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Oscillatory Population-Level Activity of Dorsal Raphe
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Dorsal raphe (DR) 5-HT neurons regulate sleep–wake transitions. Previous studies demonstrated that single-unit activity of
DR 5-HT neurons is high during wakefulness, decreases during non-rapid eye movement (NREM) sleep, and ceases during
rapid eye movement (REM) sleep. However, characteristics of the population-level activity of DR 5-HT neurons, which influ-
ence the entire brain, are largely unknown. Here, we measured population activities of 5-HT neurons in the male and female
mouse DR across the sleep–wake cycle by ratiometric fiber photometry. We found a slow oscillatory activity of compound in-
tracellular Ca21 signals during NREM sleep. The trough of the concave 5-HT activity increased across sleep progression, but
5-HT activity always returned to that seen during the wake period. When the trough reached a minimum and remained
there, REM sleep was initiated. We also found a unique coupling of the oscillatory 5-HT activity and wideband EEG power
fluctuation. Furthermore, optogenetic activation of 5-HT neurons during NREM sleep triggered a high EMG power and
induced wakefulness, demonstrating a causal role of 5-HT neuron activation. Optogenetic inhibition induced REM sleep or
sustained NREM, with an EEG power increase and EEG fluctuation, and pharmacological silencing of 5-HT activity using a
selective serotonin reuptake inhibitor led to sustained NREM, with an EEG power decrease and EEG fluctuation. These inhib-
itory manipulations supported the association between oscillatory 5-HT activity and EEG fluctuation. We propose that NREM
sleep is not a monotonous state, but rather it contains dynamic changes that coincide with the oscillatory population-level ac-
tivity of DR 5-HT neurons.

Key words: dorsal raphe; optogenetics; photometry; population activity; serotonin; sleep

Significance Statement

Previous studies have demonstrated single-cell 5-HT neuronal activity across sleep–wake conditions. However, population-
level activities of these neurons are not well understood. We monitored DR 5-HT population activity using a fiber photometry
system in mice and found that activity was highest during wakefulness and lowest during REM sleep. Surprisingly, during
non-REM sleep, the 5-HT population activity decreased with an oscillatory pattern, coinciding with EEG fluctuations. EEG
fluctuations persisted when DR 5-HT neuron activity was silenced by either optogenetic or pharmacological interventions dur-
ing non-REM sleep, suggesting an association between the two. Although oscillatory DR 5-HT neuron activity did not gener-
ate EEG fluctuations, it provides evidence that non-REM sleep exhibits at least binary states.

Introduction
The dorsal raphe (DR) nucleus in the hindbrain contains
about one third of the 5-HT neurons of the brain (Müller and
Cunningham, 2009). DR 5-HT neurons innervate mainly the
forebrain, including the cortex and striatum (Gaspar and
Lillesaar, 2012). The roles of DR 5-HT neurons vary from reg-
ulating physical activities to regulating emotional states
(Müller and Cunningham, 2009).

In regard to sleep–wake regulation by DR 5-HT neurons,
studies using DR 5-HT neuron ablation or other methods that
induce a loss of function of these neurons demonstrated distur-
bances in sleep–wake structure. DR ablation reduced sleep in
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cats (Jouvet, 1968) and fish (Oikonomou et al., 2019).
Administration of the irreversible inhibitor of tryptophan
hydroxylase (Tph; the rate-limiting enzyme in 5-HT synthesis)
reduced sleep in monkeys (Weitzman et al., 1968), cats (Koella
et al., 1968), rats (Torda, 1967; Mouret et al.,1968), and fish
(Oikonomou et al., 2019). Knockout of Tph2 (the gene encod-
ing the CNS isoform of Tph) reduced sleep (siesta) in mice
(Whitney et al., 2016) and fish (Oikonomou et al., 2019). All
these long-term loss-of-function manipulations of the DR 5-
HT neurons resulted in decreased sleep. In contrast, temporary
cooling of the DR induced sleep in cats (Cespuglio et al., 1976),
indicating an opposing outcome after acute loss of function of
DR 5-HT neurons. Although the outcome of loss-of-function
studies targeting DR 5-HT neurons is controversial, it is widely
accepted that DR 5-HT neurons are causally involved in the
sleep–wake structure.

Unlike the interventional studies modulating DR 5-HT neu-
ronal activity, observational electrophysiological studies moni-
toring DR neuronal activities have reported consistent results
(Mcginty and Harper, 1976; Trulson and Jacobs, 1979; Urbain et
al., 2006; Sakai, 2011). Single-unit recording from the DR across
the sleep–wake cycle revealed two major types of neurons. One
type—the 5-HT neuron cell type—tonically fires during wakeful-
ness, is less active during non-rapid eye movement (NREM)
sleep, and is mostly silent during rapid eye movement (REM)
sleep. The other cell type, non-5-HT neurons such as dopami-
nergic or GABAergic neurons, does not modulate its firing rate
across the sleep–wake cycle (Sakai, 2011). These pioneering stud-
ies encouraged us to monitor the population-level activity of DR
5-HT neurons across the sleep–wake cycle because the popula-
tion 5-HT neuron activity, rather than individual neuron activity,
could mediate a wide range of cortical activity patterns.

In this study, we sought to examine the dynamics of the pop-
ulation-level activity of DR 5-HT neurons during sleep in mice
and to address how such dynamics were correlated to EEG and
EMG changes. We addressed the causal relationship between DR
5-HT neuron activity and EEG/EMG changes across sleep stages
using optogenetics and pharmacological experiments.

Materials and Methods
Ethics statement. All animal procedures were conducted in

accordance with the National Institutes of Health Guide for the
Care and Use of Laboratory Animals and approved by the Keio
University Animal Experiment Committee in compliance with the
Keio University Institutional Animal Care and Use Committee
(approval numbers 12035 and 14027). This study was conducted
following the principles of the Declaration of Helsinki. Informed
consent was obtained from all participants.

Animals. Experiments were conducted with 8- to 14-month-old
male and female mice. All mice were maintained on a 12 h light/
dark cycle (lights on at 8:00 A.M.), and polysomnographic record-
ings were performed during the light phase [start time at 9:00–11:00
A.M. (Zeitgeber time 1–3)]. Tph2 Yellow Cameleon (YC) mice
(Tph2-tTA::tetO-YC-nano50 double transgenic mice) were obtained
by crossing tetO-YC-nano50 mice, Tph2-tTA mice (Miyazaki et al.,
2014), and tetO-YC-nano50 mice (Kanemaru et al., 2014). Tph2-
ChR2 mice (Tph2-tTA::tetO-ChR2(C128S)-EYFP double transgenic
mice) were obtained by crossing Tph2-tTA mice and tetO-ChR2
mice (Tanaka et al., 2012). Tph2-Archaerhodopsin T (ArchT) mice
(Tph2-tTA::tetO-ArchT-EGFP double transgenic mice) were obtained
by crossing Tph2-tTA mice and tetO-ArchT-EGFP mice (Tsunematsu
et al., 2013). All mouse lines were sourced from the RIKEN Center for
Biosystems Dynamics Research. The genetic background of all trans-
genic mice was mixed with C57BL6 and 129 SvEvTac. Genotyping for

Tph2-tTA, tetO-YC-nano50, tetO-ChR2(C128S), and tetO-ArchT has
been described previously (Tanaka et al., 2012; Tsunematsu et al., 2013;
Kanemaru et al., 2014; Miyazaki et al., 2014).

Surgical procedure. Surgeries were performed using a stereotaxic ap-
paratus (SM-6M-HT, Narishige). Mice were anesthetized with a mixture
of ketamine and xylazine (100mg/kg and 10mg/kg, respectively). Body
temperature during surgery was maintained at 37 6 0.5°C using a
heating pad (FHC-MO, Muromachi Kikai). An optic fiber for
optogenetics or photometry was inserted into the DR at the follow-
ing coordinates relative to bregma: anteroposterior (AP), �4.3
mm; ML, 0.0 mm; DV, 3.0 mm, all while tilted at 10° relative to the
vertical axis (SM-15R, Narishige). The mice received permanent
EEG and EMG electrode implants for polysomnography. Using a
carbide cutter (drill size diameter 0.8 mm), three pits were drilled
into the skull, while avoiding penetration of the skull to prevent
brain damage. Each implant had a 1.0 mm diameter stainless steel
screw that served as an EEG electrode; one implant was placed
over the right frontal cortical area (AP, 11.0 mm; ML, 11.5 mm)
as a reference electrode and the other over the right parietal area
(AP, 11 mm anterior to lambda; ML, 11.5 mm) as a signal elec-
trode. Another electrode was placed over the right cerebellar cor-
tex (AP, �1.0 mm posterior to lambda; ML, 11.5 mm) as a ground
electrode. Two silver wires (catalog #AS633, Cooner Wire) were
placed bilaterally into the trapezius muscles and served as EMG
electrodes. Finally, the electrode assembly and optical fiber can-
nula were anchored and fixed to the skull with Super-Bond (Sun
Medical).

EEG/EMG recordings. The EEG/EMG signals were amplified (gain
�1000) and filtered (EEG, 1–100Hz; EMG, 10–100Hz) using a DC/AC
differential amplifier (3000, A-M Systems). The input was then received
via an input module (NI-9215, National Instruments), digitized at a
sampling rate of 1000 Hz by a data acquisition module (cDAQ-9174,
National Instruments), and recorded by a custom-made LabVIEW
program (National Instruments). We habituated mice sufficiently;
in other words, REM sleep (see below, Mouse vigilance state assessment)
was often observed, at which point we started recording. Measurements
were collected from five mice for 1–4 h/sessions, with one two sessions/
mice (total seven sessions).

Mouse vigilance state assessment. EEG/EMG signals were analyzed
using MATLAB (MathWorks). The power spectral data of the EEG were
obtained using the multispectrogram method. A power spectral profile
over a 1–50 Hz window was used for the analysis. We detected each
sleep–wake state scored off-line by characterizing 1 s epochs, as previ-
ously described (Funato et al., 2016). A wake state was characterized by
low-amplitude fast EEG and high-amplitude variable EMG. NREM sleep
was characterized by a high-amplitude delta (1–4Hz) frequency EEG
and a low-amplitude tonus EMG. REM sleep was staged based on theta
(4–9Hz)-dominant EEG and EMG atonia.

Fiber photometry. The method for ratiometric fiber photometry has
been described previously (Natsubori et al., 2017). An excitation light
(435nm; silver light-emitting diode, Prizmatix) was reflected off a dichroic
mirror (DM455CFP, Olympus), focused with a 2� objective lens (numerical
aperture 0.39, Olympus) and coupled into an optical fiber (400mmdiameter,
0.39 numerical aperture; catalog #M79L01, Thorlabs) through a pinhole (di-
ameter 400mm). The light-emitting diode power was,200mW at the fiber
tip. The cyan and yellow fluorescence emitted by YC-nano50 was collected
via an optical fiber cannula, divided by a dichroic mirror (DM515YFP,
Olympus) into cyan (483/32 nm band path filters, Semrock) and yellow
(542/27 nm), and detected by a photomultiplier tube (H10722-210,
Hamamatsu Photonics). The fluorescence signals were digitized using
a data acquisition module (cDAQ-9174, National Instruments) and
simultaneously recorded using a custom-made LabVIEW program
(National Instruments). Signals were collected at a sampling frequency
of 1000Hz.

Optogenetic manipulation. An optical fiber (numerical aperture 0.39,
Thorlabs) was inserted through the guide cannula. Blue (470nm) and
yellow (575nm) light was generated using a SPECTRA 2-LCR-XA light
engine (Lumencor). The blue and yellow light power intensity at the tip
of the optical fiber was 0.5–1mW and 6–8mW, respectively. During
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EEG and EMG monitoring, we illuminated ChR2-expressing mice
during the wake, NREM, and REM periods. We illuminated Arch-
T-expressing mice during the NREM period. For ChR2 activation,
blue and yellow light (1 s and 5 s duration, respectively) was used
to open and close the step-function type opsin ChR2(C128S)
(Berndt et al., 2009). In the control trials, yellow light was used
instead of blue light in Tph2-ChR2 mice. For ArchT activation, a
120 s duration of yellow (inhibition) light was used in Tph2-ArchT
mice. In control trials, yellow light was used in wild-type mice.

Escitalopram administration and recording. Escitalopram (Tokyo
Chemical Industry) was dissolved in normal saline and injected intra-
peritoneally at 15mg/kg (Burstein et al., 2017). We used well-habituated
mice for drug administration; mice had at least five previous recordings
without any prior injection. We obtained EEG/EMG and YC signals for
1 h before drug administration and compared them with signals from 2
to 3 h after administration. To compare REM sleep latency, another
cohort was treated with escitalopram or saline after habituation.

Histology.Mice were deeply anesthetized with ketamine (100mg/kg)
and xylazine (10mg/kg) and perfused with 4% paraformaldehyde phos-
phate buffer solution. Brains were removed from the skull and post-
fixed in the same fixative overnight. Subsequently, the brains were
cryoprotected in 20% sucrose overnight, frozen, and cut at a 2 mm
thickness on a cryostat. Sections were mounted on silane-coated
glass slides (Matsunami Glass). The sections were incubated over-
night with anti-GFP antibodies (1:200; goat polyclonal, Rockland) at
room temperature and then incubated with anti-goat IgG antibody
conjugated to Alexa Fluor 488 (1:1000; Invitrogen) for 2 h at room
temperature. Fluorescence images were obtained using an all-in-one
microscope (BZ-X710, Keyence).

Data processing. All animals and trials were randomly assigned to
an experimental condition. Experimenters were not blinded to the ex-
perimental conditions during data collection and analysis. Mice were
excluded when the optical fiber position was not correctly targeted.
Fiber photometry and EEG/EMG signals were analyzed using custom-
made programs in MATLAB. Yellow and cyan fluorescence signals
were fitted using an exponential function to counteract the fading of
fluorescent proteins and autofluorescence of optical fibers. We then
used the YC ratio (R), which is the ratio of yellow to cyan fluorescence
intensity, for calculating neural activity. We derived the value of the
photometry signal (D R/R0) by calculating (R – R0) /R0, where R0 was
the baseline fluorescence signal (signals in the wake state). For normal-
ization of activity intensity, population 5-HT activities during the wake
period were regarded as zero, and the REM period was regarded as �1.
We defined the baseline at �0.05 to omit small fluctuations and/or
baseline trends. We defined a single concave wave as an event that
had a trough below �0.4. EEG signals were bandpass [finite impulse
response (FIR), Kaiser window] filtered. We set the EEG frequency
bands as follows: delta, 1-4Hz; theta, 4–9Hz; alpha, 9–12Hz; beta, 12–
30Hz; and gamma, 30–50Hz (Choi et al., 2010). We obtained the
power of each EEG frequency band by the square of the amplitude (see
Figs. 2b, 4e, 5g, 6e,f). The amplitude of the EMG signal was squared to
obtain EMG power (see Figs. 3, 4d, 6f).

Power spectrum analysis of fluorescence signal. Power spectrogram
of a 10 Hz resampled YC ratio was calculated with a wavelet transform
using a Morse wavelet with a symmetry parameter (g = 3) and time-
bandwidth parameter (P2 = 60).

Analysis of infraslow oscillations of EEG power.We selected uninter-
rupted NREM sleep bouts that lasted.120 s. We used EEG signals from
the last 120 s of NREM bouts. EEG signals were filtered in a wideband
(1–50Hz) or each frequency band (see above, Data processing) using
FIR filter (Kaiser window). EEG power time series were obtained by
squaring the preprocessed EEG signal, downsampled to 10Hz, Z-scored,
and high-pass filtered with a 0.01Hz cutoff frequency. Power spectrum
of the EEG power fluctuation was calculated with a fast Fourier trans-
form using a Hamming window (see Figs. 2d, 5h, 6d). The strength of
the infra slow EEG power fluctuation was quantified as the area of the
power underneath the Fourier transform from 0.01 to 0.04Hz, subtract-
ing the mean power between 0.08 and 0.12Hz (Lecci et al., 2017; Osorio-
Forero et al., 2021; see Fig. 2e).

Statistical analysis. Data for all experiments were analyzed using the
following parametric statistics: Student’s t test (independent samples t
test), paired t test, one-way ANOVA followed by the Tukey–Kramer
post hoc test, and linear mixed-effect (LME) model.

Linear mixed-effect model analysis. We conducted an LME model
analysis (Yu et al., 2022) to test the effects of blue and yellow light illumi-
nation on EMG amplitudes of individual mice as grouping variables, for-
mulated as follows:

Yij ¼ b 0 1 xij;1b 1 1 xij;2b 2 1 zij;1u1 1 zij;2u2 þ :::1 zij;7u7 1 « ij;

where Yij is the EMG amplitude of a mouse j (= 1, ..., 7) in an observa-
tion i (= 1, ..., nj); b 0, b 1, and b 2 are the fixed-effects coefficients for the
intercept; blue and yellow light illumination, u1–7, is the random effect
for each mouse; « ij is the observation error for observation i of a mouse
j; and xij,1-2 and zij,1-7 are dummy variables for fixed and random effects,
respectively.

Data availability. The datasets generated during and/or analyzed in
the current study are available from the corresponding author on rea-
sonable request.

Results
Dorsal raphe 5-HT neurons showed oscillatory population-
level activity during NREM sleep
To investigate population-level activity of 5-HT neurons in
the DR during the sleep–wake cycle, we used a fiber photome-
try system and monitored intracellular calcium signals from
5-HT neurons in the DR of freely moving mice (Fig. 1a). We
used transgenic mice expressing a FRET-based ratiometric
Ca21 indicator, YC-nano50 (Horikawa et al., 2010), in 5-HT
neurons under the control of the Tph2 promoter (Tph2-YC
mice; Fig. 1b,c). The ratio of yellow to cyan fluorescence inten-
sities (YC ratio) represents a compound Ca21 activity of 5-HT
neurons. Because fluorescence intensities of these two colors
exhibit inversely proportional dynamics according to changes
in Ca21 concentration, the YC ratio is suited for detecting
both decreases and increases in Ca21 concentration (Tsutsui-
Kimura et al., 2017; Yoshida et al., 2019).

We observed changes in the population activity of DR 5-HT
neurons across the sleep–wake cycle (Fig. 1d). Sleep–wake stages
were identified with EEG and EMG measurements (Fig. 1d).
During wake periods (Fig. 1d, green bars in the hypnogram),
population activity of the DR 5-HT neurons showed small ampli-
tude fluctuations. During NREM sleep (dark blue bars), the aver-
age population activity was lower than that during the wake
period. During REM sleep (red bars), population activity of the
DR 5-HT neurons was at a minimum (Fig. 1e; normalized 5-HT
activities of seven sessions from five mice, 1–4 h per sessions for
a total 17 h; mean 5-HT activities during wake and REM states
were normalized to 0 and �1, respectively). These observations
were consistent with previous findings obtained through electro-
physiological studies examining single neuron activity (Jacobs
and Azmitia, 1992).

We found an oscillatory population activity of DR 5-HT
neurons during NREM sleep, regardless of the type of NREM
epoch; one type of epoch was NREM flanked by wake periods
(NREM!Wake; Fig. 1f), and the other was NREM flanked by a
wake period on one side and a REM period on the other
(NREM!REM; Fig. 1g). A small concave wave of 5-HT activity
appeared during the first third to half of either the NREM!Wake

or NREM!REM epoch (Fig. 1f,g). The 5-HT population activity
of each concave wave returned from the trough to its baseline,
which was comparable to the activity level observed during a
wake period. Hereafter, we defined both types of NREM epochs
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as a period including more than three con-
cave waves (downward Ca21 waves) with
a greater than �0.4 trough. Using these
criteria, the duration of the NREM!Wake

and NREM!REM epochs was similar (Fig.
1h; mean 6 SD, 207 6 95 s and 222 6
36 s, respectively; p = 0.74, independ-
ent t test, n = 29 and 38 epochs, respec-
tively, from five animals) and the
number of concave waves during an
epoch of NREM!Wake or NREM!REM

was also similar (mean 6 SD, 6.1 6 2.3
and 6.1 6 1.6, respectively; p = 1.0, in-
dependent t test; Fig. 1i). A difference
in 5-HT neuron activity during NREM
was found for the trough level; in an
NREM!Wake epoch the trough level of
the last concave wave did not reach �1
(mean 6 SD, �0.87 6 0.07; Fig. 1f), but
in an NREM!REM epoch the activity
of 5-HT neurons decreased further to
the lowest level of 5-HT activity (�1;
Fig. 1g).

We conducted a wavelet analysis to
describe the more detailed characteris-
tics of DR 5-HT neuron activity fluctua-
tion during the NREM state (Fig. 1d).
Wavelet analysis found slow waves oscil-
lated at 0.01–0.3Hz (Fig. 1d). The power
of infraslow waves gradually increased
and reached a peak at the end of the
NREM epoch (Fig. 1d, red triangles).
We further focused on infraslow oscilla-
tion (,0.1 Hz) and averaged the power
after normalization (Fig. 1j). The power
of waves (0.02–0.05 Hz) increased in the
first half of the NREM sleep, and in the
second half toward the end of NREM
sleep, there was another increase in the
power of waves (0.01–0.03Hz). In sum-
mary, the trough of concave waves deep-
ened, and their duration elongated across
time, reaching a maximum by the end of
the NREM sleep period.

Low DR 5-HT neuron population
activity was accompanied by a wideband
EEG power increase, and high DR 5-HT
neuron activity was accompanied by an
EMG power increase
Low 5-HT neuron activity may result in
altered cortical EEG signals because DR 5-
HT neurons directly innervate most corti-
cal regions or affect them via the relay of
subcortical brain regions (Muzerelle et al.,
2016). We noticed vertical stripes in the
heatmap of the EEG spectrogram during
NREM sleep (Fig. 2a, top; see also Fig.
1d second row), and thus we asked
whether cortical EEG fluctuation was
associated with the oscillatory 5-HT ac-
tivity during NREM sleep. To visually
enhance the vertical stripes mentioned

Figure 1. DR 5-HT neurons in mice showed oscillatory population activity during NREM sleep. a, Schematic illustration of
the fiber photometry system used for monitoring DR 5-HT neuron activity. EEG and EMG were recorded simultaneously. PMT,
Photomultiplier tube. b, Genetic construct of Tph2-tTA::tetO-YC-nano50 double transgenic mice. c, The compound Ca21 sig-
nal in the DR was monitored via an optic fiber (asterisk indicates the tip of the fiber). A fluorescence image shows YC-
nano50 expression in the raphe nucleus. Scale bar, 1 mm. d, Representative examples of acquired data, including a trace of
the EEG signal, a relative EEG power spectrogram, a trace of the EMG signal, the sleep–wake states (wake, green; REM, red;
NREM, blue), population Ca21 dynamics of DR 5-HT neurons, and the wavelet spectrogram of 5-HT population-level activity.
Light blue lines indicate NREM!Wake epochs, purple lines indicate NREM!REM epochs, and red lines indicate REM epochs.
Numbers along the bottom indicate time. Red triangles indicate the time when the infaslow power of 5-HT activity was
high. e, Normalized DR 5-HT neuron activities across the sleep–wake cycle (7 sessions from 5 mice). Averaged DR 5-HT neu-
ron activity during NREM sleep was lower than during the wake stage but higher than during REM sleep (one-way ANOVA
followed by Tukey–Kramer post hoc test, F(2,12) = 138.4, wake vs NREM, p = 5.9 � 10�4; NREM vs REM, p = 3.3 � 10�7;
wake vs REM, p = 4.0 � 10�9). f, g, Representative population activity dynamics of DR 5-HT neurons during the
NREM!Wake epoch (f) and the NREM!REM epoch (g). The solid and dashed lines show �0.05 and �0.4 of normalized
activities, respectively. Waves that exceeded �0.4 are marked by black triangles. Time 0 in (f) corresponds to 365 s in (d),
and time 0 in (g) corresponds to 775 s in (d). h, Durations of the NREM!Wake epoch (n = 29 epochs from 5 animals) and
the NREM!REM epoch (n = 38 epochs from 5 animals) were comparable (independent t test, p = 0.74, df = 8, t = �0.33).
i, Numbers of concave waves during NREM!Wake and NREM!REM were comparable (independent t test, p = 1.0, df = 8,
t = 1.3 � 10�3). j, Wavelet spectrogram of infraslow 5-HT population activity during an NREM state (,0.1 Hz, 7 sessions
from 5 mice, total 21 epochs). Time is normalized from 0 (start of NREM sleep) to 1 (end of NREM). Power is normalized
across time 0–0.1. Error bars indicate SD; *p, 0.05.
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above, we normalized EEG power at frequen-
cies up to 50Hz at intervals of 1Hz (Fig. 2a,
bottom). The time course of EEG power in
wideband (1–50Hz) and each frequency
band ranged from gamma to delta waves,
exemplifying the periodic increase during
NREM sleep (Fig. 2b) and showing a strong
inverse correlation to 5-HT activity (correla-
tion coefficient of �0.7 or lower; Fig. 2b,c).
The EEG power fluctuated at ;0.01–0.05Hz
(Fig. 2d,e). In summary, we found a transient
and repetitive wideband EEG power increase
that was associated with lowered 5-HT activ-
ity during NREM sleep.

We found occasional EMG amplitude
increases during NREM sleep in addition to
during the transition from sleep to wake (Fig.
1d). EMG amplitude increases appear at the
transition from sleep to wake and last for .4 s
at the beginning of a wake period. Such an
EMG amplitude increase is always associated
with an increase in population-level DR 5-HT
neuron activity as seen at the end of both
NREM!Wake and REM sleep periods. During
NREM sleep, the EMG amplitude increase did
not last for .4 s, but this type of EMG ampli-
tude increase was also associated with an
increase in DR 5-HT neuron activity. We
aligned the 5-HT neuron activity, EEG power,
and EMG power during an NREM state and
found that 5-HT neuron activity was elevated
concurrently with an EMG power increase
(Fig. 3a). After the sleep–wake transition, 5-HT
neuron activity remained high, the magnitude
of the EMG power increase was high, the dura-
tion of EMG power increase was long, and the
EEG spectrum showed a wake state (Fig. 3b,
right). On the other hand, EMG amplitude
increases during NREM were lower than those
seen during wake periods (mean 6 SD, 0.074
6 0.067 vs 0.25 6 0.14 mV2; p = 0.02, df = 4, t
= �3.5, paired t test), and these events were
also associated with increased 5-HT neuron ac-
tivity, but 5-HT neuron activity levels declined
instantly after the peak of 5-HT activity (Fig.
3b, left). The EEG delta power decrease did not
last for .4 s. These latter features fit with the
concept of microarousal or microawakenings
during NREM sleep (Halász et al., 2004; Oikonomou et al.,
2019). These results indicate that an increase in population-level
DR 5-HT neuron activity during sleep is associated with either
the sleep–wake transition or microawakenings.

Activation of the 5-HT neurons induced wakefulness
To determine the causal relationship between DR 5-HT neuron
activity and the EMG amplitude increase during sleep, we used
transgenic mice in which only 5-HT neurons express the step-
function-type variant of ChR2 (Tph2-ChR2(C128S); Miyazaki
et al., 2014; Fig. 4a) and artificially activated their DR 5-HT
neurons for 10 s during NREM sleep. Mice received 1 s of blue
light illumination to open ChR2, followed by 5 s of yellow light
illumination to close ChR2, 10 s after the blue light illumina-
tion (Fig. 4a, middle). Optogenetic activation during NREM

and REM sleep increased the EMG amplitude (Fig. 4b–d; n =
7 mice, NREM, 57 stimulations; REM, 18 stimulations) and
decreased the delta power of the EEG (Fig. 4e), indicating a
transition to the wake state. Regardless of sleep type, optoge-
netic activation always induced wakefulness, but the degree of
increase in EMG power was low when the REM sleep was tar-
geted (Fig. 4d). An induced wake state persisted after optoge-
netic activation during NREM or REM state (mean 6 SD,
77 6 25; n = 6 mice, 48 stimulations or 62 6 31 s, n = 4 mice,
10 stimulations; Fig. 4f). This duration was comparable to that
of the wake period seen in control conditions during the light
phase of the circadian cycle (mean 6 SD, 66 6 30 s from eight
mice, 212 periods, Fig. 4f). However, application of the control
yellow light (Fig. 4a, bottom) to Tph2-ChR2(C128S) mice
during their natural sleep state did not induce EEG or EMG
changes (Fig. 4d,e; n = 5 and 3 mice; NREM, 62 stimulations;

Figure 2. The increase in wideband EEG power repeatedly coincided with a decrease in DR 5-HT neuron activity
during NREM sleep. a, The spectrogram of relative EEG power during NREM sleep. Top, Periodic yellow-green stripes
were observed. Bottom, Normalized EEG power for every 1 Hz between 0 and 50 Hz. b, Temporal changes of wide (1–
50 Hz), gamma, beta, sigma, theta, and delta frequency bands. R shows the correlation coefficient between each
frequency of EEG power and 5-HT activity (n = 6 mice, mean6 SD). c, Temporal changes in population DR 5-HT neu-
ronal activity. Vertical dotted lines indicate troughs of DR 5-HT neuron activities. Time 0 s corresponds to 775 s in
Figure 1d. d, Power spectra of EEG power fluctuations from wide gamma, beta, sigma, theta, and delta frequency
bands during NREM sleep (7 sessions from 5 mice, total 53 epochs). Gray shade represents SD. e, Strengths of infra-
slow EEG fluctuation patterns. There was no significant difference between each frequency band (Friedman rank sum
test, x 2 = 4.32, df = 4, p = 0.36, n = 5 mice). Error bars indicate SD.
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REM, 16 stimulations). Blue light illumination in wild-type
mice did not induce EEG or EMG changes during sleep (n = 3
mice, wake, 13 stimulations; NREM, 22 stimulations; REM, 17
stimulations). Artificial activation of DR 5-HT neurons during
the wake state did not change EEG or EMG amplitude (n = 6
mice, 25 stimulations; Fig. 4d).

Inhibition of 5-HT neurons occasionally induced REM
At the transition from NREM to REM sleep, DR 5-HT neuron
activity no longer oscillated, and the lowered DR 5-HT neuron
activity during NREM shifted to that observed in REM sleep. We
sought to determine whether a continuous inhibition of DR 5-
HT neuron activity induced REM sleep. For this inhibition, we
used transgenic mice (Tph2-ArchT) harboring an inhibitory

opsin, ArchT, in 5-HT neurons (Fig. 5a). To choose the duration
of illumination, we measured the latency from the starting time
point of the last concave wave during an NREM!REM epoch to
the trough time point of the following REM (Fig. 5b) and found
that it ranged from 31 to 65 s (mean 6 SD, 46 6 16 s, n = 61
transitions; Fig. 5c). We thus chose 120 s as the illumination du-
ration to allow for a margin of error.

We then applied optogenetic inhibition during a 3 h poly-
somnography recording during the light phase of the circadian
cycle. We identified NREM sleep on-line and initiated 120 s of
illumination at the first trial. We had an interval of at least
20min before the next trial. As a result, we applied illumination
10 times on average during two recording sessions from each
animal. In Tph2-ArchT mice (n = 7), of 80 trials, 12 trials
induced REM sleep (15%; Fig. 5e, left). In controls (n = 4), of 40
trials, 1 trial induced REM sleep (3%; Fig. 5e, right). In compar-
ing these two stimulation conditions, we found that there is a
higher probability of REM sleep induction by optogenetic inhibi-
tion versus control light stimulation (p = 0.04, Fisher’s exact
test). Nonetheless, the REM sleep induction rate was low, and
NREM sleep was sustained in most trials (83% for Tph2-ArchT
mice and 88% for wild-type mice). Of note, optogenetic inhibi-
tion after the third session did not increase the REM induction
probability.

As we previously showed, oscillatory population DR 5-HT
neuron activity corresponds to periodic EEG power fluctuations.
Thus, we asked whether EEG power fluctuations could be per-
turbed by 120 s of optogenetic inhibition, a duration that should
contain 3–4 concave waves of DR 5-HT neuron activity. The
other possibility is that oscillatory 5-HT neuron activity does not
underlie EEG power fluctuations. We consistently found a wide-
band EEG power increase during the 120 s of optogenetic DR 5-
HT silencing (Fig. 5f,g); however, DR 5-HT silencing sustained
infraslow EEG power fluctuations (Fig. 5h). Regarding the
sustained EEG power fluctuations, we found a comparable
occurrence of microawakenings during the 120 s of illumina-
tion (41% of trials for Tph2-ArchT mice and 55% for wild-
type mice, p = 0.16, Fisher’s exact test). These results indicated
that DR 5-HT neuron inhibition during NREM is associated
with an EEG power increase and is not associated with per-
turbed fluctuation of the infraslow EEG power and the occur-
rence of microawakenings.

EEG fluctuation persisted in the absence of oscillatory DR 5-
HT neuron activity
To confirm the persistence of EEG fluctuations under the loss of
DR 5-HT neuron activity fluctuations, we intervened pharmaco-
logically. Serotonin selective reuptake inhibitors (SSRIs) lead to
elevated extracellular 5-HT levels, and 5-HT neuron activity is in
turn silenced via activation of 5-HT1A autoreceptors (Gartside
et al., 1995). As expected, SSRI treatment eliminated population-
level Ca21 dynamics of DR 5-HT neurons during sleep periods
(Fig. 6a). Under this acute SSRI treatment condition, REM sleep
latency was significantly delayed compared with saline controls
(mean 6 SD, 93 6 24–149 6 35min from six saline- and seven
SSRI-treated mice, respectively; p = 6.1� 10�3, df = 11, t =�3.4,
independent t test), supporting previous findings (Bridoux et al.,
2013). We assumed that the level of population DR 5-HT neuron
activity was at a minimum during REM sleep, even under SSRI
treatment (Fig. 6b, B) and considered that the population DR 5-
HT neuron activity remained at a lower level across the sleep–
wake transition (Fig. 6b,c). As a result, acute SSRI treatment led

Figure 3. Transient surges of DR 5-HT population neuron activities were associated with
microawakenings during NREM sleep or during the sleep–wake transition. a, Temporal
changes in population DR 5-HT neural activity (top) and EMG power during NREM) sleep
(bottom). Vertical dotted lines indicate the time points when the declined DR 5-HT neuron
activities returned to their peak levels. Time 0 s corresponds to 2655 s in Figure 1d. b, Mean
relative EEG power (top), DR 5-HT population activity (middle), and EMG power (bottom)
aligned at the initial time point of the EMG signal elevation during NREM sleep (left column)
or during the transition to wake (right column; 143 time points of microawakenings or 79
time points of NREM!Wake from 5 mice). Gray shade represents SD.
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to high extracellular 5-HT levels, low DR
5-HT neuron activity, and a loss of oscilla-
tory DR 5-HT neuron activity.

We observed infraslow periodic EEG
power fluctuations under SSRI treatment
(Fig. 6a,d), supporting the idea that EEG
fluctuations persist under a loss of oscilla-
tory DR 5-HT neuron activity. The differ-
ence here, from the optogenetic silencing
experiments, was that SSRI treatment in-
duced a wideband EEG power decrease
(Fig. 6e), suggesting that extracellular 5-
HT controls wideband EEG power. An
NREM-to-wake transition also occurred
under SSRI treatment, suggesting that the
surge of DR 5-HT neuron activity is not
engaged in this mechanism. The frequency
of microawakenings remained the same
before and after SSRI treatment (0.29 6
0.12 vs 0.28 6 0.18 times per 1min from
six mice, six sessions, p = 0.94, df = 5, t =
0.08, paired t test), suggesting that a surge
of DR 5-HT neuron activity is not neces-
sary to induce microawakenings under
SSRI treatment or that undetectable fluctu-
ations of DR 5-HT neuron activity can
induce microawakenings during NREM
sleep.

Finally, we evaluated responses to opto-
genetic activation of DR 5-HT neurons
under SSRI treatment. Every stimulation
induced wake and was associated with an
EMG power increase and an EEG delta
power decrease (Fig. 6f), suggesting that
artificial DR 5-HT neuron activation
always induces wake, but other systems
continue to operate during the sleep–wake
transition under SSRI treatment.

Discussion
The aim of this study was to understand
the population-level activities of DR 5-
HT neurons during the sleep–wake cycle.
Once we identified the population-level
DR 5-HT activity patterns, we manipu-
lated them to address the role of sero-
tonin in sleep. We demonstrated that
population-level 5-HT activity in the DR
was, on average, high during wake states,
intermediate during NREM sleep, and
low during REM sleep. We found a slow
oscillatory population-level activity of
5-HT neurons (0.01–0.05 Hz) during
NREM sleep. Oscillatory changes of popu-
lation-level 5-HT activities coincided with
dynamics of EEG power fluctuations in an
antiparallel manner.

Other groups have also described
population-level 5-HT neuron activ-
ities by fiber photometry during sleep.
Monitoring of DR 5-HT neuron activ-
ity using GCaMP6 revealed oscillatory

Figure 4. Activation of the DR 5-HT neurons induced an EMG amplitude increase and wakefulness. a, Schematic illustration of
optogenetic activation of DR 5-HT neurons in a Tph2-ChR2(C128S) mouse. Scale bar, 1 mm. Blue and yellow shade indicates illumi-
nation times. b, c, EEG, EEG power spectrogram, and EMG before and after optogenetic activation during NREM sleep (b) and REM
sleep (c). The vertical yellow lines indicate the illumination times. d, Comparison of mean EMG power during a 10 s period before
(preillumination), during (illumination), and after (postillumination) activation. An EMG power increase was triggered by optogenetic
activation and sustained afterward [LME, NREM, n = 7, df = 168, p (preillumination-illumination) = 1.8� 10�8, t = 5.92, p (preil-
lumination-postillumination) = 2.5 � 10�8, t = 5.85; REM, n = 4 mice, df = 51, p (preillumination-illumination) = 0.02, t =
2.31, p (preillumination-postillumination) = 5.0 � 10�3, t = 2.93]. DR 5-HT optogenetic activation during a wake period did not
alter EMG power (paired t test, n = 6 mice, df = 5, p = 0.72, t = �0.37). Yellow light illumination did not alter EMG power
(paired t test, NREM, n = 7 mice, p = 0.20, df = 6, t =�1.44; REM, n = 3 mice, p = 0.10, df = 2, t =�2.9). EMG power of con-
trol mice was used as the average EMG power during a 10 s period immediately after spontaneous arousal from NREM or REM sleep
in Tph2-YC mice (n = 7 and 9 sessions, respectively). Optogenetic 5-HT activation during NREM sleep increased the EMG power to a
level comparable to control mice (independent t test, p = 0.35, df = 10, t = 0.98), whereas activation during REM sleep did not
increase the EMG power to the level of control mice (independent t test, p = 0.01, df = 7, t = 3.30). e, Mean EEG delta power for
the 10 s before, during, and after optogenetic activation with cyan light during NREM. A significant delta power decline was induced
and sustained [LME, n = 6 mice, df = 156, p (preillumination-illumination) = 1.5� 10�7, t =�5.50, p (preillumination-postillu-
mination) = 2.4� 10�3, t =�3.08]. Yellow light illumination did not alter EEG delta power (paired t test, n = 5 mice; p = 0.11,
df = 4, t = 2.1). f, Duration of a wake period in Tph2-YC mice (left, n = 8, 1–2 sessions per mouse, 212 periods) and duration of
the induced wake period after light illumination in Tph2-ChR2 mice during a NREM period (middle, n = 6, 3 sessions per mouse, 48
stimulations), and during an REM period (right, n = 4, 3 sessions per mouse, 10 stimulations). There were no significant differences
between the three groups (one-way ANOVA, F(2,15) = 0.41, p = 0.67). Error bars indicate SD; *p, 0.05.
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Figure 5. Inhibition of DR 5-HT neuron activity increased the probability of transition to REM or sustained NREM. a, Schematic illustration of optogenetic inhibition of DR 5-HT neurons in
Tph2-ArchT mice. Scale bar, 1 mm. Yellow shade indicates light illumination. b, Latency from the start time of the last concave wave of an NREM!REM epoch to the time at the trough of the
REM state that follows (gray shade). c, Quantification of b (n = 5 mice, 61 transitions from NREM to REM). Error bars indicate SD. d, f, Representative time courses of EEG, EEG power spectro-
gram, normalized EEG power (f), ratio of theta power to delta power of EEG, and EMG, with optogenetic inhibition (yellow), respectively, from top to bottom. REM-induced trial (d), NREM-sus-
tained trial (f). e, Percentage of REM-sleep-induced trials in Tph2-ArchT mice (80 sessions from 7 mice) and control mice (40 sessions from 4 mice). g, Optogenetic inhibition induced a
wideband EEG power increase (paired t test, n = 7 mice, 7 sessions; delta, p = 0.03, df = 6, t = �2.86; theta, p = 4.9 � 10�2, df = 6, t = �2.46; delta, p = 0.04, df = 6, t = �2.65;
beta, p = 5.2 � 10�3, df = 6, t = �4.27; gamma, p = 0.02, df = 6, t = �3.22) and did not lead to changes in wild-type mice (paired t test, n = 4 mice, 4 sessions; delta, p = 0.08, df =
3, t = �2.63; theta, p = 0.28, df = 3, t = 1.32; sigma, p = 0.75, df = 3, t = 0.35; beta, p = 0.68, df = 3, t = 0.46; gamma, p = 0.30, df = 3, t = �1.26) in NREM-sleep-sustained trials.
Error bars indicate SD; *p, 0.05. h, Comparable fluctuation of a wideband EEG power during (yellow) and before (black) inhibition of 5-HT neurons by yellow light illumination (13 sessions
from 7 mice, total 45 epochs each, paired t test for every 0.01 Hz with a Bonferroni correction for a familywise error rate at p = 0.05). Gray and yellow shades represent SD.
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patterns during NREM sleep (Oikonomou et al., 2019). The
duration of the waves was similar to our findings; however,
the signal did not return to the level seen in wakefulness
periods. This difference may be because of the nature of the

Ca21 sensors used; YC is useful for detecting downward
Ca21 changes, whereas GCaMP was developed to efficiently
detect spikes in Ca21. Further study is needed to address
this difference in dynamics using a distinct methodology.

Figure 6. SSRI administration abolished oscillatory DR 5-HT neuron activity but not EEG fluctuations. a, Representative data including a trace of the EEG signal, a relative EEG power spectro-
gram, a trace of the EMG signal, the sleep–wake states (wake, green; REM, red; NREM, blue), and population Ca21 dynamics of DR 5-HT neurons. Under control conditions (left), oscillatory ac-
tivity is observed in DR 5-HT neurons. Following SSRI administration (right), apparent concave waves disappeared. Black triangles show the wideband EEG power increase. b, Enlargement of a.
A, Time at wake; B, time at REM sleep. c, The drop rate of population Ca21 signals at REM sleep. Following SSRI administration, the degree of the Ca21 signal decline was less than that in
controls (independent t test, p = 0.03, df = 4, t = �3.42; 3 sessions from 3 mice). d, Comparable fluctuation of a wideband EEG power after (blue) and before (black) SSRI administration (6
sessions from 6 mice, total 39 epochs each, paired t test for every 0.01 Hz with a Bonferroni correction for a familywise error rate at p = 0.05). Gray and blue shades represent SD. e, SSRI
induced a wideband EEG power decrease (paired t test, 5 sessions from 5 mice; delta, p = 0.21, df = 4, t = 1.49; theta, p = 0.01, df = 4, t = 4.37; sigma, p = 0.06, df = 4, t = 2.64; beta,
p = 0.04, df = 4, t = 2.95; gamma, p = 0.02, df = 4, t = 3.78) during NREM sleep. f, Optogenetic DR 5-HT activation following SSRI administration induced wakefulness [EMG power, LME,
df = 81, p (preillumination-illumination) = 2.3 � 10�15 t = 9.78, p (preillumination-postillumination) = 1.3 � 10�8, t = 6.33; EEG delta power, LME, df = 81, p (preillumination-illumina-
tion) = 6.4� 10�8 t =�5.96, p (preillumination-postillumination) = 3.8� 10�7, t =�5.53. 3 sessions from 3 mice]. Error bars indicate SD; *p, 0.05.
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For example, the GPCR activation-based (GRAB)5-HT sen-
sor, a probe for extracellular 5-HT, would be ideal. This was
recently examined in a study monitoring extracellular 5-HT
levels in the basal forebrain, which revealed similar oscilla-
tory dynamics during NREM sleep (Wan et al., 2021).
Similar to the GCaMP6 study, although the released 5-HT
levels fluctuated, the extracellular 5-HT levels did not
return to the levels seen at periods of wakefulness. With
recent developments in GRAB5-HT sensor technology, an
improved version of it has been reported, having a similar
Ca21 detection pattern as that observed with YC (Japan
Neuroscience meeting 2021, symposium); comprehensive
results of this new technology are awaited.

In our photometry setup, we believe we captured a sufficient
spatial range across the DR and were able to detect YC signals
in 5-HT neurons in an unbiased manner. We used an optic
fiber with a 400 mm diameter and a 0.39 numerical aperture.
According to our previous estimation (Natsubori et al., 2017),
this system could detect signals up to 700 mm beneath the tip
of fiber. As a result, the shape of the range would be a conical
frustrum, with 200 and 470 mm radii and a 700 mm height,
suggesting that we covered most of the DR and did not detect
signals from the median raphe. Recent single-cell RNAseq
studies in DR/median raphe 5-HT neurons identified nine
clusters (Huang et al., 2019; Ren et al., 2019; Okaty et al.,
2020). Each cluster was located with some spatial bias in DR,
but the range defined by the conical frustrum would roughly
cover all clusters. Further, previous single-unit recordings
from DR 5-HT neurons revealed four types of wake-activating
neurons (that is, sleep-inhibiting neurons) and demonstrated
their locations (Sakai, 2011). The location of each type varied,
but the detection range of our photometry setup would cover
most of DR neurons recorded. Together, we assume that we
monitored most of DR 5-HT neurons in an unbiased manner
in our photometry setup, including all the major clusters iden-
tified by single-cell RNAseq and the major cell types identified
by single-cell recording. In fact, the patterns of DR 5-HT neu-
ron population activities were indistinguishable between ani-
mals, supporting that the same population was targeted across
animals in our study. One caveat regarding the range of our
system was that we failed to capture the lateral wings of B7 DR
5-HT neurons, which preferentially innervate the lateral thala-
mus, mamillary nucleus, and cerebellum, and we captured
caudal B6 DR 5-HT neurons, which preferentially innervate
the hippocampus and lateral septum (Muzerelle et al., 2016).

The population activity of DR 5-HT neurons was lowest dur-
ing REM sleep. Does this mean that none of the DR 5-HT neu-
rons fire during REM sleep? We believe this is not the case
because we did not observe the lowest level when REM sleep first
began (Figs. 1g, 5b). It was only after a substantial delay that the
population activity level reached its lowest, and still, it exhibited
minor fluctuations afterward. To reconcile this decline at the ini-
tial phase of REM sleep, we reanalyzed a previous report (Sakai,
2011) in which the author monitored activities from a total of
229 DR 5-HT neurons by single-unit recordings and described
varied firing patterns during sleep. The author identified 195
wake-activating 5-HT neurons (4–5Hz firing at wake periods),
9 wake/REM-activating probable 5-HT neurons (4–5Hz firing
at wake periods), and 25 sleep-activating probable 5-HT neu-
rons (,0.5Hz firing at wake periods). The author further clas-
sified wake-activating 5-HT neurons into four subtypes. Type
I and II cells (n = 115, 50%) completely ceased to fire at the
REM sleep stage and type III and IV cells (n = 80, 35%) fired

at the beginning of REM sleep (,1Hz) but decreased their fir-
ing rates (,0.5Hz) afterward. Wake/REM-activating neurons
(4%) increased their firing rates from 2Hz at the initial phase
of REM to 4Hz during REM sleep. Sleep-activating neurons
(11%) fired at 2Hz in both NREM and REM sleep. Because
the population-level 5-HT neuron activity was higher at the
beginning of REM sleep than the level at the nadir during
REM sleep, the decrease in firing rate in wake-activating type
III and IV cells can be attributed to the decline of population
5-HT neuron activity after the transition to REM. During
REM sleep, wake/REM-activating neurons and sleep-activat-
ing neurons (total 15%) tonically fire at 2–4Hz, and these
neuron activities may induce fluctuations during REM sleep.

REM sleep induction by optogenetic inhibition of DR 5-
HT neurons is controversial. We were only able to induce
REM sleep at the first and second sessions of illumination of
ArchT. Illumination after the third session failed to induce
REM sleep. These data suggested that silencing of DR 5-HT
neurons facilitates the induction of REM sleep, but the effect
of artificial silencing may be canceled adaptively. Although we
induced REM sleep by optogenetic inhibition, the success rate
was at most 15%, suggesting that another mechanism was
required to induce REM sleep. In the future, it may be worth
trying to inhibit the locus ceruleus (LC) noradrenergic (NA)
neurons because they fire at 1–3Hz during the wake period,
have reduced activity during NREM sleep, and cease firing
during REM sleep (Aston-Jones and Bloom, 1981). Further
studies are required to explore the conditions required to
induce REM sleep efficiently.

We also found interesting results with optogenetic activation
of DR 5-HT neurons during REM sleep. Artificial activation of
DR 5-HT neurons induced wakefulness, as we observed decreased
power in EEG slow waves and increased EMG power. However,
the degree of the EMG power increase was significantly lower
than that seen in both the natural wake transition and in an artifi-
cial wake transition from NREM sleep (Fig. 4d). These data sug-
gest that artificial DR 5-HT neuron activation is sufficient to
induce a sleep–wake transition, but it cannot fully control REM
sleep atonia. REM sleep atonia is mediated by the activation of the
sublaterodorsal nucleus (SLD; Arrigoni et al., 2016). DR 5-HT
neurons regulate SLD activation by direct connection to SLD
(Semba, 1993) or by the DR–laterodorsal tegmental nucleus–SLD
indirect pathway (Jones, 1990). These anatomic data partially
support the EMG increase we observed during REM sleep by
artificially activating DR 5-HT neurons and imply a circuit
mechanism that recapitulates the same EMG increase at the
REM to wake natural transition.

Results with our optogenetic and pharmacological interven-
tions on DR 5-HT neuron activity did not support the idea that
DR 5-HT neurons generate EEG fluctuations during NREM as
EEG fluctuations persisted during the silencing of DR 5-HT neu-
rons. These data indicated the presence of another source that
yields EEG fluctuations. The NA system would be a good candi-
date source for the shaping of EEG fluctuations. A recent study
reported infraslow oscillations of extracellular NA levels during
NREM sleep (Osorio-Forero et al., 2021) and demonstrated an
inverse correlation with the sigma band power of EEG and a
causal relationship between LC NA neuron activity and s -band
power (Osorio-Forero et al., 2021). This suggested that the oscil-
latory activity of DR 5-HT neurons partially mirror the effects of
the NA system on NREM sleep structure. Indeed, there is a re-
ciprocal functional connection between LC NA neurons and DR
5-HT neurons (Pudovkina et al., 2002), yielding the hypothesis
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that there is cooperation of NA and 5-HT systems in forming
EEG fluctuations across the whole spectrum. It would be worth
monitoring and/or manipulating both systems simultaneously
during NREM sleep in the future.

Several questions regarding serotonergic mechanisms in
sleep–wake regulation remain. One long-lasting dichotomous
debate regarding the role of serotonin is that it is sleep pro-
moting rather than wake promoting (Ursin, 2008; see above,
Introduction). Sleep/wake-promoting roles were originally
designated by long-term loss-of-function studies; for example,
ablation, and the designation sleep promoting meant that the
proportion of sleep bouts was enhanced by serotonin. In light
of this point, Oikonomou et al. (2019) designed an optoge-
netic experiment to tonically activate DR 5-HT neurons for
12.5min and demonstrated that DR 5-HT neurons promote
sleep during the illumination period. We also conducted opto-
genetic activation of DR 5-HT neurons; however, our illumi-
nation time was 10 s, and we only examined the sleep/wake
state change. Thus, it should be noted that our optogenetic
experiments were not designed to address the sleep/wake-pro-
moting effects of DR 5-HT neurons. Instead, our short-term
optogenetic activation experiment provided evidence that the
artificial activation of DR 5-HT neurons during sleep is suffi-
cient to induce a wake state (Fig. 4).

In conclusion, the population-level activity of DR 5-HT
neurons fluctuated during NREM sleep in mice. The temporal
association between population DR 5-HT neuron activity and
wideband EEG power, as well as the outcomes of optogenetic
manipulation of DR 5-HT neurons, indicate that mouse
NREM sleep is not monotonous but rather a dynamic state
associated with oscillatory population activity of DR 5-HT
neurons.
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