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Background and Purpose: Modafinil is a potent eugeroic (wakefulness-promoting)

drug that is prescribed to treat narcolepsy and has a low incidence of abuse.

Although previous studies have shown that modafinil-induced arousal depends on

the dopamine receptors and transporters, the specific part/s of the dopamine trans-

mitter system underlying this mechanism remained unclear. Here, we investigated

the role of mesencephalic dopamine neurons in modafinil-evoked arousal.

Experimental Approach: A dopamine indicator (dLight1.1) was employed to detect

dopamine changes in the nucleus accumbens (NAc) and dorsal striatum. We specifi-

cally lesioned mesencephalic dopamine neurons via diphtheria toxin (DTA) in the

dopamine transporter (DAT)-Cre mice. Then, the sleep–wake states were recorded

to evaluate the effect of modafinil on arousal. Finally, the extent of DTA-induced

lesions was determined by immunohistochemistry.

Key Results: Modafinil promptly increased dopamine levels in the NAc and dorsal

striatum in a dose-dependent manner. Lesioning of dopamine neurons in the sub-

stantia nigra pars compacta (SNc) or ventral tegmental area (VTA) had no significant

effects on physiological sleep–wake cycles. Modafinil at 90 mg�kg�1 increased con-

tinuous wakefulness for 355 min in control mice. However, these effects were

slightly decreased by 6.7% in the SNc-lesioned mice and were prominently dimin-

ished by 32.8% in VTA-lesioned mice. Furthermore, the modafinil-induced arousal

was completely blocked in the SNc-VTA-lesioned mice, whereas lesions of the dorsal

raphé nucleus had no effect.

Conclusion and Implications: Taken together, our findings indicate that mesence-

phalic dopamine neurons are essential for modafinil-induced arousal.
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1 | INTRODUCTION

Modafinil is a psychostimulant drug used for treating narcolepsy

(Bastuji & Jouvet, 1988), because it improves arousal without overt

behavioural excitation and clear sleep rebound under normal or sleep

deprivation conditions (Lin et al., 2000; Zeitzer et al., 2006). The com-

bined published data shows that modafinil has several different phar-

macological actions, mechanisms and brain targets (Lin et al., 2018).

However, the specific mechanism/s underlying modafinil-induced

arousal have remained unclear.

Several hypotheses have suggested that modafinil can increase

catecholamine, 5-hydroxytryptamine (5-HT; serotonin) and

glutamate release and decrease gamma-aminobutyric acid (GABA)

release, in various brain regions (Minzenberg & Carter, 2008),

whereas there is no evidence that has elucidated specific brain tar-

gets for modafinil. Previous pharmacological studies from dopamine

D2 receptors (Drd2-/-)-knock out mice with dopamine antagonists

have shown that D1 and D2 receptors are fundamental for the

arousal effect of modafinil (Qu et al., 2008). Moreover, modafinil has

also been shown to have a low affinity for the dopamine uptake

transporter (DAT: SLC6A3) (Mignot et al., 1994), consistent with

findings showing that modafinil has no arousal-promoting effects in

DAT-knockout (Slc6a3-/-) mice (Wisor et al., 2001). These findings

suggested that modafinil may act through continuously modulating

the dopamine system to promote wakefulness. However, it is not

clear which specific dopamine neuron populations underlie

modafinil-induced arousal.

In the murine brain, dopamine neurons are found in the follow-

ing regions:- olfactory bulb dendritic periglomerular (A16) neurons;

the zona incerta (A13) in the ventral thalamus; the hypothalamic

(A12, A14 and A15) cell groups, the caudal diencephalic peri-

aquaductal grey (A11) cell groups, the meso-diencephalic tegmental

(A8–A10) cell groups (Smits et al., 2006) and the dorsal raphé

nucleus (dorso-caudal extension of the A10 or A10 dc group) (Cho

et al., 2017). Dopamine neurons in the A8–A10 are designated as

mesencephalic dopamine neurons and are involved in many impor-

tant behaviours and psychological processes (Berke, 2018). The A9

group defines neurons of the substantia nigra pars compacta (SNc),

with primary projections to the dorsal striatum; the A10 and A8

groups define the ventral tegmental area (VTA) and the retrorubral

field, with major efferents to the ventral striatum (also called nucleus

accumbens, NAc) and prefrontal cortex, respectively (Watabe-Uchida

et al., 2012).

Recent evidence has indicated that dopamine neurons in the SNc,

VTA and dorsal raphé nucleus are important for the wakefulness.

However, despite numerous studies revealing that the dopamine sys-

tem may be vital for modafinil enhanced wakefulness (Gonzalez

et al., 2019; Korotkova et al., 2007), there is still a lack of definitive

evidence to support which dopamine neuronal populations underlie

this phenomenon.

Caffeine and modafinil are widely used eugeroic, wake-promot-

ing, substances and their targets are the basal ganglia. Our previous

studies have indicated that caffeine-induced arousal is mediated by

adenosine A2A receptors in adenosine system (Huang et al., 2005;

Lazarus et al., 2013) and A2A receptors are densely co-expressed with

D2 receptors in the NAc and dorsal striatum (Lazarus et al., 2011).

Whereas modafinil enhances arousal via D1 and D2 receptors of the

dopamine system (Qu et al., 2008). Therefore, caffeine is an appropri-

ate control for us to explore the wake-promoting effect and dopamine

release actions of modafinil or caffeine in the NAc and dorsal

striatum.

In the present study, we employed, an intensity-based geneti-

cally encoded dopamine indicator, dLight1.1 to detect the effects of

modafinil on dopamine levels. The dLight1.1 is enabled to record

dopamine dynamics with a high spatiotemporal resolution (�10 ms)

in freely moving mice (Patriarchi et al., 2018). Sensitive optical read-

out of changes in dopamine concentration was achieved by directly

coupling the dopamine-binding-induced conformational changes in

human dopamine receptors to changes in the fluorescence intensity

of circularly permuted green fluorescent protein (cpGFP). Although

previous literatures have confirmed that microdialysis may involve

collection of a value every 300 s, the fast-scan cyclic voltammetry

(FSCV) acquires a value every 0.1 s (Robinson et al., 2001), the

dLight1 offers several advantages over other approaches. Most

notably, dLight1 offers high temporal and spatial resolution as well

as the potential to genetically isolate cells of interest for study

(Cosme et al., 2018). Additionally, while both microdialysis and

green fluorescent protein reveal, to a large extent, the dynamics of

extra synaptic neuromodulators, the membrane-bound nature of

dLight1 means that it senses dopamine only in close proximity to

the postsynaptic cell of interest (Cosme et al., 2018; Sun

et al., 2018).

Here, optical detections of dLight1.1 and simultaneous polys-

omnographic recordings were used to reveal that dopamine levels

What is already known

• Dopamine D1 and D2 receptors are vital for the arousal

effect of modafinil.

• Modafinil has a low affinity for the dopamine transporter.

What does this study add

• Mesencephalic dopamine neurons in the VTA and SNc

are essential for modafinil-induced arousal.

What is the clinical significance

• These findings identify brain areas involved in modafinil

action and provide guidance for clinical medication.
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fluctuated across the sleep–wake cycle and that modafinil significantly

increased dopamine release into both the dorsal striatum and NAc.

Additionally, we specifically ablated midbrain dopamine neurons and

residual neurons were checked via immunohistochemical experiments.

Combined with sleep–wake data, we found that VTA and SNc dopa-

mine neurons were necessary for modafinil-induced arousal, with the

former providing the most dominant contribution. Yet, dorsal raphé

nucleus dopamine neurons had no effects on modafinil. Taken

together, our findings elucidate that striatal and NAc dopamine levels

correlate with wakefulness and that mesencephalic dopamine neurons

are essential for modafinil-induced arousal.

2 | METHODS

2.1 | Animals

C57BL/6J mice (male, 8–10 weeks old, 24 ± 2 g, Jackson Laboratory,

stock number: 000664, RRID:MGI:3849035) were obtained from the

Laboratory Animal Center at the Chinese Academy of Sciences (SLAC,

Shanghai, China). DAT-Cre mice (male, 8–10 weeks old, 24 ± 2 g,

Jackson Laboratory, stock number: 006660, strain code: B6.SJL-

Slc6a3tm1.1(cre)Bkmn/J, RRID:IMSR JAX:006660) with a C57BL/6J back-

ground, in which Cre-recombinase was expressed under the promoter

of the dopamine transporter gene, were purchased from Shanghai

Model Organisms Co., Ltd (Shanghai, China).

Mice were housed under 24 ± 1�C and 60 ± 2% humidity, with a

12-h/12-h light/dark cycle (lights on at 7:00/lights off at 19:00; illumi-

nation intensity ≈ 100 lux) (Qu et al., 2012; Zhang et al., 2017). Mice

were singly housed for at least 1 week with food and water provided

ad libitum before experiments. All efforts were made to minimize pain

and the number of animals used in our studies. All animals were con-

ducted in accordance with the Guidelines for the Care and Use Com-

mittee of Laboratory Animals of Fudan University (permit number:

20110307-049). Animal studies are reported in compliance with the

ARRIVE guidelines (Percie du Sert et al., 2020) and with the recom-

mendations made by the British Journal of Pharmacology (Lilley

et al., 2020).

2.2 | Preparation of viral constructs

The AAV-CAG-dLight1.1 vector was provided by Lin Tian (Addgene

plasmid, Cat#111067) (Patriarchi et al., 2018). Recombinant AAV vec-

tors carrying the dLight1.1 element (AAV-CAG-dLight1, RRID:

Addgene_111067) were serotyped with AAV9-coat proteins under

the control of a CAG promoter and were packaged by Taitool Biosci-

ence Company (Shanghai, China). The final viral concentration was

5 � 1012 genome copies ml�1. AAV2/9-hSyn-DIO-DTA constructs

were AAV vectors carrying the diphtheria toxin subunit A (DTA) con-

struct, which was packaged into an AAV2/9 serotype with titers of 1–

2 � 1012 genome copies ml�1 (from Michael Lazarus's lab, University

of Tsukuba, Japan). Aliquots of viral constructs were stored at �80�C

before stereotaxic injections.

2.3 | Surgery

Mice were anaesthetized with 3% isoflurane and manipulated on a

stereotaxic apparatus with 1.5% isoflurane in oxygen (flow rate of

1 L�min�1) (RWD, Shenzhen, China). Then, anesthetized mice

were placed on a constant temperature electric blanket (37�C), and

continuous anaesthesia was maintained with 2% isoflurane, including

a subcutaneous injection of procaine hydrochloride (0.1 mg�kg�1,

0.1 ml) throughout the operation process (Wang et al., 2019). The

top of the head was shaved and scrubbed with a razor followed by

application of 75% ethanol. An incision was made to reveal the

skull and a minimal invasive perforation was conducted on the sur-

face of the exposed skull. Using bregma as a stereotaxic

reference for microinjection coordinates, the coordinates of the VTA

(anteroposterior–AP: �3.1 mm, mediolateral–ML: ±0.5 mm;

dorsoventral–DV: �4.5 mm), SNc (AP: �3.1 mm; ML: ±1.4 mm: DV:

�4.1 mm), NAc (AP: +1.6 mm; ML: ±1.1 mm: DV: �4.6 mm), dorsal

striatum (AP: +1.5 mm; ML: ±1.5 mm: DV: �3.0 mm), or dorsal

raphé nucleus (AP: �4.1 mm; ML: ±0.35 mm: DV: �2.3 mm) were

used to stereotaxically localize the corresponding target nucleus via

a small drilled hole in the skull (Cho et al., 2017; Eban-Rothschild

et al., 2016; Luo et al., 2018).

A capillary glass pipette with accurate calibration filled the virus

(AAV9-CAG-dLight1.1, titre 5 � 1012 vg�ml�1; AAV2/9-hSyn-DIO-

DTA or AAV2/9-DIO-mCherry only vectors, titre 2 � 1012 vg�ml�1;

as previously generated) was uniformly and slowly lowered into the

injection site over 5 min for injecting 0.2–0.6 μl of virus via nitrogen

gas pulses of 40 psi by an air compression system. The glass pipette

was then kept retention for 10–15 min, after which it was slowly

withdrawn. The skull and peripheral skin were wetted with saline and

the incision was sutured with a medical surgical suture needle. Mice

were removed from the stereotaxic apparatus and placed on a hot

plate (37�C) until they recovered normal activity, which was moni-

tored for about 6–12 h. Additionally, a subcutaneous injection of pen-

icillin (5.0 mg�kg�1, 0.1 ml) was given to mice at the end of the surgery

(Dong et al., 2019; Shi et al., 2020). Finally, we regularly monitored

the recovery of mice every day until detections.

2.4 | Implantation of electrodes and optical fibres

Stereotaxically injected mice were housed for 2 weeks for resuming

and viral expression. Under anaesthesia (as above), electroencephalo-

gram/electromyogram (EEG/EMG) electrodes and optical fibre can-

nulas were implanted. EEG/EMG electrodes were used for

polysomnographic recordings and the optical fibres were used to

record dLight1.1 signals in the NAc and dorsal striatum for detection

of dopamine release. As described in previous studies, the electrodes
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consisted of two EEG and two EMG silver wires. The terminals of

the silver wires were fixed with stainless steel screws (1.0 mm in

diameter; 1.2 mm in length). EEG electrodes were inserted in frontal

(AP = +1.5 mm, ML = �1.0 mm) and parietal (AP = �1.5 mm,

ML = �1.0 mm) regions through the skull according to the mouse

brain atlas. Two insulated stainless-steel wires at length of 1.6 mm

used as the EMG electrodes and were bilaterally placed into both

trapezius muscles. The electrodes were attached to a mini-connector

and fixed to the skull with appropriate dental cement (Chen

et al., 2011; Huang et al., 2005). A ceramic ferrule with an optic

fibre (inner diameter = 200 μm, numerical aperture [NA] = 0.37,

Newdoon, Hangzhou) was implanted with the fibre tip on top of the

NAc (length: 4.3 mm) or dorsal striatum (length: 3.0 mm). Then the

ferrule was fixed with dental cement and tissue glue. After implanta-

tion of EEG/EMG electrodes, the skin was sutured. Then, mice were

removed on a hot plate (37�C), which was regular monitored about

6–12 h for recovery. One week later, the fibre photometry experi-

ments were conducted. Only mice with the dLight1.1 expression

and optic fibre tracks above the NAc and dorsal striatum were used

for the analysis.

2.5 | Pharmacological treatments

Vigilant states were constantly monitored for 72 h, including baseline

and experimental days. Baseline recordings were taken at the first day

in each mouse for 24 h, beginning at 7:00 AM, which served as the

baseline value for reference. The next day, a vehicle control was intra-

peritoneally injected at 9:00 AM. Then modafinil or caffeine was

treated intraperitoneally injected, after which sleep–wake states were

recorded for another 24 h.

Modafinil (Sigma-Aldrich, US) was dissolved in the saline con-

taining 5% dimethyl sulfoxide (DMSO) and 2% (w/v) cremophor

(Aladdin) immediately before use. Caffeine (Alfa Aesar, UK) was dis-

solved in 0.9% saline containing 5% DMSO before use (Qu

et al., 2008).

2.6 | Polysomnographic recordings and analyses

After a 7-day recovery, post-surgery mice were individually housed

in recording chamber and were connected to EEG/EMG headstages,

after which mice habituated to the recording cables for 3 days

before recordings. Simultaneous EEG and EMG recordings were car-

ried out with a slip ring to allow for the mice move freely within the

recording chamber. The recordings started at 07:00 AM, which was

the beginning of the light period of the light/dark cycle that was

used in this study. Cortical EEG and neck EMG signals were ampli-

fied and filtered (Biotex Kyoto, Japan). EEG (0.5–30 Hz) and EMG

(20–200 Hz) signals were digitized at 128 Hz and were recorded

using Vital Recorder (Kissei Comtec, Nagano, Japan). EEG and EMG

signals were recorded in 4-s epochs for all experiments (Chen

et al., 2011, 2016; Yuan et al., 2017). Sleep–wake states were

automatically classified as wakefulness (low-amplitude EEG activity,

high EMG activity), non-rapid eye movement (NREM) sleep (delta

band: 0.5–4.0 Hz, very low EMG activity) or rapid eye movement

(REM) sleep (theta rhythm: 6–10 Hz, no EMG activity) via SleepSign

software. Then, each state assigned by SleepSign was examined

visually and corrected manually according to standard criterion (Qu

et al., 2010; Qu et al., 2012).

To examine whether lesions of mesencephalic dopamine neu-

rons affected spontaneous sleep–wake cycles and whether modafinil

promoted arousal, we continuously recorded EEG/EMG signals for

24 h and intraperitoneally injected modafinil/vehicle at 9:00 AM for

another 24 h in the both the control and lesion groups. Modafinil

(22.5, 45 and 90 mg�kg�1) or caffeine (15 mg�kg�1) was adminis-

tered intraperitoneally at 9:00 AM. For various dosages, modafinil

needs to be fully eluted in mice for at least for 2 days, after which

vehicle or another dose of drug can then be administered (Qu

et al., 2008).

2.7 | Fibre photometry recordings

Fibre photometry recordings (Thinkerbiotech, Nanjing, China), syn-

chronous with EEG/EMG sleep–wake recordings, were employed to

detect dLight1.1 signals in the NAc or dorsal striatum of C57BL/6J

mice with methods similar to those reported in a previous study (Luo

et al., 2018). To induce fluorescent signals, a laser beam from a

488-nm laser (OBIS 488LS, Coherent, USA) was reflected by a dichroic

mirror (MD498; Thorlabs), focused by a �10 lens (N.A. 0.3, Olympus)

and was then coupled to an optical commutator (Doric Lenses,

Canada). A 2-m optical fibre (230 mm O.D., numerical aperture = 0.37,

1.5-m length) was used to guide the light between the commutator

and the implanted optical fibre. To diminish bleaching, the power

intensity at the fibre tip was regulated to a low level at 10–20 μW.

The dLight1.1 fluorescence in the NAc or dorsal striatum was band-

pass filtered (MF525-39, Thorlabs) and collected by a photomultiplier

tube (R3896, Hamamatsu). An amplifier (C7319, Hamamatsu) was

used to convert the current output of the photomultiplier tube to volt-

age signals, which were further filtered by a low-pass filter (40 Hz cut-

off; Brownlee 440). The analogue voltage signals were digitalized at

512 Hz and recorded by a Power 1401 digitizer and Spike2 software

(CED, Cambridge, UK, RRID:SCR_000903), simultaneous with acquisi-

tion of polysomnographic recordings. Spike2-recorded data were

exported as files and were analysed by MATLAB R2018a software

(MathWorks, USA, RRID:SCR_001622). The photometry signal, F, was

converted to ΔF/F to reduce unwanted sources of variation by data

normalization, which means the correction of test values to baseline as

follows: ΔF/F = (F � Fmean)/Fmean (Fmean is the average of the

fluorescence in recording episodes). The averaged ΔF/F was gener-

ated by a custom MATLAB script and calculated for all wake, NREM

and REM episodes. For time-course analysis of modafinil and caffeine,

6 h (including 1 h before and 5 h after administration) was used to

detect/measure photometry signals and the averaged ΔF/F values

both before and after vehicle/modafinil/caffeine administration were
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calculated (Dong et al., 2019). Then, we chose 2 h post injection for

comparisons (Pre-1 h before administration vs. Post-2 h after adminis-

tration). The reason was that modafinil at 22.5 mg�kg�1 increased

wakefulness and dopamine levels for�2 h, and high doses of modafinil

promoted longer or stronger effects. No data were excluded.

2.8 | Immunofluorescence and histology

Mice were deeply anaesthetized with an overdose of sodium pento-

barbital and were transcardially perfused with phosphate-buffered

saline (PBS) and cold 4% paraformaldehyde in PBS. Then, the brains

were dissected and post-fixed overnight in 4% paraformaldehyde in

0.1 M of PBS (pH of 7.4), cryoprotected in 30% sucrose in PBS, sec-

tioned coronally (in 30-μm sections) with a freezing microtome (Leica,

Germany) and were stored at �20�C in cryoprotectant solution. For

immunofluorescence in free-floating sections, sections were rinsed in

PBS, blocked in 5% goat serum, permeabilized with 0.3% Triton X-

100 in PBS (PBST) and incubated overnight at 4�C with primary anti-

bodies diluted in PBST.

Primary antibodies used in the present study were as follows:

chicken anti-green fluorescent protein (GFP) (Aves Labs, United

States, 1:3000, Cat#GFP-1020, RRID:AB_10000240) and rabbit anti-

tyrosine hydroxylase (anti-TH, AB152, Millipore, 1:3000, Cat#AB152,

RRID:AB_390204). On the second day, the brain slices were washed

three times in PBS (5 min each time) and were incubated in donkey

anti-chicken Alexa 488 secondary antibody (Jackson Immuno-

Research, USA, 1:1000, Cat#711-545-152, RRID:AB_2313584) or

Alexa 488 donkey anti-rabbit IgG (Jackson Immuno-Research, USA,

1:1000, Cat#703–545-155, RRID:AB_2340375) for 2 h. Finally, slices

were washed in PBS, mounted on glass slides and counterstained

with 40,6-diamidino-2-phenylindole Fluoromount-G (DAPI, Southern

Biotech, 0100-20) for 10 min. Then, the sections were mounted on

glass slides and cover-slipped. Images were captured under a 10� or

20� objective on a VS120 virtual microscopy slide scanning system

(VS 120, Olympus). The images were then combined in Adobe Illus-

trator (CC2018, RRID:SCR_010279) and Adobe Photoshop (CC2018,

RRID:SCR_014199) (Chen et al., 2019; Zhang et al., 2019). The

immuno-related procedures used comply with the recommendations

made by the British Journal of Pharmacology (Alexander et al., 2018).

Midbrain dopamine-containing neurons were semi-automatically

quantified via ImageJ software (RRID:SCR_003070). Based on a

mouse brain atlas (Regan, 2008), the area used for counting was

demarcated by TH-positive cells in the VTA and SNc. For each mouse,

brain sections were analysed bilaterally and were then averaged across

sections. For quantification, we counted a quarter of the brain slices,

as this approach has previously been shown to yield the representative

rostro-caudal distribution of dopamineneurons (Shi et al., 2020).

The correlation between the number of residual midbrain dopa-

mine neurons (in the VTA and/or SNc) in lesioned mice and the total

amount of 90 mg�kg�1 modafinil-induced arousal were calculated. The

y-axes indicate the total amount of arousal time during 09:00–15:00

and the x-axes indicate the percentage (%) of residual dopamine

neurons in the VTA and/or SNc of lesioned mice (Percentage = total

amount of dopamine neurons in each lesioned mouse/average total

amount of dopamine neurons in control mice � 100%). No data were

excluded.

2.9 | Statistical analysis

The data and statistical analysis comply with the recommendations

and requirements of the British Journal of Pharmacology on experimen-

tal design and analysis in pharmacology (Curtis et al., 2018). Experi-

mental groups were designed to generate groups of equal size (n ≥ 5),

using randomization and blinded analysis. The sample sizes and animal

numbers were determined by power analysis of pre-existing data. The

declared group size represents the number of independent values, on

which the statistical analysis was performed. Individual group compar-

isons were calculated using two-way analysis of variance (ANOVA),

followed by Bonferroni, Dunnet's, or Sidak's post hoc test. Post hoc

tests were run only if F achieved P < 0.05 and there was no significant

variance inhomogeneity. Data are presented as the mean ± standard

error of the mean (SEM) and P < 0.05 was set for statistical signifi-

cance. No data were excluded.

A two-way ANOVA, followed by Sidak or Bonferroni multiple

post hoc tests, was used in optical fibre recordings and EEG record-

ings, and comparisons of the average fluorescence of dLight1.1 at the

first 1 h and every 1 min after injection were analysed by Dunnet's

post hoc tests. * Represents comparisons of drug and vehicle followed

by Bonferroni's or Dunnet's test; # represents comparisons between

dosages of drug followed by Sidak's test (statistical details of

Figures 1 to 6 were included in the supplementary table). The correla-

tion between residual dopamine neurons and modafinil-induced

arousal was calculated by Pearson correlational analysis. All statistical

analyses were conducted via GraphPad Prism 7.0 (RRID:

SCR_002798). For preparation of figures, we used MATLAB R2018a,

R software, Spike2, GraphPad Prism 7.0 and Adobe Illustrator

CC 2017.

2.10 | Key resources

The detailed information of main reagents used is as follows: drugs

(modafinil: Sigma-Aldrich, Cat#M6940; caffeine: Alfa Aesar,

Cat#A10431 or L03557; isoflurane: Hebei JiuPai Pharmaceutical Co.,

Ltd, Cat#H19980141); antibodies (chicken anti-green fluorescent pro-

tein, Aves Labs, Cat#GFP-1020; rabbit anti-tyrosine hydroxylase,

Millipore, Cat#AB152; Alexa 488 donkey anti-chicken/rabbit IgG,

Jackson Immuno-Research, Cat#711-545-152/Cat#703–545-155);

reagents (dimethyl sulfoxide: Solarbio, Cat#D8370; 40 ,6-diamidino-2-

phenylindole: Beyotime, Cat#C1002; fluorescent quenching inhibitor:

Southern Biotech, Cat#J819-X969; chloral hydrate/sodium chloride/

sucrose: Sinopharm Chemical Reagent Co., Ltd, Cat#10019318/

Cat#10020318/Cat#10021463; paraformaldehyde: Sigma,

Cat#101992696; Tris: AOGMA, Cat#AGM91005); chemicals (dental
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powder and denture base resin: Shanghai Eryi Zhangjiang Biomaterials

Co., Ltd, type 2 [self-curing type]; tissue glue: 3M, PN: 1469SB-3mL;

silica gel: Beijing SanChen Industrial Materials Co., Ltd, SD-5).

2.11 | Nomenclature of targets and ligands

Key protein targets and ligands in this article are hyperlinked to

corresponding entries in the IUPHAR/BPS Guide to PHARMACOL-

OGY http://www.guidetopharmacology.org and are permanently

archived in the Concise Guide to PHARMACOLOGY 2019/20

(Alexander, Christopoulos, et al., 2019; Alexander, Kelly,

et al., 2019).

3 | RESULTS

3.1 | Modafinil increases dopamine levels in the
NAc and dorsal striatum

To investigate the effect of modafinil on dopamine release in the

NAc and dorsal striatum, AAV9-CAG-dLight1.1 was unilaterally

injected into C57BL/6J mice via NAc-specific (Figure 1a) or dorsal

striatum-specific (Figure 2a) stereotaxic coordinates. Mice were

implanted with a fibreoptic probe at the viral injection site for

recording of dLight1.1 fluorescence and EEG/EMG electrodes were

used for simultaneous polysomnographic recordings (Figure 1c).

Green fluorescent protein immunofluorescent staining was used to

confirm the viral expression and optical fibre recording area

(Figures 1b and 2b). Like modafinil, caffeine is also widely

employed to improve mental performance, both of which act on

the basal ganglia. Here, we studied effects of modafinil or caffeine

on dopamine levels in the NAc and dorsal striatum. As showed in

Figures 1e and 2d, modafinil at 90 mg�kg�1 increased dopamine

levels and peaked at �2 h after administration. However, caffeine

at 15 mg�kg�1 had no effect on dopamine levels. For a better com-

parison, we chose 2 h after administrations to analyse, as modafinil

at 22.5 mg�kg�1 increased dopamine levels about 1–2 h.

As shown in Figure 1e, we observed that different doses of

modafinil increased dLight1.1 fluorescence to varying degrees, while

caffeine or vehicle did not increase the signal. For quantification, we

calculated the average fluorescence at 1 h before (pre, baseline) and at

over 2 h after modafinil or caffeine/vehicle administrations (post). The

results showed that administration of modafinil significantly increased

dLight1.1 fluorescence compared to that at baseline, whereas vehicle

or caffeine administration did not (Figure 1f,). Furthermore, modafinil

increased dLight1.1 fluorescence in a dose-dependent manner, such

that modafinil at 90 mg�kg�1 (17.6% ± 2.7%) induced a significantly

higher increase in dLight1.1 fluorescence compared to that from

45 mg�kg�1 (5.5% ± 1.4%) or 22.5 mg�kg�1 (2.0% ± 0.8%). Moreover,

dLight1.1 fluorescence from 90 mg�kg�1 modafinil was significantly

higher than that of caffeine at 15 mg�kg�1 (�0.2% ± 0.9%) or vehicle

(�0.5% ± 1.6%), whereas there was no significant difference in this

parameter between caffeine at 15 mg�kg�1 and vehicle (see supple-

mentary table [Figure 1f] for detailed data).

Similar findings were obtained from dLight1.1 fluorescence in the

dorsal striatum, such that these results indicated that dopamine levels

in the dorsal striatum were also increased by modafinil in a dose-

dependent manner (Figure 2d). Modafinil significantly increased

dLight1.1 fluorescence compared to baseline, whereas vehicle or caf-

feine administration did not (Figure 2f). Furthermore, modafinil at

90 mg�kg�1 (9.9% ± 3.2%) induced a significantly higher increase in

dLight1.1 fluorescence compared to that from 45 mg�kg�1 (3.3%

± 2.9%) or 22.5 mg�kg�1 (2.0% ± 0.8%). Moreover, dLight1.1 fluores-

cence from 45 or 90 mg�kg�1 modafinil was significantly higher than

that of caffeine at 15 mg�kg�1 (0.1% ± 1.5%) or vehicle (0.2% ± 1.1%),

whereas there was no significant difference in this parameter

between caffeine at 15 mg�kg�1 and vehicle (see supplementary table

[Figure 2e] for detailed data). Interestingly, the low-dose modafinil

(22.5 mg�kg�1) elicited a significant difference in dopamine levels in

the dorsal striatum, but not in the NAc, However, the mechanisms

and reasons for this required further studies.

Moreover, we calculated the average fluorescence per minute

after vehicle or 90 mg�kg�1modafinil administration (Post-1 to

10 min) and compared it with the average fluorescence at 1 h before

injection (pre-1 h). The results indicated that modafinil significantly

increased dLight1.1 signals about from 5 min in the NAc (Figure S3A)

and 6 min in the dorsal striatum (Figure S3B).

Taken together, these results indicate that modafinil robustly

increased dopamine levels in the NAc and dorsal striatum, but caffeine

did not. Therefore, we speculated that the NAc and dorsal striatum

may represent specific modafinil-modulated brain targets, which

receive dense dopamine inputs from the VTA and SNc, respectively.

As for caffeine, there was no effect on dopamine levels, which con-

firmed that caffeine-induced arousal may not be acting via the dopa-

mine systems.

3.2 | Specific lesion of the SNc dopamine neurons
slightly attenuates modafinil-induced wakefulness

Next, to clarify whether midbrain dopamine neurons are important for

modafinil-induced arousal, we first ablated them in the SNc via bilat-

eral stereotaxic injection of AAV2/9-hSyn-DIO-DTA or AAV2/9-DIO-

mCherry only vectors into the SNc of DAT-Cre mice (Figure 3a).

EEG/EMG electrodes were implanted for estimate sleep–wake states

and immunofluorescent staining for tyrosine hydroxylase (a marker

for dopamine neurons) was employed to determine the extent of

DTA-induced ablation of dopamine neurons in the SNc (Figure 3c).

After 2 weeks, mice were connected to the polysomnography system

for adaptation and baseline recording. Then, to observe whether SNc

dopamine neurons respond to modafinil stimuli and time course

changes in the amounts of each stage were analysed (Figure 3d).

Consistent with our previous results (Qu et al., 2008), the amount

of wakefulness increased for approximately 3 h and 6 h after being

treated with 45 or 90 mg�kg�1 modafinil in non-ablated control group,
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respectively (Figures 3d and S4). For further analysis, we calculated

the total amount of each stage in 6 h after administrations (Figure 3e).

The results showed that modafinil still promoted a significant

increase in the total amount of wakefulness in the SNc-lesioned

mice compared with that in vehicle-treated control (see supplemen-

tary table [Figure 3e] for detailed data). However, compared with

F IGURE 1 Modafinil increases dLight1.1 fluorescence in the NAc. (a) Representative AAV9-CAG-dLight1.1 injection and expression in the
NAc of C57BL/6J mice. The dlight1.1 was immunolabeled by green fluorescent protein (GFP; left, scale bar = 200 μm) and injection sites were
indicated in colours (right). (b) Schematic diagram and working principle of dLight1.1. The dLight1.1 plasmid is silent without dopamine, while it

binds to dopamine released from presynaptic terminals, which dramatically increases the fluorescence. (c) Schematic showing the setup for fibre
photometry with simultaneous polysomnographic recordings. (d) Typical diagram of NAc-dLight1.1 fluorescent signals and EEG/EMG traces
following vehicle/caffeine (15 mg�kg�1)/modafinil (90 mg�kg�1) administration. (e) Time courses of NAc-dLight1.1 fluorescent signals following
administration of vehicle (saline-10% DMSO), caffeine (15 mg�kg�1), or modafinil (22.5, 45 and 90 mg�kg�1). (f) Average NAc dLight1.1
fluorescent signal at 1 h before (pre) and 2 h after administration (post). Two-way ANOVA between time and stimuli: F4,24 (time) = 11.581,
P < 0.05, pre–post comparisons followed by Bonferroni's test: *P < 0.05; F1,6 (stimuli) = 69.614, P < 0.05. Stimuli comparisons followed by Sidak's
test: #P < 0.05. n = 7
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the modafinil treatment in the non-ablated control group, the total

amount of wakefulness in SNc-lesioned mice treated with modafinil

were slightly but not significantly reduce. These results suggest that

SNc-dopamine neurons were involved in modafinil promoting

arousal, as there was only a slight decrease in modafinil-induced

wakefulness following lesion of these neurons, which was not

significant.

3.3 | Specific lesioning of VTA dopamine neurons
markedly diminishes modafinil-induced wakefulness

We next ablated VTA dopamine neurons (Figure 4a) and immunofluo-

rescent staining revealed that nearly all such neurons were ablated via

our approach (Figure 4c). We also used EEG/EMG recordings to assay

time-course changes in sleep–wake stages (Figures 4d and S5),

F IGURE 2 Modafinil increases dLight1.1 fluorescence in the dorsal striatum (dStr). (a) Schematic diagram of AAV9-CAG-dLight1.1 injection
and fibre tracks in the dStr of C57BL/6J mice. (b) Representative expression of the dlight1.1 was immunolabelled by green fluorescent protein
(GFP; scale bar = 200 μm). (c) Typical diagram of dStr-dLight1.1 fluorescent signals and EEG/EMG traces following vehicle/caffeine (15 mg�kg�1)/
modafinil (90 mg�kg�1) administration. (d) Time courses of dStr-dLight1.1 fluorescent signals following administration of vehicle (saline-10%
DMSO), caffeine (15 mg�kg�1), or modafinil (22.5, 45 and 90 mg�kg�1). (e) Average dStr-dLight1.1 fluorescent signal at 1 h before (pre) and 2 h
after administration (post). Two-way ANOVA between time and stimuli: F4,30 (time) = 3.325, P < 0.05, pre-post comparisons followed by
Bonferroni's test: *P < 0.05; F1,30 (stimuli) = 113.86, P < 0.05. Stimuli comparisons followed by Sidak's test: #P < 0.05. n = 7
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F IGURE 3 Selective lesioning of dopamine neurons in the substantia nigra pars compacta (SNc) slightly diminishes modafinil-induced
arousal. (a) Bilateral injection of a diphtheria toxin fragment A (DTA) construct (AAV2/9-hSyn-DIO-DTA) into the SNc (red highlighted area) of
DAT-Cre mice. (b, c) Representative immunohistochemical images for control (b) and SNc-lesioned mice (c). Bregma is from �3.28 mm to
�3.88 mm. Scale bars = 200 μm, green: TH. (d) Time course changes in each stage (wakefulness/REM/NREM) of the control and SNc-lesioned
groups. Vehicle or modafinil (90 mg�kg�1) was administered at 09:00 (indicated by the arrow) by intraperitoneal administration (i.p.). Each dot
represents the amount of wakefulness (or REM or NREM) for 1 h, different colours represent the control or lesioned group and the x-axes
indicate the 12-h light/12-h dark. (e) The total time spent in each stage (wakefulness/REM/NREM) during 09:00–15:00 after treatment with
vehicle or modafinil (45/90 mg�kg�1). Labels are as follows: control/lesion-vehicle: grey; control-modafinil 45 or 90 mg�kg�1: black; lesion-
modafinil 45 mg�kg�1: orange; lesion-modafinil 90 mg�kg�1: red (n = 7, two-way ANOVA followed by Bonferroni's test, *P < 0.05; or Sidak's test,
#P < 0.05, ns: no significant difference). All data represent the mean ± SEM
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F IGURE 4 Selective lesioning of dopamine neurons in the ventral tegmental area (VTA) strongly diminishes modafinil-induced arousal.
(a) Bilateral injection of AAV2/9-hSyn-DIO-DTA into the VTA (blue highlighted area) in DAT-Cre mice. (b, c) Representative immunohistochemical
images for control (b) and VTA-lesioned mice (c). Bregma is from �3.08 mm to �3.52 mm (scale bars = 200 μm, TH: green). (d) Time course

changes in each stage (wakefulness/REM/NREM) of the control and VTA-lesioned groups. Intraperitoneal injection of vehicle or modafinil at
09:00, as indicated by the arrow. (e) The total time spent in each sleep–wake stage during 09:00–15:00 after treatment with vehicle or modafinil
(45/90 mg�kg�1) in the control and VTA lesioned groups. Labels are as follows: Control/lesion-vehicle: light grey; control-modafinil 45 or
90 mg�kg�1: charcoal grey; lesion-modafinil 45 mg�kg�1: lilac; lesion-modafinil 90 mg�kg�1: blue (n = 7, two-way ANOVA followed by
Bonferroni's test, *P < 0.05; or Sidak's test, #P < 0.05, ns: no significant difference). All data represent the mean ± SEM, unit: min
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including the total time spent in wakefulness, NREM and REM at 6 h

after drug/vehicle administrations.

As shown in Figure 4e, the total amount of arousal in VTA-

lesioned mice treated with modafinil was also significantly

increased compared with that of vehicle-treated control nice

(Figure 4e). However, modafinil-induced enhancement of

wakefulness (modafinil at 45 or 90 mg�kg�1) was markedly

decreased in VTA-lesioned mice compared with that in modafinil-

treated non-ablated control (see supplementary table [Figure 4e]

for detailed data). These results indicate that lesioning of VTA

dopamine neurons significantly attenuated the wake-promoting

effects of modafinil.

F IGURE 5 Physiological sleep–wake states in mice with dopamine neuronal lesions in the ventral tegmental area (VTA) and substantia nigra
pars compacta (SNc). (a) Schematic diagram of AAV2/9-hSyn-DIO-DTA injections in the VTA and SNc. (b, c) Representative immunohistochemical
images for control (B) and VTA-SNc-lesioned mice (C). Bregma is from �3.08 mm to �4.16 mm (0.86 mm of the striatum). Scale bars = 200 μm,
TH: green. (d) Time course changes in each stage (wakefulness/REM/NREM) of the control and VTA-SNc-lesioned groups. (e) The total time
spent in each sleep–wake stage during the light period (07:00–19:00), dark period (19:00–07:00) and all day (24 h) in the control and lesioned
groups, n = 8, two-way ANOVA followed by Bonferroni's test, *P < 0.05; or Sidak's test, #P < 0.05, ns: no significant difference
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F IGURE 6 Selective dual lesioning of dopamine neurons in the ventral tegmental area (VTA) and substantia nigra pars compacta (SNc)
completely blocks modafinil-induced arousal. (a, b) Examples of relative EEG power, EEG/EMG traces and hypnograms over 6 h (08:00–14:00)
after intraperitoneal injection (i.p.) of vehicle or 90 mg�kg�1 of modafinil in the control (a) and VTA-SNc-lesioned (b) groups at 09:00, as indicated
by the arrow. (c) Time course of each stage in wakefulness, REM and NREM after intraperitoneal administration of vehicle or modafinil
(90 mg�kg�1) in control and lesioned groups. (d) The total time spent in each stage during the 6-h period after injection (09:00–15:00) of vehicle
or 45/90 mg�kg�1 of modafinil or 15 mg�kg�1 caffeine. Labels are as follows: control/lesion-vehicle: black; control-modafinil 45 mg�kg�1: azure;
control-modafinil 90 mg�kg�1: green; lesion-modafinil 45 mg�kg�1: pink; lesion-modafinil 90 mg�kg�1: red; control-caffeine 15 mg�kg�1: reseda;
and lesion-caffeine 15 mg�kg�1: light red, n = 7, two-way ANOVA followed by Bonferroni's test, *P < 0.05; or Sidak's test, #P < 0.05, ns: no
significant difference. All data represent the mean ± SEM
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3.4 | Specific lesioning of both VTA and SNc
dopamine neurons completely blocks modafinil-
induced wakefulness

Since we found that both SNc and VTA dopamine neurons were

involved in modafinil-induced arousal, we next investigated the conse-

quences of dual SNc/VTA ablations. Although caffeine did not

increase dopamine levels in the NAc and dorsal striatum, we detected

whether caffeine-induced arousal was affected in VTA and SNc-

lesioned mice. Finally, the extent of ablation was verified via TH

immunofluorescent staining (Figure 5a–c).

Previous studies have indicated that dopamine neurons are nec-

essary for the normal physiological survival of mice, including move-

ment, food swallowing and gastrointestinal function. Therefore,

EEG/EMG recordings were used to assay sleep–wake states without

any treatments to determine the physiological states of freely moving

mice, from which the time-course changes in each sleep–wake stage

were analysed (Figure 5d). In the dark (19:00–7:00), the total amount

of wakefulness time in the VTA/SNc-lesioned group (384.0

± 16.2 min) was shorter than that in the control group (471.2

± 15.7 min). In the light (7:00–19:00), there was no difference in the

total amount of wakefulness between the VTA/SNc lesion group

(258.4 ± 16.5 min) and the control group (241.7 ± 9.6 min, see supple-

mentary table [Figure 5e] for detailed data). Hence, these results con-

firmed that the total amount of spontaneous wakefulness was not

different between these groups during our administration period

(i.e. modafinil was injected at 9:00 AM).

Next, we continuously recorded EEG/EMG signals after adminis-

tration of vehicle or modafinil and subsequently analysed resultant

compressed spectral array (0–25 Hz) EEG/EMG traces and spectro-

gram (Figure 6a,b). Time-course changes in each stage were analysed

(Figures 6c and S7) and total amounts of wakefulness/NREM/REM

time at 6 h after drug/vehicle administrations were calculated

(Figure 6d). We found that dual VTA/SNc lesions completely blocked

modafinil-induced arousal at both low and high doses (Figure 6d).

Moreover, VTA/SNc-lesioned mice were also treated with caffeine,

which is also a stimulant and can be used to promote wakefulness and

boost cognitive performance. Consistent with our results of dopamine

release in the NAc and dorsal striatum, lesioning of dopamine neurons

in the VTA and SNc had no effects on caffeine-induced arousal

(Figures 6d and S7).

Compared with that of the non-ablated control group, there was

significant difference in the amount of wakefulness after treatment

with a high or low dose of modafinil in the VTA/SNc-lesioned group

(Figure 6d). The total amount of wakefulness in modafinil-treated

VTA/SNc-lesioned mice was not significantly different from that of

the vehicle control. In addition, there was no difference between the

effects of high and low doses of modafinil in the VTA/SNc-lesioned

group. However, when both the non-ablated control and VTA/SNc-

lesioned group were treated with caffeine (15 mg�kg�1), the total

amount of wakefulness was significantly increased compared with

that of vehicle treatment (see supplementary table [Figure 6d] for

detailed data). Consistent with the previous results (Huang

et al., 2005), caffeine at 15 mg�kg�1 increased the amount of arousal

about 3 h after administration (Figure 6d). Compared to modafinil, the

arousal effect of caffeine still existed in VTA/SNc-lesioned mice, indi-

cating that caffeine-induced arousal did not depend on midbrain

dopamine system. Combining with results of caffeine on dopamine

levels in the NAc or dorsal striatum (Figures 1f and 2e), indicated that

caffeine promoting arousal did not via dopamine system. In conclu-

sion, these results show that specific lesioning of dopamine neurons

in the VTA and SNc completely blocked the arousal induced by

modafinil, but had no effects on caffeine-induced arousal.

Furthermore, dopamine neurons in the dorsal raphé nucleus

were also specifically ablated to determine if there was any non-

specific effect from proliferation of the injected viral constructs,

which we assayed via immunohistochemistry (Figure S8A–C).

According to the total amount of arousal during 9:00 to 12:00, there

was no difference (Figure S6C) between vehicle (163.1 ± 4.6 min)

and modafinil at 45 mg�kg�1 (157.0 ± 8.2 min) in the dorsal raphé

nucleus-ablated group. These data suggest that dorsal raphé nucleus

dopamine neurons had no effect on modafinil-promoted arousal.

Above all, our findings indicate that VTA/SNc dopamine neurons in

the midbrain are essential for the wake-promoting effects of

modafinil.

Finally, time-course changes in each stage of incompletely

lesioned mice were analysed (Figure S9A) and the average number of

residual dopamine neurons was calculated (Table S1). By comparing

immunohistochemical data with EEG/EMG results, we performed cor-

relational analysis between the number of residual midbrain dopamine

neurons and the total amount of arousal. The results showed that the

percentages (%) of residual dopamine neurons in the SNc and VTA, as

well as the total number of residual dopamine neurons in the SNc and

VTA were correlated with the modafinil-induced arousal time at a

dose of 90 mg�kg�1 (Figure S9B–D). Taken together, we found that

both SNc and VTA dopamine neurons were involved in modafinil-

induced arousal and that dual SNc/VTA ablations completely blocked

modafinil induced-arousal.

4 | DISCUSSION

Previous data have shown that traditional extracellular-dopamine

quantitative techniques, have provided useful insights into

neuromodulators, but suffer from poor spatial and/or temporal resolu-

tion (seconds to hours) in freely moving mice across sleep–wake

cycles (Patriarchi et al., 2018). Here, we used a dopamine sensor,

dLight1.1, to detect dopamine release in the NAc and dorsal striatum.

Compared to the properties of analytical intracerebral microdialysis

and electro-chemical voltammetry (Keighron et al., 2019; Lena

et al., 2005), dLight1.1 is high-quality single fluorescence protein (FP)-

based dopamine sensors that report dopamine levels with a more con-

venient apparatus and accurate detections in close proximity to the

postsynaptic cell of interest. Dopamine changes were tracked with a

subsecond temporal resolution and enable mice freely moving in the

recording cage. Moreover, in combination with calcium imaging and
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optogenetics, dLight1.1 is well poised to permit direct functional anal-

ysis of how the spatiotemporal coding of neuromodulatory signalling

mediates the plasticity and function of target circuits. However, all

methods have their own limitations. One drawback inherent to

dLight1.1 is that its signal have a slight attenuation trend after long

duration recordings. Therefore, dLight1.1 is more suitable for combin-

ing specific behaviours with moderate-term dynamic detections or

instantaneous transitions. In our experiment, we take following mea-

sures to minimize the attenuation:- (1) dLight1.1 probes are injected

with high concentration (>1010 genome copies ml�1) and large infec-

tion range (volume > 100 μl) in the targeted nucleus, (2) fully adapt to

reduce the decrease caused by the new environment (>24 h) and (3),

the power intensity of laser is set at a low level (<50 μW).

Modafinil at 90 mg�kg�1 significantly increased dopamine levels

and peaked at �2 h, which are consistent with a previous micro-

dialysis study in rats (de Saint Hilaire et al., 2001). The results indi-

cated that modafinil at 128 mg�kg�1 increased dopamine levels for

�3 h in the prefrontal cortex, which is also the main projections of the

VTA (de Saint Hilaire et al., 2001). However, the reason for the appar-

ent disconnect between the duration of the increased dopamine sig-

nal and the behavioural wakefulness remains unknown. Our previous

data showed that the blockade of D1 and D2 receptors abolishes the

arousal effects of modafinil (Qu et al., 2008), suggesting that

the dopaminergic system is essential. While other systems (histamine,

orexin, glutamate, noradrenaline and 5-HT neurons) are activated

after modafinil treatment, which may be responsible for secondary

effects (Ishizuka et al., 2010; Scammell et al., 2000). Long-term behav-

ioural arousal may be caused initially by activation of initial dopami-

nergic system and other arousal systems. Of course, this is an

interesting question worthy of further study.

Optogenetic stimulation of dopamine terminals in the NAc and

dorsal striatum, but not the prefrontal cortex, promotes wakefulness

(Oishi et al., 2017). Our present results indicated that dopamine

release in the NAc and dorsal striatum correlated with both wakeful-

ness and modafinil-induced arousal and these regions receive dense

dopamine inputs from the VTA and SNc, respectively (Bjorklund &

Dunnett, 2007). The dopamine hypothesis indicates that when D1

and D2 receptors are blocked, the arousal-inducing effects of

modafinil are eliminated (Qu et al., 2008; Wuo-Silva et al., 2019).

Consistently, deletion of the DAT gene also blocks modafinil-induced

arousal (Qu et al., 2010). These previous results suggest that

modafinil enhances wakefulness via D1 and D2 receptor signalling,

but these manipulations were diffuse and brain-wide rather than

being targeted/localized to a specific brain region. Here, we show

that dopamine from the midbrain (A9 and A10) is vital for modafinil

promoting arousal in mice, as demonstrated via specific DTA-

induced lesions of mesencephalic dopamine neurons in DAT-Cre

mice. Recent work has revealed that VTA dopamine neurons regu-

late electrocortical arousal and sleep–wake patterning (Eban-

Rothschild et al., 2016; Taylor et al., 2016) which complements its

long-standing role in behavioural arousal to motivationally relevant

stimuli. In contrast, diminished dopamine signalling from the SNc is

associated with insomnia, which is a major symptom in Parkinson's

disease (Gjerstad et al., 2007). Chemogenetic or optogenetic activa-

tion of dopamine neurons in the SNc induces long-lasting arousal

(Cho et al., 2017; Poulin et al., 2018). Considering the functional

heterogeneity (Morales & Margolis, 2017) of midbrain dopamine

neurons, distinct dopamine subgroups may exert differential effects

on sleep–wake regulation.

Furthermore, nonselective lesions of both SNc dopamine and

substantia nigra pars reticulata (SNr) GABA neurons produce signifi-

cant sleep reductions in both cats and rats, while 6-hydroxydopamine

(6-OHDA)-selective ablation of SNc dopamine neurons in rats

increases wakefulness (Qiu et al., 2016). In the current study, specific

lesions of SNc or VTA dopamine neurons in DAT-Cre mice did not

induce any significant changes in sleep–wake cycles. However, follow-

ing lesions of SNc and VTA dopamine neurons, NREM sleep was

increased while wakefulness was decreased in VTA/SNc-lesioned

mice in the dark, whereas there was no difference in this parameter in

the light; importantly, our intraperitoneal drug/vehicle administrations

were given during the light phase. Moreover, dopamine neurons are

also necessary for normal physiological survival of mice, including

movement, food swallowing and gastrointestinal function (Jones

et al., 1973; Kobayashi et al., 2004). Compared with that of normal

mice in the control group, mice with lesions of midbrain dopamine

neurons exhibited a high mortality rate at 10–15 days after viral injec-

tions. If the VTA-SNc-lesion mice survived from the critical and sus-

ceptible period, they exhibited a normal circadian profile of sleep–

wake cycle (Figure 4d). Although the body weight of the SNc-VTA

lesion mice was lighter than that in the non-ablated control group,

there was no significant difference and the hair luster was normal

glossiness.

Previous studies have utilized c-Fos immunohistochemistry in rats

and cats to visualize potential brain targets of modafinil, the results of

which have indicated that weak c-Fos expression is found in the cor-

tex, striatum and A9/A10 groups before induction of a sustained wak-

ing state (Lin et al., 1996). However, these findings do not illustrate

definitive evidence that the dopaminergic system is not involved in

the wake-promoting effects of modafinil. In present study, we found

that lesions of dopamine neurons in the VTA significantly blocked

modafinil-induced arousal and lesioning of SNc dopamine neurons

also induced only a modest blockade of the effects of modafinil. How-

ever, although we have tried our best to control the distribution of

the virus, it is technically difficult to selectively and fully ablate dopa-

mine neurons in the VTA or SNc without interfering the adjacent pop-

ulation, which makes it inaccurate to assess their individual effects on

blocking modafinil-induced arousal. Nevertheless, these results clearly

demonstrate that modafinil collectively requires A9/A10 dopamine

neurons to exert its wake-promoting effects, since modafinil-induced

arousal was not fully blocked in either the VTA-lesioned or SNc-

lesioned group. Therefore, following selective dual lesioning of dopa-

mine neurons in both the VTA and SNc, we revealed that modafinil-

promoted arousal (even at a high dosage) was completely blocked.

Hence, these findings indicate that dopamine neurons in the VTA and

SNc are essential for modafinil-induced wakefulness and the former is

more important.
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In addition, a small population of dopamine neurons (�1,000 cells

in rats) in the dorsal raphé nucleus (also known as “A10 dc” or “ven-
tral/ventrolateral periaqueductal grey”) has been observed to promote

wakefulness (Cho et al., 2017). Thus, in order to exclude any virus-

spreading caveats of our manipulations, we also lesioned dopamine

neurons in the dorsal raphé nucleus. We found that lesioning of dorsal

raphé nucleus dopamine neurons had no effects on modafinil-induced

arousal. However, dorsal raphé nucleus-lesioned mice seemed to be

more anxious than normal mice during wakefulness, which corre-

sponds to findings showing that ablation of the dorsal raphé nucleus

confers a “loneliness-like” state (Matthews et al., 2016). Dorsal raphé

nucleus dopamine terminals are biased to the bed nucleus of the stria

terminalis and the central nucleus of the amygdala, two regions

known to bi-directionally affect motivated behaviour and regulate

complex emotional states (Jennings et al., 2013). Thus, the regulatory

mechanisms of dorsal raphé nucleus dopamine neurons on anxiety-

like behaviour warrants further investigation.

Finally, we found that the residual numbers of dopamine neurons

in the midbrains of the VTA-lesioned and SNc-lesioned groups were

related to the total amount of wakefulness induced by modafinil.

Importantly, dopamine neurons in the midbrain of Parkinson's disease

patients are lost in varying degrees during disease progression

(Hejjaoui et al., 2011). Therefore, if further experimental conditions

are optimized, we hypothesize that the degree of loss of midbrain

dopamine neurons in Parkinson's disease patients may be determined

via the amount of wakefulness induced by modafinil. This may repre-

sent an alternative to current magnetic resonance imaging methods

for Parkinson's disease diagnosis, which are relatively expensive and

inconvenient. It may be more convenient and less harmful for patients

to take a certain dose of modafinil, which can be used as an auxiliary

clinical assay of Parkinson's disease progression.

Caffeine is also a wake-promoting stimulant that targets the basal

ganglia, but this effect is primarily via the adenosine system (Huang

et al., 2005; Lazarus et al., 2013). Interestingly, adenosine A2A recep-

tors are densely co-expressed with D2 receptors in both the dorsal

striatum and NAc (Lazarus et al., 2011). Genetic deletions of A2A

receptors in the NAc block the arousal-inducing effects of caffeine,

whereas modafinil enhances arousal via D1 and D2 receptors (Qu

et al., 2008). Consistently, similar to findings from previous studies

(Huang et al., 2005), we found that caffeine at a dosage of 15 mg�kg�1

increased the amount of arousal at approximately 3 h after adminis-

tration, but had no effect on dopamine release in the NAc or dorsal

striatum. Moreover, clinic findings have shown that caffeine is associ-

ated with a reduced risk of Parkinson's disease (Postuma et al., 2017).

Nigrostriatal dopamine deficiency is considered to be the primary

cause of Parkinson's disease. Moreover, most drugs used to treat

Parkinson's disease act by increasing dopaminergic signalling. In the

present study, we found that modafinil significantly increased dopa-

mine levels in both the striatum and NAc, inducing wakefulness with-

out sleep rebound. Thus, we posit that a combination of modafinil and

caffeine at appropriate doses may be useful for increasing dopamine

and relieving early non-motor symptoms of Parkinson's disease, such

as excessive daytime sleepiness (Ascherio et al., 2001).

The reason why previous studies have found little c-Fos expres-

sion in the striatum or A9/A10 groups during modafinil administration

may be due to mesencephalic dopamine neurons being inhibited by

modafinil (Scammell et al., 2000). Similar to modafinil, previous studies

have shown that some other psychostimulants inhibited dopamine

neuron firing and dopamine transients in brain slices or anaesthetized

rats. Amphetamine and related psychostimulants are known to inhibit

dopamine neuron firing in brain slices through increasing dopamine

release and activating feedback mechanisms. However, when dopa-

mine autoreceptors were blocked, the burst firing was elicited. More-

over, D-amphetamine has two effects, a dopamine-mediated

inhibition and a non-dopamine-mediated excitation, and the latter is

mediated in part through α1-adrenoceptors (Shi et al., 2000). Cocaine

affects the burst firing of dopamine neurons, but it had different elec-

trical activity in awake and anaesthetized states. After cocaine

(10 mg�kg�1) injection, it produced a general decrease of the firing

rate and bursting in anaesthetized rats, but only 14% in awake rats

(Koulchitsky et al., 2012). Furthermore, acute doses of nicotine,

ethanol and cocaine in the nucleus accumbens shell of freely moving

rats are uniformly inhibited by administration of rimonabant, a canna-

binoid receptor antagonist, which suggests that an increase in endo-

cannabinoid tone facilitates the effects of commonly abused drugs on

sub-second dopamine release (Cheer et al., 2007).

Our results highlighted the essential role of midbrain dopamine

neurons in modafinil induced arousal. Previous studies revealed that

the activity of VTA dopamine neurons was inhibited by modafinil in rat

brain slices (Korotkova et al., 2007), while the arousal-inducing effects

of modafinil was abolished by blockade of D1and D2 receptors (Qu

et al., 2008, 2010). When D2 receptors were genetically deleted,

wakefulness was significantly decreased in mice and chemogenetic

activation of D2 receptor-containing neurons in the dorsal striatum

promoted sleep (Yuan et al., 2017). Furthermore, chemogenetic inhibi-

tion of dopamine neurons in the SNc or VTA diminishes wakefulness

and promotes sleep (Eban-Rothschild et al., 2016; Yang et al., 2018).

Interpretating these conflicting data remains challenging. Regardless,

these previous and our present findings clearly indicate that mesence-

phalic dopamine neurons are pivotal for maintaining wakefulness and

providing the impetus for modafinil-induced arousal. Consistent with

the previous result (Eban-Rothschild et al., 2016), the VTA is a particu-

larly important wakefulness promoting nucleus and mediates the

arousal promoting effect of modafinil.

In conclusion, our present study demonstrated that dopamine

levels in the dorsal striatum and NAc fluctuated across the spontane-

ous sleep–wake cycle and were increased during modafinil administra-

tion. Moreover, we found that VTA/SNc mesencephalic dopamine

neurons were essential for modafinil-induced arousal. These findings

further elucidate the mechanisms of action of modafinil, provide guid-

ance for clinical medications and lay a foundation for the development

of drugs for the treatment of sleep disorders.
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