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GABAergic neurons in the ventral tegmental area (VTA) have brain-wide projections and
are involved in multiple behavioral and physiological functions. Here, we revealed the
responsiveness of Gad67+ neurons in VTA (VTAGad67+) to various neurotransmitters
involved in the regulation of sleep/wakefulness by slice patch clamp recording. Among
the substances tested, a cholinergic agonist activated, but serotonin, dopamine
and histamine inhibited these neurons. Dense VTAGad67+ neuronal projections were
observed in brain areas regulating sleep/wakefulness, including the central amygdala
(CeA), dorsal raphe nucleus (DRN), and locus coeruleus (LC). Using a combination
of electrophysiology and optogenetic studies, we showed that VTAGad67+ neurons
inhibited all neurons recorded in the DRN, but did not inhibit randomly recorded neurons
in the CeA and LC. Further examination revealed that the serotonergic neurons in the
DRN (DRN5-HT) were monosynaptically innervated and inhibited by VTAGad67+ neurons.
All recorded DRN5-HT neurons received inhibitory input from VTAGad67+ neurons, while
only one quarter of them received inhibitory input from local GABAergic neurons.
Gad67+ neurons in the DRN (DRNGad67+) also received monosynaptic inhibitory input
from VTAGad67+ neurons. Taken together, we found that VTAGad67+ neurons were
integrated in many inputs, and their output inhibits DRN5-HT neurons, which may
regulate physiological functions including sleep/wakefulness.

Keywords: serotonin, GABA, optogenetics, electrophysiology, ventral tegmental area, raphe nucleus

INTRODUCTION

The VTA is involved in myriad behavioral and physiological functions, such as sleep/wakefulness,
motivation, reward prediction error, aversion, reinforcement learning, and addiction (Schultz
et al., 1997; Fields et al., 2007; Cohen et al., 2012; Polter and Kauer, 2014; Sun et al., 2017;
Bouarab et al., 2019; Zell et al., 2020). It is now well documented that the VTA is composed of
heterogeneous neuron types, containing primarily dopamine (DA) neurons (∼65%), but also non-
DA neurons, including GABAergic (∼30%) and glutamatergic (∼5%) neurons (Nair-Roberts et al.,
2008; Margolis et al., 2012; Pignatelli and Bonci, 2015). γ-aminobutyric acid (GABA), a major
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inhibitory neurotransmitter in the adult mammalian brain, is
synthesized from glutamate by a catalytic enzyme, glutamic
acid decarboxylase (GAD). Two isoforms of GAD, GAD67 (also
known as GAD1), and GAD65 (also known as GAD2), are found
in mammals and are derived from two genes (Erlander et al.,
1991). GABAergic neurons in the VTA have profound inhibitory
control of the local DA neurons (Tan et al., 2012; Simmons
et al., 2017), and they also send projections outside the VTA
(Bouarab et al., 2019; Chowdhury et al., 2019). Thus, it is not
surprising that inhibitory VTA neurons are involved in multiple
behavioral processes, such as innate defensive behavior (Zhou
et al., 2019), aversive behavior (Tan et al., 2012; Li et al., 2019),
discouragement to get the reward (van Zessen et al., 2012; Pan
et al., 2013; Shields et al., 2021), and drug abuse (Nugent et al.,
2007; Nugent and Kauer, 2008; Guan and Ye, 2010; Niehaus et al.,
2010). Recently, we and others found that GABAergic neurons
in the VTA are also critically involved in sleep/wakefulness
regulation (Chowdhury et al., 2019; Yu et al., 2019). Although the
behavioral and physiological importance of these inhibitory VTA
neurons has been gradually revealed, it is still unknown how these
neurons are regulated by other neurons, and how that ultimately
influences the regulation of various functions. Moreover, our
understanding of the major brain areas and cell types regulated
by GABAergic neurons from the VTA remain incomplete.

The dorsal raphe nucleus (DRN) in the brainstem also
comprises multiple cell types (Monti, 2010a), including
serotonergic (5-HT), glutamatergic, GABAergic, and DA
neurons (Monti, 2010b; Huang et al., 2019). Among them, 5-HT
neurons make up around half of the total neuronal population
in the DRN (Descarries et al., 1982). DRN5-HT neurons have
multiple physiological functions, including stress and anxiety-
like behavior (Hale et al., 2012; Ohmura et al., 2014), mood
(Cools et al., 2008), patience and impulsivity (Miyazaki et al.,
2012), locomotor activity (Gately et al., 1985; Eagle et al., 2009;
Correia et al., 2017), and sleep/wakefulness regulation (Monti,
2010a,b; Moriya et al., 2021). GABAergic neurons are another cell
type in the DRN, and they regulate 5-HT neuron activity through
a feedforward inhibition (Geddes et al., 2016; Huang et al., 2017;
Zhou et al., 2017). The DRN GABAergic population itself is
involved in the regulation of energy expenditure (Schneeberger
et al., 2019), feeding (Nectow et al., 2017), depressive-like
behavior (Xiao et al., 2017), movement control (Seo et al.,
2019), real-time place preference (McDevitt et al., 2014), and
aversion (Li et al., 2016). Thus, to better understand the cellular
underpinnings that lead to such a vast array of behavior and
physiology, it is critical to clarify the neural circuitry that
regulates these 5-HT and GABAergic neurons in the DRN.

DRN5-HT neurons receive monosynaptic input from the VTA,
as was reported in a study using the recombinant rabies virus for
retrograde tracing (Weissbourd et al., 2014). And the GABAergic
neurons of the VTA have distal projections to different areas
of the brain, including to the DRN (Brown et al., 2012; Root
et al., 2014; Chowdhury et al., 2019; Li et al., 2019). Here,
we searched for evidence of a functional innervation from
VTAGad67+ neurons to the CeA, DRN, and LC. Among the
neurons in these regions, only those in the DRN were found to
be functionally connected to the VTA. Combining optogenetics

with electrophysiological recordings, we found that both the
DRN5-HT and DRNGad67+ neurons were directly innervated
and inhibited by the VTAGad67+ neurons. We also discovered
that the DRN5-HT neurons were inhibited by local GABAergic
neurons. Furthermore, we explored how VTAGad67+ neurons are
modulated by the neurotransmitters serotonin, noradrenaline,
dopamine, histamine, carbachol, and orexin A, which are all
involved in sleep/wakefulness regulation.

MATERIALS AND METHODS

Animal Usage
All experimental protocols and animal studies were performed
in accordance with the approved guidelines of the Institutional
Animal Care and Use Committees of the Research Institute of
Environmental Medicine, Nagoya University, Japan (Approval
numbers: R210096 and R210729). All efforts were made to
decrease the usage of animals and to minimize the affliction and
pain of animals. Animals were maintained on a 12-h light dark
cycle (light period: 08:00–20:00; dark period: 20:00–08:00), with
free access to food and water.

Animals
Adult male and female mice between 8 and 16 weeks of age
were used in this study. To specifically label the Gad67-positive
neural population in the VTA we used Gad67-Cre mice
[Gad1tm2(cre)Tama]. To visualize DRN5-HT, we first bred
tryptophan hydroxylase 2 (Tph2)–tetracycline transactivator
(tTA) mice [Tg(Tph2-tTA)1Ahky] with tetracycline operator
sequence (TetO) Yellow-Cameleon Nano50 (YC) mice
(ActbTM2.1Kftnk) to generate Tph2-tTA;TetO-YC bigenic
mice in which Tph2 [which encodes an enzyme that synthesizes
5-HT (Walther et al., 2003)] promoter drives tTA (tetracycline-
controlled transactivator) expression in 5-HT neurons. tTA then
binds to the TetO sequence and drives expression of YC in 5-HT
neurons (Kanemaru et al., 2014; Ohmura et al., 2014; Chowdhury
and Yamanaka, 2016; Mukai et al., 2020). These bigenic mice
were then crossed with Gad67-Cre mice to finally generate
Gad67-Cre; Tph2-tTA; TetO YC trigenic mice. To generate
Gad67-Cre; Tph2-tTA bigenic mice, we bred Gad67-Cre mice
with Tph2-tTA mice.

Adeno-Associated Virus Purification and
Production
Adeno-associated virus (AAV) vectors were produced using
the AAV Helper-Free system (Agilent Technologies, Inc., Santa
Clara, CA, United States). The virus purification method was
modified from a published protocol (Inutsuka et al., 2016).
pAAV plasmid including a gene of interest, pHelper and pAAV-
RC (serotype 9) were mixed with 0.3 M CaCl2, followed
by the addition of 2× HEPES buffered saline in a dropwise
manner with this solution during continuous vortex mixing.
For transfection, the mixture of calcium-phosphate with DNA
was added to cultured HEK-293 cells in Dulbecco’s Modified
Eagle’s Medium-high glucose medium (DMEM) (Sigma-Aldrich,
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Merck, Darmstadt, Germany). After 3 days, transfected cells
were collected and centrifuged. The pellet was suspended with
phosphate buffered saline (PBS). The cell suspension was then
freeze-thawed four times with the following cycle: frozen at
−80◦C for 15 min, incubated at 37◦C for 10 min and vortexed
at room temperature (RT) for 1 min. Then, benzonase nuclease
(0.025 U, Merck, Darmstadt, Germany) was added to the cell
suspension solution and it was incubated at 37◦C for 30 min.
The solution was centrifuged twice at 16,000 rpm for 10 min.
The supernatant was used as the AAV-containing solution.
Quantitative PCR was performed to measure the number of
particles of purified AAV. The AAV was aliquoted and stored at
−80◦C until use.

Adeno-Associated Virus Injection Using
a Stereotaxic Frame
At 8–16 weeks of age, male and female mice (Gad67-Cre, Gad67-
Cre;Tph2-tTA;TetO YC and Gad67-Cre;Tph2-tTA) received
either unilateral (in DRN) or bilateral (in VTA) injection of
AAV9-CMV-FLEX-hrGFP (200 nl, 7.45 × 1012 copies/ml),
AAV9-CMV-FLEX-ChR2(ET/TC)-EYFP (200 nl, 1.5 × 1013

copies/ml), AAV9-CMV-FLEX-tdTomato (200 nl, 2 × 1012

copies/ml) or AAV9-TetO(3G) tdTomato (200 nl, 6.6 × 1011

copies/ml) under 1.0–1.2% isoflurane (Fujifilm Wako Pure
Chemical Corporation, Osaka, Japan) anesthesia (MK-A100W,
Muromachi Kikai Co., Fukoaka, Japan). Injection sites were as
follows: from bregma -3.3 mm, lateral±0.5 mm, ventral -4.2 mm
for the VTA and from bregma -4.5 mm, lateral 0 mm, ventral
-3.1 mm for the DRN.

Immunohistochemical Study
Mice were deeply anesthetized with isoflurane (Fujifilm Wako
Pure Chemical Corporation, Osaka, Japan) and transcardially
perfused with 20 ml of ice-cold saline, followed by 20 ml of ice-
cold 10% formalin (Fujifilm Wako Pure Chemical Industries,
Osaka, Japan). Brains were removed and post-fixed in a
10% formalin solution at 4◦C overnight. Brains were then
cryoprotected in 30% sucrose in PBS at 4◦C for at least 2 days.
After that, brains were frozen in embedding OCT compound
(Sakura Finetek, Osaka, Japan) at −80◦C, and coronal brain
slices of 40 or 80 µm thickness were made using a cryostat
(CM3050-S, Leica Microsystems K.K., Wetzlar, Germany) at
−20◦C. Slices were placed in PBS containing 0.02% NaN3 at
4◦C until staining. For staining, coronal brain slices were washed
3 times with blocking buffer (1% BSA and 0.25% Triton-X in
PBS) for 10 min and then incubated with primary antibodies at
4◦C overnight. For Gad67 staining, slices were incubated with
the primary antibody at 4◦C for 2 days. After washing 3 times
with blocking buffer for 10 min, slices were then incubated
with secondary antibodies for 1 h at RT. For Gad67 staining,
slices were incubated with secondary antibody for 2 h at RT.
After another 3 washes with blocking buffer, slices were stained
with 4 µM DAPI (4′,6-diamidino-2-phenylindole, Wako Pure
Chemical Industries, Osaka, Japan) (except for Figure 7B) for
10 min at room temperature. Finally, slices were washed 3 times
with blocking buffer and then mounted and examined with

a fluorescence microscope (BZ-X710, Keyence, Osaka, Japan)
and/or confocal microscope (LSM 710, Zeiss, Jena, Germany).
Every fourth coronal brain section of both hemispheres was used
for cell counts.

Antibodies
Primary and secondary antibodies were diluted in the blocking
buffer at the following concentrations: anti–tyrosine hydroxylase
(TH) rabbit antibody (AB152, Millipore, Darmstadt, Germany)
1/1000, anti-Gad67 mouse antibody (MAB5406, Millipore,
Darmstadt, Germany) 1/250, anti-Tph2 sheep antibody (AB1541,
Millipore, Darmstadt, Germany) 1/250, anti-green fluorescent
protein (GFP) chicken antibody (Aves labs, Inc., Davis, CA,
United States) 1/1000, CF 350-conjugated anti-sheep antibody
(20148, Biotium, Fremont, CA, United States) 1/1000, CF 488-
conjugated anti-chicken antibody (20166, Biotium, Fremont, CA,
United States) 1/1000, CF 594-conjugated anti-rabbit antibody
(20152, Biotium, Fremont, CA, United States) 1/1000, CF
594-conjugated anti-sheep antibody (20156, Biotium, Fremont,
CA, United States) 1/1000 and CF 647-conjugated anti-mouse
antibody (20046, Biotium, Fremont, CA, United States) 1/1000.

Electrophysiological Recording
Adult male and female mice between 10 and 24 weeks of age
were used for electrophysiological recording experiments. After
3–4 weeks of AAV injection, mice were deeply anesthetized using
isoflurane (Fujifilm Wako Pure Chemical Corporation, Osaka,
Japan) and decapitated. Brains were rapidly isolated and chilled in
ice-cold bubbled (95% O2 and 5% CO2) cutting solution (in mM:
110 K-gluconate, 15 KCl, 0.05 EGTA, 5 HEPES, 26.2 NaHCO3,
25 glucose, 3.3 MgCl2, 0.0015 3-[(±)-2-carboxypiperazin-4-yl)-
propyl-1-phosphonic acid (CPP)]. Coronal brain sections of 300-
µm thickness were made using a vibratome (VT-1200S, Leica,
Tokyo, Japan). The slices were incubated in a bubbled (95% O2
and 5% CO2) bath solution (in mM: 124 NaCl, 3 KCl, 2 MgCl2, 2
CaCl2, 1.23 NaH2PO4.2H2O, 26 NaHCO3, 25 glucose) at 35◦C
for 30 min following another 30-min incubation at RT in the
same solution. After the incubation period, the brain slice was
placed in a recording chamber (RC-26G, Warner Instruments,
Hamden, CT, United States) that was perfused with a bubbled
(95% O2 and 5% CO2) bath solution at a rate of 1.5 ml/min using
a peristaltic pump (Miniplus3, Gilson, United States). An infrared
camera (C3077-78, Hamamatsu Photonics, Hamamatsu, Japan)
was installed in an upright fluorescence microscope (BX51WI,
Olympus, Tokyo, Japan), together with an electron multiplying
charge-coupled device camera (Evolve 512 delta, Photometrics,
Tucsaon, AZ, United States), and both images were visualized
on separate monitors. Glass micropipettes were prepared from
borosilicate glass capillaries (GC150-10, Harvard Apparatus,
Cambridge, MA, United States) using a horizontal puller (P1000
Sutter Instrument, Novato, CA, United States), maintaining a
pipette resistance of 4–8 M�. During recording from ChR2-
eYFP–expressing VTAGad67+ and DRNGad67+ neurons, patch
pipettes were filled with a KCl-based internal solution (in mM:
145 KCl, 1 MgCl2, 10 HEPES, 1.1 EGTA, 2 Mg-ATP, 0.5 Na-
GTP; brought to pH 7.3 with KOH), with an osmolality between
280 and 290 mOsm. A K-gluconate–based internal solution (in

Frontiers in Neuroscience | www.frontiersin.org 3 May 2022 | Volume 16 | Article 877054

https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles


fnins-16-877054 May 14, 2022 Time: 14:56 # 4

Rahaman et al. Functional Interaction Between VTAGad67+ and DRN5-HT

mM: 138 K-gluconate, 10 HEPES, 8 NaCl, 0.2 EGTA, 2 Mg-
ATP, 0.5 Na2-GTP; brought to pH 7.3 with KOH), with an
osmolality between 285 and 290 mOsm was used while recording
from CeA, DRN and LC non-specific neurons, as well as from
DRN5-HT, DRNnon−5-HT, and DRGad67+ neurons in current
clamp mode and from a few DRNnon−5-HT neurons in loose cell-
attached mode. After confirming that the cell expressed green
(hrGFP/eYFP), red (tdTomato) or YC, the pipette was moved
toward the cell. A positive pressure was applied manually in the
patch pipette. This pressure was released when the tip of the
pipette touched the cell membrane and a gigaseal was formed.
Then, the patch membrane was ruptured by briefly applying
strong suction to form a whole-cell configuration. During
recording, electrophysiological properties were continuously
observed using the Axopatch 200B amplifier (Axon Instrument,
Molecular Devices, San Jose, CA, United States). Output signals
were low-pass filtered at 5 kHz and digitized at a 10-kHz sampling
rate. Patch clamp data were recorded through an analog-to-
digital converter (Digidata 1550A, Molecular Devices, San Jose,
CA, United States) using pClamp 10.7 software (Molecular
Devices, San Jose, CA, United States). Blue and yellow light (with
a wavelength of 475 ± 17.5 and 575 ± 12.5 nm, respectively)
was generated by a light source that used a light-emitting diode
(Spectra light engine, Lumencor, Beaverton, OR, United States)
and was directed to the microscope stage with a 1.0 cm
diameter optical fiber. Coronal brain slices were illuminated
through the objective lens of the fluorescence microscope. In
whole-cell voltage clamp recordings at a −60 mV holding
potential, QX-314 (1 mM) was added to the KCl-based pipette
solution. A six-channel perfusion valve controller (VC-6, Warner
Instruments, Holliston, MA, United States) was used for local
substance perfusion.

Quantification and Statistical Analysis
Immunostaining data were quantified, analyzed with ImageJ
(United States National Institutes of Health) and BZ-X Analyzer
(Keyence BZ-X710 microscope, Itasca, IL, United States)
software. Electrophysiological data were analyzed by Clampfit10
(Molecular Devices, San Jose, CA, United States). Statistical
analyses were performed using OriginPro 2020 software. Graphs
were generated using Canvas X (Canvas GFX Inc., Boston,
MA, United States). Simple comparisons of the means and
standard errors of the mean (SEMs) were performed using
a Student’s t-test. Multiple comparisons of means and SEMs
were performed by a one-way ANOVA (with/without repeated
measures) analysis followed by Tukey’s test. p values < 0.05 were
considered significant.

RESULTS

Responsiveness of VTAGad67+ Neurons
to Various Neurotransmitters
To visualize VTAGad67+ neurons, Gad67-Cre mice were
bilaterally injected with a Cre-dependent AAV expressing
humanized renilla GFP (hrGFP) into the VTA (Figure 1A).
Two weeks after injection, many hrGFP-expressing neurons were

observed in the VTA (Figure 1B). We used every fourth section
of 40 µm coronal brain slices where double immunostaining
for Gad67 (a marker of GABAergic neurons) and TH (a
marker of DA neurons) confirmed that most of the hrGFP-
expressing neurons in the VTA colocalized with Gad67, but not
with TH (Figure 1B). Of all the VTA neurons, 66.2 ± 2.3%
were TH-positive, 33.6 ± 2.3% were hrGFP-positive and only
0.2± 0.1% were co-labeled with TH and hrGFP (Figure 1C). We
counted 1140± 58 neurons per animal (n = 4 mice).

Next, we performed slice patch clamp recording to assess
the activity of VTAGad67+ neurons upon application of
various substances. Coronal brain sections of hrGFP-expressing
VTAGad67+ neurons from Gad67-Cre mice were prepared
(Figure 1D). By using a six-channel perfusion valve controller,
substances were sequentially and locally applied for 4 s under a
loose cell-attached mode recording. To minimize mechanical or
any other indirect effects on the recording cell by local application
of the substance, artificial cerebrospinal fluid (aCSF) was
applied before and after substance application (Figures 1E,G).
At first, glutamate (Glu, 100 µM) and GABA (100 µM)
(Figures 1E,G) were applied to confirm responsiveness and
positioning of the local application. After that, serotonin (5-HT,
50 µM), noradrenaline (NA, 100 µM), dopamine (DA, 100 µM),
histamine (HA, 100 µM), carbachol (CCh, 100 µM), and orexin
A (OX-A, 100 nM) were applied in random order. We found
that 5-HT, DA and HA application significantly reduced, whereas
CCh increased, the firing rate (Figures 1F,G). Surprisingly,
the wake-promoting neurotransmitters, NA and OX-A had
no significant effect on firing frequency (Figures 1F,G). We
then counted the fraction of cells that responded to substance
application. We considered cells to be responsive if they showed
a ≥20% increase or decrease in firing frequency during the
4 s substance application compared with before application. We
found responses in 10/11 (90.9%) cells with 5-HT, 4/24 (16.7%)
cells with NA, 10/18 (55.6%) cells with DA, 8/21 (38.1%) cells with
HA, 11/19 (57.9%) cells with CCh, 3/22 (13.6%) cells with OX-A,
23/27 (85.2%) cells with Glu, 44/44 (100%) cells with GABA and
3/42 (7.1%) cells with aCSF (Figure 1G, pie charts). These results
indicated that VTAGad67+ neurons responsiveness to substances
was not uniform.

Non-specific Recording From the
Downstream Target of VTAGad67+

Neurons
Next, we sought to reveal the downstream target neurons
of VTAGad67+ neurons. We bilaterally injected a Cre-
dependent AAV carrying the blue light–gated cation channel
channelrhodopsin-2 (E123T/T159C) (ChR2) (Berndt et al.,
2011) into the VTA of Gad67-Cre mice (Figure 2A).
Immunohistochemical study confirmed that ChR2 fused
with eYFP was expressed exclusively in the VTA (Figure 2B).
In vitro slice patch clamp recording from ChR2-expressing
VTAGad67+ neurons confirmed that a 10-Hz blue light pulse
depolarized and significantly increased the spontaneous firing
frequency by 919 ± 277% compared with pre-stimulation values
(Figures 2C–E). VTAGad67+ neurons densely projected to the
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FIGURE 1 | Responsiveness of VTAGad67+ neurons to neurotransmitters. (A) Schematic of the AAV injection used to visualize VTAGad67+ neurons.
(B) Immunostaining shows expression of hrGFP in the VTA. The white rectangular area is magnified on the right side, demonstrating that hrGFP expression is found
only in Gad67-positive neurons (white arrowheads) and not in the DA neurons (white arrows). Green (hrGFP), blue (Gad67), red (TH), gray (DAPI), white (merge). RMC,
red nucleus magnocellular; IPR, interpeduncular nucleus; rostral; SNC, substantia nigra compacta. (C) Pie chart showing the percentage of hrGFP-expressing cells
among DA and non-DA neurons in the VTA (n = 4 mice). (D) Schematic of the patch clamp recording from VTAGad67+ neurons. (E,F) Representative traces showing
the effect of local application. Gray bars indicate aCSF application and red bars indicate substance application. (G) Bar graphs summarize the firing frequency of
responsive cells following the application of each substance, and pie charts show the percentage of responsive and non-responsive cells, where n indicates the
number of responsive cells. Data are shown as means ± SEMs. Statistical analyses were made using two-tailed paired Student’s t-test. ** p < 0.01, *** p < 0.001.
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FIGURE 2 | VTAGad67+ neurons inhibit DRN neurons. (A) Schematic of the AAV injection used to express ChR2-eYFP in VTAGad67+ neurons. (B) Immunostaining
shows the expression of ChR2-eYFP in the VTA, which does not overlap with TH expression. Green (EYFP), red (TH), blue (DAPI), yellow (merge). (C) Schematic and
(D) a representative trace of in vitro whole-cell current clamp recordings from ChR2-expressing VTAGad67+ neurons. The blue bar indicates the 10-Hz blue light
(3.19 mW) pulse, which was applied for 5 s. Inset shows the pulse-generated action potentials. (E) Summary of (D) (n = 8 cells from 5 mice). (F) VTAGad67+ nerve
terminals in the DRN. Green (EYFP), blue (DAPI), white (merge). Aq, aquaduct. (G) Schematic of the setup for recording from DRN neurons. (H) Representative
traces from the current clamp recordings of neurons in the DRN following activation of VTAGad67+ nerve terminals by applying a 5-, 10-, or 20-Hz stimulation of blue
light (3.19 mW) for 5 s. Yellow light (0.8 mW) stimulation (20 Hz) was used as the control. (I,J) Summary data of (H), showing that firing rate and membrane potential
decreased in a blue light frequency–dependent manner compared with yellow light (n = 9 cells from 2 mice). Data are shown as means ± SEMs. Statistical analysis
for (E) was made using two-tailed paired Student’s t-test and for (I) were made using one-way repeated measures ANOVA with Tukey’s multiple comparison test.
* p < 0.05, ** p < 0.01, *** p < 0.001.
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distal part of the brain, including to the CeA, DRN, and LC,
consistent with our previous study (Figure 2F; Supplementary
Figures 1A,B; Chowdhury et al., 2019). We then recorded from
neurons in the CeA, DRN, and LC by stimulating the VTAGad67+
nerve terminals. Current clamp recording showed that only the
recorded neurons of the DRN were hyperpolarized and there
was a complete cessation of spontaneous firing following a 20-Hz
blue light stimulation, whereas activity in CeA or LC neurons was
not affected (Supplementary Figures 1C–K). We then focused
on the DRN—we randomly selected cells in the DRN and applied
different light frequencies, i.e., 5-, 10-, and 20-Hz blue light
stimulation in whole-cell current clamp mode (Figure 2G). We
found that blue light decreased the firing rate and hyperpolarized
the membrane potential in a frequency-dependent manner.
However, stimulation with the 20-Hz yellow light showed no
effect on firing frequency (Figures 2H–J).

To further reveal the mechanism of action, we recorded
from neurons in the DRN in whole-cell voltage clamp mode
at a -60 mV holding potential. Activation of VTAGad67+ nerve
terminals in the DRN induced post-synaptic currents (PSCs) in
response to a 5-ms blue light pulse (Figures 3A,B). These light-
induced PSCs were blocked by a GABAA receptor antagonist
gabazine (10 µM), but not by AP5 (50 µM) and CNQX (20 µM),
which are antagonists for the NMDA (N-methyl-D-aspartic acid)
and AMPA (α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic
acid) glutamate receptor types, respectively (Figures 3B,C).
The mean response delay from light onset was 3.5 ± 0.2 ms
(Figure 3D). To rule out the effect of indirect input, we applied
tetrodotoxin (TTX, 1 µM), a voltage-gated sodium channel
blocker, which blocked the light-induced PSCs (Figures 3E–G).
The combination of TTX and 4AP (4-aminopyridine, 1 mM),
a voltage-gated potassium channel blocker, rescued the light-
induced PSCs. These were again blocked by gabazine but not by
CNQX (Figures 3F,G). We found the mean response delay was
3.8 ± 0.2 ms (Figure 3H). We recorded 35 cells from 5 mice
(included in Figure 2I and Supplementary Figure 1H), where
all the cells (35/35, 100%) responded to blue light stimulation
(Figure 3I). Together, these results confirmed that DRN neurons
were directly innervated and inhibited by VTAGad67+ neurons
through the neurotransmitter GABA.

DRN5-HT Neurons Are Directly Inhibited
by VTAGad67+ Neurons
It has been reported that there are different subtypes of
neurons in the DRN (Huang et al., 2019). Among them,
5-HT neurons are a major population and known to be
involved in many physiological functions. Thus, the DRN
neurons we recorded in the earlier experiment might have been
serotonergic. To confirm this, we generated trigenic mice—
Gad67-Cre;Tph2-tTA;TetO YC—in which tTA was exclusively
expressed in 5-HT neurons under the control of the Tph2
promoter (Gossen et al., 1995). tTA binds to the TetO sequence
and induces the YC expression (Tanaka et al., 2012). We
then bilaterally injected a Cre-dependent AAV carrying ChR2
into the VTA of trigenic mice (Figure 4A). Immunostaining
results confirmed that ChR2 fused with eYFP was exclusively

expressed in the VTA (Figure 4B). In vitro slice patch clamp
recording from ChR2-expressing VTAGad67+ neurons confirmed
that these neurons were depolarized by a 10-Hz blue light
pulse, and this significantly increased the spontaneous firing
frequency by 908 ± 289% compared with pre-stimulation values
(Figures 4C–E). Since YC is composed of yellow fluorescent
protein (YFP) and cyan fluorescent protein (CFP), we could
clearly isolate the expression of YFP versus CFP by confocal
imaging. Although CFP co-labeled with YFP, the nerve terminals
from VTAGad67+ neurons expressed only YFP and not CFP
(Figure 4F, white arrowheads). We stained every fourth 40 µm
section of DRN-containing brain slices with an anti-Tph2
antibody to label 5-HT neurons. Colocalization of YC and TPH2-
positive cell bodies confirmed that 5-HT neurons expressed
YC (Figure 4F, white arrows). Cell counting indicated that
58.4 ± 2.6% of cells were both TPH2- and YC-positive,
41.2 ± 2.7% were only positive for TPH2 and 0.4 ± 0.1% were
only YC-positive (Figure 4G). We then recorded from the YC-
expressing DRN5-HT neurons by stimulating VTAGad67+ nerve
terminals (Figure 4H). In whole-cell current clamp recording, we
found that a 5-, 10- and 20-Hz blue light pulse decreased the firing
rate and hyperpolarized the membrane potential in a frequency-
dependent manner. However, stimulation with a 20-Hz yellow
light had no effect on firing frequency (Figures 4I–K).

Next, to further clarify the mechanism of action, we recorded
from the 5-HT neurons in whole-cell voltage clamp mode at a
-60 mV holding potential. Activation of nerve terminals from
VTAGad67+ neurons in the DRN induced PSCs in response to a
5-ms blue light pulse (Figures 5A,B). These light-induced PSCs
were blocked by gabazine (10 µM), but not by combined AP5
(50 µM) and CNQX (20 µM) (Figures 5B,C). The mean response
delay from light onset was 4.0 ± 0.2 ms (Figure 5D). To rule out
indirect connections, TTX (1 µM) was applied. TTX blocked the
light-induced PSCs (Figures 5E–G). The combination of TTX
and 4AP (1 mM) rescued the light-induced PSCs, which was
again blocked by gabazine, but not by CNQX (Figures 5F,G). We
found the mean response delay was 4.2± 0.2 ms (Figure 5H). We
recorded 24 cells from 5 mice, and all cells (24/24, 100%) were
inhibited by blue light stimulation (Figure 5I). Taken together,
these results confirmed that DRN5-HT neurons were directly
innervated and inhibited by VTAGad67+ neurons through GABA
neurotransmission.

DRNGad67+ Neurons Are Also Inhibited
by VTAGad67+ Neurons
During the experimental recordings from YC-positive 5-HT
neurons, we also recorded from YC-negative non–5-HT neurons.
Interestingly, 3/22 non–5-HT neurons showed an inhibitory
response to a 20-Hz blue light pulse (Supplementary Figure 2).
Therefore, we assumed that some non–5-HT neurons also
received inhibitory input from VTAGad67+ neurons. In addition
to 5-HT neurons, GABAergic neurons are also distributed
throughout the DRN (Monti, 2010b). To elucidate the connection
between VTAGad67+ neurons and DRNGad67+ neurons, we used
Gad67-Cre mice and injected a Cre-dependent AAV expressing
ChR2-eYFP into the VTA and another Cre-dependent AAV
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FIGURE 3 | Neurons in the DRN receive monosynaptic GABAergic inputs from VTAGad67+ neurons. (A,E) Schematic of the whole-cell voltage clamp setup for
recording from neurons in the DRN. (B) Blue light pulses (5 ms) induced PSCs in the DRN by using glutamatergic and GABAergic blockers. (C) Summary of (B)
showing the amplitudes of inward currents (n = 8 cells 2 mice). (D,H) Response delay from light onset (n = 8 cells from 2 mice). (F) Blue light pulses (5 ms) induced
PSCs in neurons in the DRN. (G) Summary of (F), showing the amplitudes of inward currents (n = 8 cells from 2 mice). (I) Pie chart showing the percentage of
responsive cells. Data are means ± SEMs. All statistical analyses were made using one-way repeated measures ANOVA with Tukey’s multiple comparison test.
* p < 0.05, *** p < 0.001.

expressing tdTomato into the DRN to visualize GABAergic
neurons in the DRN (Figure 6A). Immunohistochemical
study confirmed that ChR2 was exclusively expressed in
the VTA (Figure 6B). In vitro slice patch clamp recording
from ChR2-expressing VTAGad67+ neurons revealed that these
neurons were depolarized by a 10-Hz blue light pulse,

which also significantly increased the spontaneous firing
frequency by 989 ± 319% compared with pre-stimulation
values (Figures 6C–E). We stained DRN-containing slices with
an anti-Gad67 antibody to label GABA neurons. Co-labeling
of tdTomato and Gad67-positive cell bodies confirmed that
GABA neurons expressed tdTomato (Figure 6F, white arrow),
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FIGURE 4 | DRN5-HT neurons are inhibited by VTAGad67+ neurons. (A) Schematic of the AAV injection used to express ChR2-eYFP in VTAGad67+ neurons.
(B) Immunostaining shows the expression of ChR2-eYFP in the VTA, indicating there is no overlap with TH-positive cells. Green (EYFP), red (TH), blue (DAPI), yellow
(merge). (C) Schematic of the setup and (D) a representative trace from the in vitro whole-cell current clamp recordings from ChR2-expressing VTAGad67+ neurons.
Blue bar indicates 10 Hz of blue light (3.19 mW) stimulation for 5 s. Inset shows the pulse generated-action potentials. (E) Summary of (D) (n = 8 cells from 4 mice).

(continued)
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FIGURE 4 | (F) A DRN-containing coronal brain slice showing the expression of eYFP-positive nerve terminals from VTAGad67+ neurons (arrowheads) and colabeling
of CFP- and Tph2-positive 5-HT neurons (arrows). Green (EYFP), cyan (CFP/YC), red (Tph2), blue (DAPI), yellow (merge). Aq, aquaduct. (G) Pie chart shows the
percentage of YC-expressing cells among 5-HT–positive neurons (n = 5 mice). (H) Schematic of the setup for recording from DRN5-HT neurons. (I) Representative
traces of current clamp recordings from DRN5-HT neurons following activation of VTAGad67+ neuronal terminals by applying 5-, 10-, and 20-Hz stimulation of blue
light (3.19 mW) for 5 s. Yellow light (0.8 mW) stimulation (20 Hz) was used as the control. (J,K) Summary of (I). Firing rates and membrane potentials were
decreased in a frequency-dependent manner compared with yellow light (n = 8 cells for 5 and 10-Hz blue light; n = 9 cells for 20-Hz blue light; n = 6 cells for yellow
light from 3 mice). Data are shown as means ± SEMs. Statistical analysis for (E) was made using two-tailed paired Student’s t-test and for (J) were made using a
one-way ANOVA with Tukey’s multiple comparison test. * p < 0.05, *** p < 0.001.

which was innervated by nerve terminals from VTAGad67+
neurons (Figure 6F, white arrowheads). We then recorded from
the tdTomato-expressing DRNGad67+ neurons by stimulating
VTAGad67+ nerve terminals (Figure 6G). In whole-cell current
clamp recordings from DRNGad67+ neurons, we found that
a 20-Hz blue light pulse also silenced them. However, the
20-Hz yellow light stimulation had no effect (Figures 6H,I).
Next, to explore the connection patterns, we recorded from
DRNGad67+ neurons in whole-cell voltage clamp mode at a
-60 mV holding potential. Activation of VTAGad67+ nerve
terminals induced PSCs in response to a 5-ms blue light pulse
(Figures 6J,K). These light-induced PSCs were blocked by the
combination of TTX (1 µM), 4AP (1 mM), and gabazine
(10 µM), but not by TTX and 4AP (Figures 6J,K), confirming a
monosynaptic GABAergic connection. The mean response delay
was 3.7 ± 0.4 ms (Figure 6L). We recorded 36 cells from 7
mice, where 15 cells (41.7%) responded to blue light stimulation
(Figure 6M). From these results, we concluded that a fraction of
DRNGad67+ neurons were also directly innervated and inhibited
by VTAGad67+ neurons.

DRN5-HT Neurons Are Inhibited by
DRNGad67+ Neurons
Through the experiments thus far, we found that both DRN5-HT
and DRNGad67+ neurons were inhibited by VTAGad67+ neurons.
However, previous reports show that DRN5-HT neurons are
also inhibited by local GABAergic interneurons (Huang et al.,
2017; Zhou et al., 2017). Thus, we aimed to reveal whether the
inhibitory role of DRNGad67+ neurons on DRN5-HT neurons
was the same in Gad67-Cre mice. To individually visualize
DRNGad67+ and DRN5-HT neurons, we generated a bigenic
mouse line, Gad67-Cre; Tph2-tTA. We then mixed and injected
into the DRN two AAV viral vectors, Cre-dependent ChR2-eYFP
and tTA-dependent TetO tdTomato (Figure 7A). We stained
DRN-containing brain slices with an anti-Tph2 antibody to label
5-HT neurons. Co-labeling of tdTomato- and Tph2-positive
cell bodies confirmed that 5-HT neurons expressed tdTomato
(Figure 7B, white arrows), and they were also innervated by
nerve terminals from local DRNGad67+ neurons (Figure 7B,
white arrowheads). To confirm ChR2 expression, we recorded
from DRNGad67+ neurons. A 10-Hz blue light pulse significantly
increased the spontaneous firing frequency by 1161 ± 375%
compared with pre-stimulation values (Figures 7C–E). We then
recorded from the tdTomato-expressing DRN5-HT neurons by
stimulating the local DRNGad67+ nerve terminals (Figure 7F).
In whole-cell current clamp, we found that a 20-Hz blue light
stimulation significantly reduced the firing frequency. However,

a 20-Hz yellow light stimulation had no effect (Figures 7G,H).
Next, to explore the connection patterns, we recorded from
DRN5-HT neurons in whole-cell voltage clamp mode at a -60 mV
holding potential. Activation of DRNGad67+ nerve terminals
in the DRN induced PSCs in response to a 5-ms blue light
pulse (Figure 7I). These light-induced PSCs were blocked by
the combination of TTX (1 µM), 4AP (1 mM), and gabazine
(10 µM), but not by TTX and 4AP (Figures 7I,J), confirming a
monosynaptic GABAergic connection. The mean synaptic delay
was 3.7 ± 0.4 ms (Figure 7K). We recorded 55 cells from 5
mice, where 14 cells (25.5%) responded to blue light stimulation
(Figure 7L). Finally, we confirmed that a small fraction of
DRN5-HT neurons was also directly innervated and inhibited by
local DRNGad67+ neurons.

DISCUSSION

In this study, we discovered that the DRN receives dense
projections from VTAGad67+ neurons. In addition, we found
that DRN5-HT neurons were directly innervated and inhibited by
not only VTAGad67+ neurons but also by DRNGad67+ neurons.
Further, we showed that DRNGad67+ neurons also receive
monosynaptic inhibitory input from VTAGad67+ neurons.
In vitro recording from VTAGad67+ neurons revealed that the
cholinergic agonist CCh activated them, while DA, HA, and 5-
HT inhibited them. However, application of the wake-promoting
substances OX-A and NA had little or almost no effect on
VTAGad67+ neurons.

GAD65 and GAD67 are isoenzymes that are both critical for
the synthesis of GABA, even though their expression patterns
and mode of regulating synaptic plasticity are quite different
(Esclapez and Houser, 1999; Lau and Murthy, 2012). GAD65,
GAD67 and a vesicular GABA transporter (vGAT) are frequently
used to target GABAergic neurons. Li et al. (2019) showed that
rostral and caudal VTA GAD65-expressing neural populations
had distinct projection patterns to their downstream targets.
Also, there are some local inhibitory interneurons that exert
indirect effects on neighboring dopaminergic or glutamatergic
neurons. Chowdhury et al. (2019) reported that a subpopulation
of vGAT-expressing neurons colocalized with GAD67-positive
neurons in the VTA. Here, we used the Gad67-Cre mouse line
to exclusively label the GAD67-expressing neuronal population
in the VTA. The results we observed in our study might differ if a
different Cre line is used to target GABAergic neurons.

VTAGad67+ neurons receive major inhibitory and excitatory
inputs from the bed nucleus of the stria terminalis, prefrontal
cortex (PFC), lateral hypothalamic area (LHA), superior
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FIGURE 5 | DRN5-HT neurons receive monosynaptic inputs from VTAGad67+ neurons. (A,E) Schematic of the setup for whole-cell voltage clamp recording from
DRN5-HT neurons. (B) Blue light pulses (5 ms) induced PSCs in DRN5-HT neurons by using glutamatergic and GABAergic blockers. (C) Summary of (B) showing the
amplitudes of inward currents (n = 8 cells from 3 mice). (D,H) Response delay from light onset. (F) Blue light pulses (5 ms) induced PSCs in DRN5-HT neurons by
using different blockers. (G) Summary of (F), showing the amplitudes of inward currents (n = 8 cells from 2 mice). (I) Pie chart showing the percentage of responsive
cells. Data are shown as means ± SEMs. All statistical analyses were made using a one-way repeated measures ANOVA with Tukey’s multiple comparison test.
* p < 0.05, ** p < 0.01.

colliculus, nucleus accumbens (NAc), lateral habenula (LHb),
DRN, and periaqueductal gray (PAG), as well as from local
DA neurons (Bouarab et al., 2019). However, it is not clear
how VTAGad67+ neurons are regulated by neurotransmitters

released from these input neurons. To clarify this, we locally
applied substances that are directly or indirectly involved
in the regulation of sleep/wakefulness to see the responses
of the VTAGad67+ neurons (Miller and O’Callaghan, 2006;
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FIGURE 6 | DRNGad67+ neurons are inhibited by VTAGad67+ neurons. (A) Schematic of the AAV injection used to express ChR2-eYFP in VTAGad67+ neurons and
tdTomato in DRNGad67+ neurons. (B) Immunostaining shows expression of ChR2-eYFP in the VTA, which does not overlap with TH-positive cells. Green (EYFP), red
(TH), blue (DAPI), yellow (merge). Aq, aquaduct. (C) Schematic of the setup and (D) a representative trace of in vitro whole-cell current clamp recordings from
ChR2-expressing VTAGad67+ neurons. Blue bar indicates a 10-Hz blue light (3.19 mW) pulse for 5 s. Inset shows the pulse generated-action potentials.
(E) Summary of (D) (n = 7 cells from 3 mice). (F) A DRN-containing coronal brain slice showing the expression of eYFP nerve terminals from VTAGad67+ neurons
(white arrowheads) and colabeling of tdTomato and Gad67-positive GABA neurons (white arrow). The white square area is magnified in the lower panel. Green
(EYFP), blue (Gad67), red (tdTomato), gray (DAPI), yellow (merge). (G) Schematic of recording from DRGad67+ neurons. (H) Representative traces of current clamp
recordings from DRGad67+ neurons and activation of VTAGad67+ nerve terminals by applying a 20-Hz stimulation of blue light (3.19 mW) for 5 s. Yellow light (0.8 mW;
20 Hz) was used as a control. (I) Summary of (H), showing firing frequencies comparing pre-, post-, and yellow light stimulation (n = 9 cells for blue, n = 7 cells for
yellow from 3 mice). (J) Blue light pulses (5 ms) induced PSCs in DRNGad67+ neurons. (K) Summary of (J), showing the amplitudes of inward currents (n = 6 cells
from 3 mice). (L) Response delay from light onset. (M) Pie chart showing the percentage of responsive cells. Data are shown as means ± SEMs. Statistical analysis
for (E) was made using two-tailed paired Student’s t-test and for (I,K) were made using a one-way repeated measures ANOVA with Tukey’s multiple comparison
test. * p < 0.05, *** p < 0.001.
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FIGURE 7 | DRN5-HT neurons are inhibited by DRNGad67+ neurons. (A) Schematic of the AAV injection used to express ChR2-eYFP in DRN5-HT neurons and
tdTomato in DRNGad67+ neurons. (B) DRN-containing coronal brain slices show the expression of eYFP (white arrowheads) and the colabeling of tdTomato and
Tph2-positive 5-HT neurons (white arrows). The white square area is magnified on the right side. Green (EYFP), red (tdTomato), blue (Tph2), yellow (merge). Aq,
aquaduct. (C) The schematic setup and (D) a representative trace of in vitro whole-cell current clamp recordings from ChR2-expressing DRNGad67+ neurons.
(D) The blue bar below the trace indicates the 10-Hz blue light (3.19 mW) pulse for 5 s. Inset shows the pulse-dependent action potential generation. (E) Summary
of (D) (n = 6 cells from 4 mice). (F) Schematic of the setup for recording from tdTomato-expressing DRN5-HT neurons. (G) Representative traces of current clamp
recordings from DRN5-HT neurons and activation of DRNGad67+ nerve terminals by applying a 20-Hz stimulation of blue light (3.19 mW) for 5 s. Yellow light (0.8 mW;
20 Hz) was used as a control. (H) Summary of (G), showing the firing frequencies compared with pre-, post-, and yellow light stimulation (n = 8 cells for blue, n = 7
cells for yellow from 3 mice). (I) Blue light pulses (5 ms) induced PSCs in DRN5-HT neurons by using different blockers. (J) Summary of (I) showing the amplitudes of
inward currents (n = 6 cells from 2 mice). (K) Response delay from light onset. (L) Pie chart showing the percentage of responsive cells. Data are shown as
means ± SEMs. Statistical analysis for (E) was made using two-tailed paired Student’s t-test and for (H,J) were made using a one-way repeated measures ANOVA
with Tukey’s multiple comparison test. * p < 0.05, *** p < 0.001.
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Scammell et al., 2017; Holst and Landolt, 2018). Among the
substances tested, 5-HT had a strong inhibitory effect on
VTAGad67+ neurons. Although it has been reported that non-
DA neurons in the VTA showed both excitatory and inhibitory
responses upon 5-HT application (Pessia et al., 1994), we found
only inhibitory effect. Furthermore, we found that DRN5-HT
neurons were directly innervated and inhibited by VTAGad67+
neurons. 5-HT mediated the inhibitory input from the DRN
to the VTAGad67+ neurons, a functional connection that could
be involved in the promotion of wakefulness, since DRN5-HT
neurons are thought to be active during wakefulness. Although
there has not been any report to date about the neural circuit
between the VTA and tuberomammillary nucleus, HA showed
a strong inhibitory effect on VTAGad67+ neurons. Among four
HA receptors, both H3 and H4 receptors are coupled with
Gi G-protein (Panula et al., 2015). Thus, there is a possibility
that our recording neurons might express H3 or H4 or both
receptors if this is a direct effect. If this is indirect effect,
H1 receptor mediated activation of inhibitory neurons is also
possible. As we did not block the indirect effect from synaptic
inputs of other neurons, we could not confirm whether the
effect was direct or indirect. We need to do more experiments
in future to explore pharmacological inspection. HA neurons
in the tuberomammillary nucleus are also tonically active
during wakefulness (Yu et al., 2014). This inhibition might
also contribute to promoting wakefulness, similar to the effects
imparted by DRN5-HT neurons.

The release probability of NA is higher during wakefulness
versus during sleep, but application of NA induced only a
weak inhibition, or almost no significant effect, on VTAGad67+
neurons. NA neurons in the LC are also known to be
active during wakefulness. The differences in response patterns
among monoaminergic neurotransmitters might be involved
in the generation of different levels of wakefulness. Even
though the basal forebrain and brainstem cholinergic neurons
containing acetylcholine are involved in sleep/wakefulness, the
VTA receives cholinergic innervation from only the brainstem
pedunculopontine and laterodorsal tegmental nuclei (Oakman
et al., 1995; Holmstrand and Sesack, 2011; Boucetta et al., 2014;
Agostinelli et al., 2019). Kroeger et al. (2017) reported that
activation of pedunculopontine cholinergic neurons increased
NREM sleep, and we reported that activation of VTAGad67+
neurons also increased NREM sleep (Chowdhury et al.,
2019). Thus, since application of the cholinergic agonist CCh
activated VTAGad67+ neurons, this might suggest that the
cholinergic inputs from pedunculopontine and laterodorsal
tegmental nuclei regulate sleep/wakefulness through activation of
VTAGad67+ neurons.

It is not only the DA neurons in the VTA, but also those
in the NAc and DRN that are critically involved in promoting
wakefulness (Lu et al., 2006; Eban-Rothschild et al., 2016;
Cho et al., 2017; Oishi et al., 2017; Luo et al., 2018). DA
neurons in the VTA are inhibited by their local GABAergic
neurons, but the functional relationship between DA neurons
and GABAergic neurons in the VTA remains elusive. Here,
we found that DA inhibited VTAGad67+ neurons. Therefore,
this inhibition of neighboring GABAergic neurons (VTAGad67+)

is a probable mechanism of DA neuron–induced wakefulness.
We have reported that orexin neurons in the LHA receive
direct inhibitory input from VTAGad67+ neurons (Chowdhury
et al., 2019). Moreover, orexin neurons mediate various
physiological functions, including sleep/wakefulness regulation,
energy homeostasis, reward seeking and drug addiction through
their projections to the VTA (Xu et al., 2013). But surprisingly, we
found that local application of OX-A failed to induce any effect
in VTAGad67+ neurons. Thus, the mutual interaction between
orexin neurons in the LHA and VTA is unclear from our data, and
more studies are needed to further understand the interaction.

VTAGad67+ neurons have a wide range of projections
throughout the whole brain, including to the PFC, CeA, NAc,
LHb, ventral pallidus (VP), LHA, DRN, PAG, and local DA
(Bouarab et al., 2019; Chowdhury et al., 2019). Virus-based
retrograde and anterograde tracing studies have elucidated the
anatomical locations of these projections. However, functional
connections at the neural circuit level are still unclear.
Downstream targets like NAc, LHb, and LHA receive inhibitory
input from GABAergic neurons in the VTA (Brown et al.,
2012; Root et al., 2014; Chowdhury et al., 2019). Our results
are consistent with a recent report (Li et al., 2019) where
the authors targeted rostral and caudal VTA GAD65-positive
neurons and their functional connections with the GABAergic
and 5-HT neurons of the DRN. Here, we confirmed again
the functional connections between VTAGad67+ neurons and
DRNGad67+ and DRN5-HT neurons. Although we observed
nerve terminals from VTAGad67+ neurons in the CeA and LC
by immunostaining and patch clamp experiments, we failed
to observe any functional connections between VTAGad67+
neurons and CeA or LC neurons. However, the number of
recorded neurons was too small to unequivocally conclude
that there are no such connections. Further neuroanatomical
and electrophysiological experiments are required to verify any
functional interactions between VTAGad67+ neurons and those
in the CeA and LC.

The DRN regulates numerous physiological functions by
integrating inputs from the whole brain (Okaty et al., 2019).
Optogenetic or chemogenetic activation of DRN5-HT neurons
can induce active wakefulness (Moriya et al., 2021) and increase
depressive-like behavior (Teissier et al., 2015), but it halts
spontaneous activity (Correia et al., 2017). On the contrary, 5-
HT deficiency in the adult brain increases locomotor activity
without inducing anxiety-like behavior (Whitney et al., 2016).
Based on this, it is now clear that the DRN has subpopulations
of 5-HT neurons (Huang et al., 2019). DRN5-HT neurons receive
both excitatory and inhibitory monosynaptic inputs from distal
parts of the brain, like the mPFC (Geddes et al., 2016), LHb
(Zhou et al., 2017), retinal ganglion cells (Huang et al., 2017),
and caudal VTA (Li et al., 2019). Here, all the recorded Tph2-
positive DRN5-HT neurons received monosynaptic inhibitory
input from VTAGad67+ neurons. Apart from 5-HT neurons,
another important neuronal subtype is GABAergic neurons in
the DRN (Huang et al., 2019). These inhibitory neurons directly
inhibit their neighboring DRN5-HT neurons (Challis et al., 2013).
Moreover, this kind of local inhibition is highly critical for
5-HT to be able to mediate numerous physiological functions
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(Huang et al., 2017; Li et al., 2019). Only a quarter of our
recorded DRN5-HT neurons received monosynaptic inhibition
from their local DRNGad67+ neurons. We also found that one
half of our recorded DRNGad67+ neurons were inhibited by
VTAGad67+ neurons. Thus, it is expected that VTAGad67+ and
DRNGad67+ neurons control the activity of DRN5-HT neurons
through feedforward inhibition. Additional studies are required
to clarify the precise regulatory mechanisms. Furthermore, it
would be fascinating to explore the inhibitory role of the Gad67
population in DRN5-HT neuron–regulated sleep/wakefulness and
other physiological behaviors.

Taken together, we showed that VTAGad67+ neurons were
regulated by neurotransmitters involved in sleep/wakefulness
regulation, such as 5-HT, DA, HA, and acetylcholine, but
not by OX-A. VTAGad67+ neurons integrated these inputs
and inhibited DRN5-HT neurons. This functional interaction
between VTAGad67+ and DRN5-HT neurons might contribute
to the understanding of the regulatory mechanisms of
sleep/wakefulness.
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