were prepared for electrophysiological recordings. Mice were anesthetized with chloral hy-

drate (intraperitoneal, 360 mg kg�1) and transcardially perfused with ice-cold oxygenated (95%O2 and 5%CO2) cutting artificial ce-

rebrospinal fluid (ACSF: 213 mM sucrose, 2.5 mM KCl, 1.25 mM NaH2PO4, 26 mM NaHCO3, 10 mM glucose, 2 mM Na-pyruvate,

0.4 mM ascorbic acid, 3 mM MgSO4, 0.1 mM CaCl2). Brains were rapidly removed and placed in ice-cold oxygenated cutting

ACSF. Coronal SC slices (300 mm) were cut using a vibratome (VT1200S, Leica). Brain slices containing the SC or the VTAwere trans-

ferred to recording ACSF containing 126mMNaCl, 2.5mMKCl, 1.25mMNaH2PO4, 1mMMgSO4, 2mMCaCl2, 26mMNaHCO3, and

25 mM glucose. Brain slices were incubated at 32�C for 30 min and were then kept at room temperature under the same conditions

for 30 min before transfer to the recording chamber at 32�C. The ACSF was perfused at 2 mL/min. The brain slices were visualized

with a fixed upright microscope (BX51WI, Olympus) equipped with a water immersion lens (40 3 /0.8 W) and an IR-sensitive CCD

camera (IR1000, DAGEMTI). Patch pipettes were pulled from borosilicate glass capillary tubes using a pipette puller (P-1000, Sutter).

For current clamp recording of the active potentials and voltage clamp recording of the postsynaptic currents, pipettes were filled

with solution (105 mM potassium gluconate, 30 mM KCl, 4 mM ATP-Mg, 10 mM phosphocreatine, 0.3 mM EGTA, 0.3 mM GTP-Na,

10 mMHEPES, pH 7.3). The resistance of pipettes varied between 3 and 5 MU. In the slices from GAD1-GFPmice, the GFP-positive

neurons in the SC were patched in voltage clampmode. In the slices from the Vgat-Cre mice, the ChR2-mCherry-positive neurons in

the SCwere patched in current clampmode, while the VTA neurons were patched in voltage clampmode. The whole-cell current and

voltage signals were recorded with a MultiClamp 700B amplifier (Molecular Devices), Digidata 1440A interface, and Clampex 10.3

software (Molecular Devices). An optical fiber (200 mm in diameter) was positioned above the SC or the VTA slice, with the laser in-

tensity < 2 mW. Evoked active potential firing from ChR2-mCherry-positive SC neurons were triggered by 470 nm light pulses con-

sisting of 5 ms pulses delivered at 5 Hz. Evoked synaptic responses (EPSC and IPSC) from SC or VTA neurons were triggered by

470 nm light pulses consisting of 5 ms pulses delivered at 10 and 5 Hz, respectively. ACSF with the AMPA/NMDA receptor blockers

NBQX (5 mM) and D-APV (25 mM) or the GABAA receptor blocker Gabazine (10 mM) were perfused to the SC or VTA slice to pharma-

cologically examine the receptor type of the postsynaptic currents.

Single-cell RT-PCR
At the end of the recording of VTA neurons, cytoplasm was aspirated into the patch pipette and expelled into a PCR tube as previ-

ously described [40, 41]. The following protocol of single cell RT-PCR was designed to detect the presence of mRNA coding for TH.

First, reverse transcription and the first round of PCR amplification were performed with a gene-specific multiplex primer using the

SuperScript III One-Step RT-PCR kit (12574018, Thermo Fisher Scientific) according to themanufacturer’s protocol. Second, nested

PCR was carried out using Premix Taq (RR901A, Takara) with nested primers for the TH gene. The multiplex primer and the complex

primer were adopted as described previously [41]. The final PCR products were verified. Amplification products were visualized with

electrophoresis using 1.5%agarose gel. Great care was taken to avoid RNA contamination and degradation during the procedures of

single-cell RT-PCR.

QUANTIFICATION AND STATISTICAL ANALYSIS

Cell counting data analysis
For quantification of co-localization of Fos and GABAergic cells, the area used for counting was demarcated by the GAD1 cells in the

SC that were labeled byGAD1-GFP. Images of sections containing the SC (bregma�3.80mm��3.89mm) were obtained. Numbers

of immunoreactive cells were counted using ImageJ. For each mouse, brain sections were analyzed bilaterally, and then averaged

across sections.

Statistical analysis
All data are expressed as mean ± SEM. Comparisons of Fos expression were analyzed by one-way ANOVA followed by a Bonferroni

post hoc test. Comparisons of time course changes in amount of sleep in control and lesion mice were performed using two-way

ANOVA followed by a Bonferroni post hoc test. Comparisons of sleep amounts between the control group and lesion group in the

light or dark period were assessed using the non-paired, two-tailed Student’s t test. Comparisons of the sleep amounts between

the baseline and light/dark pulse groups were evaluated using a paired, two-tailed Student’s t test. Prism 7.00 (GraphPad Software,

San Diego, CA, USA) was used for all statistical analyses. In all cases, p < 0.05 was considered to be significant.
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