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Mammalian sleep comprises rapid eye movement (REM) sleep and non-
REM (NREM) sleep. To functionally isolate from the complex mixture of
neurons populating the brainstem pons those involved in REM/NREM sleep
switching, we pharmacogenetically manipulated neurons of a specific
embryonic cell lineage in mice. We identified excitatory glutamatergic
neurons that inhibit REM sleep and promote NREM sleep. These neurons
shared a common developmental origin with neurons promoting
wakefulness, both derived from a pool of proneural hindbrain cells
expressing Atohl at embryonic day 10.5. We also identified inhibitory
GABAergic neurons that act downstream to inhibit REM sleep. Artificial
reduction or prolongation of REM sleep in turn affected slow wave activity
(SWA) during subsequent NREM sleep, implicating REM sleep in the

regulation of NREM sleep.

Lesion and pharmacologic studies to unveil the REM/NREM
sleep switch have implicated a key role for the pontine teg-
mentum (PT) (7-5). Within the PT, the peri-locus coeruleus
(LC) o in cats and the equivalent sublaterodorsal nucleus
(SLD) in rodents are critical for REM sleep induction (7, 3,
4). Neurons that negatively regulate REM sleep or promote
the exit from REM sleep are far less understood, however,
and whether such neurons locate within the PT is unclear.
Various models have proposed the importance of interac-
tions between cholinergic, monoaminergic, GABAergic, and
glutamatergic neurons for sleep stage switching (2, 4, 5).
Except for the glutamatergic nature of REM sleep-
promoting neurons in the SLD (6), the molecular identity
and precise location of neurons participating in
REM/NREM sleep switching remain elusive.

We focused on the embryonic cell lineage as a feature to
isolate neurons with a specific function in sleep. The cere-
bellar rhombic lip (CRL), a neuroepithelial structure that
emerges transiently in the vertebrate embryo, is the major
source of cerebellar granule cells (7), but a subset of cells
originating between embryonic days [E] 10-12 migrate to the
rostral hindbrain and contribute to a subpopulation of ex-
citatory neurons in the PT (8-10). These cells transiently
express the proneural transcription factor gene Atohl

(Atonal homolog 1, Mathl) (8, 9),
and can be precisely genetically
labeled using the Atohl enhancer
(8, 11). We developed a transgen-
ic mouse expressing the tamoxi-
fen-inducible form of Cre
(CreER™) under the Atohl en-
hancer (AtohI-CreER™). Crossing
these mice with a Cre-dependent
Rosa26-loxP-stop-loxP(LSL)-NLS-
lacZ reporter strain (712) and ad-
ministering tamoxifen at E10.5
resulted in reporter expression
in cells migrating from the CRL
at E13.5 (fig. S1A) and dispersed-
ly distributing within the PT in
adult mice (fig. S1, B to D) (8).
These neurons (AtohI-E10.5
cells) were either glutamatergic
or cholinergic, based on the ex-
pression of wvesicular glutamate
transporter 2 (Vglut2) or choline
acetyltransferase (ChAT), respec-
tively, but not GABAergic or
noradrenergic, based on the ex-
pression of glutamate decarbox-
ylase 1 or tyrosine hydroxylase,
respectively (fig. S1, E to H).
These PT neurons did not derive
from rhombic lip areas caudal to
the CRL, as they were included
in the midbrain-rhombomerel derived domain, which can
be labeled using Eni-Cre (8, 13) (fig. S1I).

We first tested the effect of activating the AtohI-E10.5
cells with DREADD (designer receptors exclusively activated
by designer drugs) technology (14). AtohI-CreER™ mice were
crossed with transgenic mice carrying a Cre-dependent tet-
racycline transactivator (tTA) transgene (CAG-LSL-tTA) (15)
and administered tamoxifen at E10.5. Postnatally, we mi-
croinjected a recombinant adenoassociated virus (AAV) car-
rying a tTA-dependent hM3Dq transgene (AAV-TRE-
hM3Dq-mCherry) (Fig. 1A) targeting two AtohlI-E10.5 sub-
populations (Figs. 1, 2): AtohI-E10.5-medial cells, located
ventromedial to the medial part of the superior cerebellar
peduncle (scp) between the ventral part of the laterodorsal
tegmentum (LDTgV) and the medial parabrachial nucleus
(MPB) (fig. S1D and Fig. 1, A and B); and Atoh1-E10.5-1ateral
cells, located dorsolateral to the scp within the lateral para-
brachial nucleus (LPB) (fig. S1ID and Fig. 2, A and B).
hM3Dq is a DREADD receptor that evokes neural excitation
upon binding of its ligand, clozapine-N-oxide (CNO). In both
brain areas, CNO administration efficiently induced c-Fos
expression, a marker of neural excitation (fig. S2).

We next evaluated the effect of exciting AtohI-E10.5-
medial cells (Fig. 1 and fig. S3). CNO was administered to
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three groups: mice double-transgenic for CreER™ and ¢TA
and transfected with AM3Dg-carrying AAV (dTg + hM3Dq)
or with green fluorescent protein (GFP)-carrying AAV (dTg
+ GFP) to control for any non-specific effects of CNO, and
mice solely transgenic for t74 and transfected with hM3Dg-
carrying AAV (sTg + hM3Dq) to control for any Cre non-
dependent expression of AM3Dq. When AtohI-E10.5-medial
cells were excited during the light phase (zeitgeber time
[ZT] 5), REM sleep was drastically reduced and NREM sleep
was increased in a Cre- and hM3Dqg-dependent manner (Fig.
1C and fig. S3A). The large reduction in the REM sleep
amount was due to a decrease in both the number and du-
ration of REM sleep episodes, implying that these neurons
regulate both entry into and exit from REM sleep (fig. S3, B
and C). Unilateral injection of AAV was sufficient for these
effects. Applying CNO during the dark phase produced simi-
lar effects (ZT 15) (fig. S3D). Awake periods appeared unaf-
fected, suggesting that these neurons regulate REM/NREM
sleep switching, but not sleep/wake switching.

Electroencephalography (EEG) properties during sleep
vary among cortical areas (I6). Simultaneously recording
EEG from the frontal and parietal cortices showed that
transitions from NREM sleep to REM sleep are asynchro-
nous between the two cortical areas (fig. S4A) (I6). This
asynchronous state (termed transitory state) was reduced in
the experimental group, indicating that the reduced REM
sleep was not due to an extension of the transitory state (fig.
S4, B to E).

AtohI-E10.5 cells are either glutamatergic or cholinergic.
To determine which subtype regulates REM/NREM sleep,
we used the Camk2a-LSL-tTA strain (I7). This largely re-
duced AAV transgene expression in cholinergic neurons (fig.
S5), and yet CNO administration efficiently reduced REM
sleep (fig. S3, E to G). We generated a transgenic mouse in
which tTA expression was Cre-dependent and under the
control of the glutamatergic neuron-specific gene Vglut2
promoter (Vglut2-LSL-tTA). This also reduced cholinergic
neurons expressing the AAV transgene (fig. S5), and still
CNO administration efficiently reduced REM sleep (fig. S3,
H to J). These findings strongly suggest that, of the Atohi-
E10.5-medial cells, glutamatergic neurons regulate
REM/NREM sleep. These neurons locate near the REM
sleep-promoting neurons in the SLD, but are more ros-
trolateral (4, 6).

We then tested the effect of activating Atohil-E10.5-1ateral
cells (Fig. 2 and fig. S6). Animals spent more time awake at
the expense of both REM and NREM sleep (Fig. 2C and fig.
S6A). Sleep was highly fragmented, resulting in increased
numbers of both awake and NREM sleep episodes (fig. S6B).
The Atohi-E10.5-1ateral cells that promote wakefulness are
also likely glutamatergic, because the use of Camk2a-LSL-
tTA had similar effects (fig. S6, D to F). These Atohl-E10.5-
lateral cells likely overlap with previously reported awake-
promoting glutamatergic neurons in the lateral parabrachial
nucleus (I8). A correlation analysis of the AAV transfection

range and effect on NREM sleep amount demonstrated dis-
tinct roles of AtohI-E10.5-l1ateral cells and -medial cells in
sleep regulation (Fig. 2D).

AtohI-E10.5-medial cells are glutamatergic neurons that
promote NREM sleep and inhibit REM sleep. We examined
possible targets of these neurons by expressing GFP and
tracking their axons (Fig. 3A). Axons were detected in areas
rostral to but not caudal to the soma. Axonal varicosities,
reminiscent of presynaptic structures, were detected bilat-
erally within the midbrain, in the dorsal area of the deep
mesencephalic nucleus (dDpMe) (Fig. 3, B and C). The
dDpMe and adjacent ventrolateral periaqueductal grey mat-
ter (vVIPAG) contain neurons that negatively regulate REM
sleep, although the type of neuron responsible is unknown
(4, 19, 20). We examined the roles of inhibitory neurons,
because they send axons to the SLD (2I). AAV carrying Cre-
dependent transgenes were bilaterally microinjected into
this area in a knockin (KI) mouse strain expressing Cre un-
der control of the vesicular GABA transporter (Vgat) pro-
moter (Vgat-Cre KI) (22) (Fig. 3D). Cre-derived transgene
expression was detected almost exclusively in GABAergic
neurons, as assessed by coexpression with glutamate decar-
boxylase 1 (fig. S7TA). Axonal varicosities of these GABAergic
neurons were detected in the dorsocaudal area of the PT,
which includes the SLD (Fig. 3E). CNO administration in-
duced c-Fos expression in these neurons when hM3Dq was
expressed (fig. S7, B to D). Similar to AtohI-E10.5-medial
cells, stimulating dDpMe inhibitory neurons at ZT 5 or ZT
15 reduced REM sleep and increased NREM sleep (Fig. 3F
and fig. S8, A, C, E, and G). By contrast, hM4Di expression, a
DREADD receptor that inhibits neural excitation upon bind-
ing of CNO, increased REM sleep, mainly by increasing
REM sleep episode numbers (Fig. 3G and fig. S8, H, J, and
L). Similar results were observed in a transgenic mouse
strain carrying VVgat-Cre (Vgat-Cre Tg) (23) (fig. S8, B, D, F, I,
K, and M). Thus, dDpMe inhibitory neurons negatively regu-
late REM sleep, possibly by inhibiting REM-promoting neu-
rons in the SLD. Atohl-E10.5-medial cells might help to
regulate REM/NREM sleep switching by activating these
neurons. dDpMe neurons fire maximally during REM sleep,
increasing their firing rate toward the end of REM sleep
episodes (19). Thus, it might be that, during REM sleep, a
gradual increase in dDpMe neuron firing promotes the exit
from REM sleep, whereas basal activity during NREM sleep
regulates entry into REM sleep, although further studies
with cell-type specificity are required.

REM sleep is homeostatically regulated, and REM sleep
deprivation (REMD) leads to a subsequent rebound (24). We
examined the effect of 6-hours REMD from ZT 0 to ZT 6 on
REM sleep inhibition caused by activating dDpMe inhibito-
ry neurons (fig. S9). During REMD, REM sleep amount was
reduced from 6~7% to less than 0.8% (fig. S9, B to D), and
the number of entries into REM sleep gradually increased
(fig. S9E), suggesting an increased REM sleep pressure.
Even under increased REM sleep pressure following REMD,
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dDpMe inhibitory neurons strongly suppressed REM sleep
(fig. S9, F and G). Thus, negative regulation of these neurons
might underlie the homeostatic REM sleep rebound, or arti-
ficial activation of these neurons might erase (or override)
the preceding history of REM sleep loss.

The function of REM sleep is poorly understood. Longer
REM sleep episodes are associated with longer subsequent
NREM sleep episodes, suggesting that REM sleep contrib-
utes to NREM sleep expression (25). We assessed this hy-
pothesis using our transgenic systems to manipulate REM
sleep. We first examined whether REM sleep enhances SWA
during subsequent NREM sleep, as higher SWA is associated
with longer NREM sleep episodes. SWA, typically quantified
as the spectral power of EEG in the delta range (0.5-4 Hz),
reflects synchronized oscillations of cortical membrane po-
tential and is most prominent during deep NREM sleep.
Moreover, SWA contributes to synaptic plasticity and
memory consolidation (26, 27). We analyzed the correlation
between naturally occurring REM sleep episode duration
and delta power in the subsequent NREM sleep. Absolute
delta power was not compared because it is highly variable,
even within the same individual (28). Therefore, the mean
delta power of the subsequent NREM sleep episode
(NREM_b) was calculated relative to the previous NREM
sleep episode (NREM_a; fig. S10A; see Supplementary
Methods for details), which revealed a significant positive
correlation (fig. S10B). A previous study in humans did not
reveal a significant correlation (29). This might be because
absolute delta power was used for the previous analyses,
which did not show a significant correlation in our study
either, although a difference between mouse and human is
also possible.

To determine whether REM sleep occurrence led to
NREM sleep SWA enhancement, we manipulated REM sleep
by pharmacogenetically activating or inhibiting the identi-
fied sleep regulatory circuit. First, REM sleep was transient-
ly reduced by DREADD-activation of either Atohl-E10.5
medial cells or dDpMe inhibitory neurons. During reduced
REM sleep, the NREM sleep delta power gradually de-
creased (Fig. 4, A and B). SWA seemed to recover immedi-
ately following REM sleep recovery (Fig. 4B, fig. S11). We
defined three classes of REM sleep episodes: natural REM,
shortened REM, and post-DREADD REM (fig. S12; see Sup-
plementary Materials for details). We compared the EEG
spectra of these episodes as well as the NREM, transitory, or
awake episodes surrounding them (fig. S13). Shortened REM
was associated with a slight increase in the delta range
power (fig. S13A). By contrast, NREM sleep episodes around
shortened REM initially appeared unaffected, whereas delta
power was reduced after prolonged REM sleep inhibition
(fig. S13C). The reduction in delta power recovered in the
NREM episode immediately following post-DREADD REM
(fig. S13C).

Next, in each class of REM sleep, we compared the mean
normalized delta power between NREM_a and NREM_b.

SWA in NREM_b following shortened REM was reduced
compared to NREM_a, whereas SWA in NREM_b following
post-DREADD REM was increased (Fig. 4, C to E). In addi-
tion, DREADD-inhibition of dDpMe inhibitory neurons oc-
casionally evoked long REM sleep episodes of at least 4 min,
which were never observed under other conditions, alt-
hough the mean REM sleep episode duration was not signif-
icantly changed (fig. S8, L and M). These REM sleep
episodes, which we termed “prolonged REM”, were followed
by NREM_b with increased SWA (Fig. 4F). Our results are
somewhat consistent with a study in humans showing that
SWA during NREM sleep is gradually reduced during selec-
tive REM sleep deprivation and returns to the initial level
following REM sleep recovery (30), although we cannot
completely exclude the involvement of a third factor evoked
by the DREADD manipulation (e.g. hormone levels, neuro-
transmitters, etc.).

During the late light phase, when all SWA data were col-
lected, NREM sleep episodes were occasionally interrupted
by short awake episodes. These NREM-intervening awake
episodes were followed by NREM_b with significantly re-
duced delta power (Fig. 4G). Thus, in contrast to the well-
known SWA-enhancing effect of long awake periods lasting
several hours (31), the NREM-intervening episodes observed
here, which did not exceed ~13 min, did not increase SWA.
We plotted the relative delta power of NREM_b against the
episode duration of REM sleep episodes or NREM-
intervening awake episodes (Fig. 4, H and I). While delta
power was significantly and positively correlated with REM
sleep episode duration, no obvious correlation with NREM-
intervening wakefulness was observed. Similar results were
obtained when we separately plotted results from mice har-
boring Atohl-CreER™ or Vgat-Cre (fig. S14). A unique corti-
cal activity or neuromodulator release mode during REM
sleep might underlie the strong enhancement of SWA dur-
ing ensuing NREM sleep. As SWA is most intense in the first
NREM sleep cycle in humans, and sleep deprivation also
enhances subsequent SWA, homeostatic NREM sleep pres-
sure accumulating during the awake state is likely the major
factor for SWA enhancement. Our findings therefore suggest
another role for REM sleep. Finally, our transgenic system
for REM sleep inhibition might also be effective for testing
other proposed REM sleep functions, including brain devel-
opment (32) and memory processing.

Our developmental cell fate mapping approach allowed
us to identify a single genetically marked cell population
that contributes to two distinct aspects of sleep regulation:
neurons that promote NREM sleep at the expense of REM
sleep, and neurons that promote wakefulness at the expense
of sleep. The awake and NREM sleep states differ in terms
of the level of consciousness, but share other features such
as the presence of muscle tone and integrated thermoregu-
latory responses or respiration. Direct transitions from
wakefulness to REM sleep do not occur in healthy states.
Thus, REM sleep-promoting neurons are likely strongly in-
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hibited during wakefulness. Both AtohI-E10.5-medial and -
lateral cells might share a common feature to inhibit the
REM-promoting system, although cortical activating func-
tions in lateral cells might be substituted for by a cortical
synchronizing function in the medial cells. During evolu-
tion, REM/NREM sleep stages might have emerged from the
modification of a subset of cells regulating sleep/wake cy-
cles. The abundance of REM sleep in neonates (32) and the
confinement of increased SWA during NREM sleep in birds
and mammals suggest that REM sleep closely resembles
prototype sleep in ancestral animals. Further investigations
of the function of AtohI-E10.5 cell equivalents in animals
lacking obvious REM/NREM sleep, such as reptiles, might
be meaningful toward understanding the evolution of
mammalian sleep to its current complex state. In summary,
our cell lineage tracing approach in combination with
pharmacogenetic tools will be useful for further investiga-
tion of the evolutionary origin and function of sleep, and
other circuits controlling complex behaviors.
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Fig. 1. Atohl-E10.5-medial cells regulate REM/NREM sleep. (A) Labeling of AtohI-E10.5 cells with tTA (left)
and injection of AAV carrying tTA-dependent hM3Dg-mCherry into an area medioventral to the scp, between
LDTgV and MPB (right). (B) hM3Dg-mCherry expression (yellow) in a region corresponding to the enclosed
area in (A). Counterstain: DAPI (blue). Scale bar, 200 pm. (C) Pharmacogenetic activation of neurons in (B)
increased NREM sleep and reduced REM sleep, but had no significant effect on wakefulness. Horizontal axes
indicate time after CNO administration. Data represent mean + s.e.m. n = 8 animals/group. *,T p < 0.05, ** 1t
p < 0.005, *** +11 p < 0.001 (post-hoc Tukey HSD test, *: dTg + hM3Dq VS sTg + hM3Dq, t: dTg + hM3Dqg VS

dTg + GFP).
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Fig. 2. Atohl-E10.5-lateral cells regulate
sleep/wake ratio. (A) Injection of AAV carrying tTA-
dependent hM3Dg-mCherry dorsolateral to the scp,
within the LPB. (B) hM3Dg-mCherry expression
(yellow) in a region corresponding to the enclosed
area in (A). Counterstain: DAPI (blue). Scale bar, 200
um. (C) Pharmacogenetic activation of neurons in (B)
increased awake state and reduced NREM sleep and
REM sleep. Horizontal axes indicate time after CNO
administration. Data represent mean + s.em. n =7
animals/group. *,1 p < 0.05, ** 11 p < 0.005, *** +1+
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Fig. 3. Inhibitory neurons in dDpMe inhibit REM
sleep. (A) Injection of AAV carrying tTA-dependent
GFP into an area ventromedial to the scp (same area
as Fig. 1A). xscp, decussation of the superior
cerebellar peduncle. (B) GFP (green)-positive axons
were detected in a region rostral and contralateral to
the AAV injection site, corresponding to the enclosed
area in (A). Counterstain: ChAT (magenta). (C) Higher
magnification of the area enclosed in (B). GFP-positive
axon varicosities were detected. (D) AAV carrying Cre-
dependent hM4Di-mCherry (magenta) was injected
into dDpMe of Vgat-Cre Kl mice. Counterstain: ChAT
(green). (E) hM4Di-mCherry (magenta)-positive axon
varicosities were detected in a wide area in the dorso-
caudal region of the pontine tegmentum. 4V, fourth
ventricle. mlf, medial longitudinal fasciculus. (F and G)
Pharmacogenetic activation (F) or inhibition (G) of
dDpMe inhibitory neurons reduced or increased REM
sleep, respectively. Horizontal axes indicate time after
CNO administration. Data represent mean £ s.e.m. n =
6 animals/group. *p < 0.05, ** p < 0.005, *** p <
0.001 (one-way ANOVA). Scale bars, 200 pm.

Sciencexpress/ sciencemag.org/content/early/recent / 22 October 2015 / Page 7/ 10.1126/science.aad1023


http://www.sciencemag.org/content/early/recent

A Atoh1-CreER™; CAG-LSL-tTA + AAV-TRE-hM3Dg B ¢ Natural REM D Shortened REM E Post-DREADD REM
Saline CNO (66.5 = 5.1 sec) (16.7 £ 0.9 sec) (115.6 £ 12.7 sec)
10000 10000 _ % kk
= g 2 2 2
s 8000 3
= o
5 6000 @
¢ =15 1.5 1.5
g_ 4000 °
© E =—
= 2000 N E
8 f_EV 1 1 J\ 1 /
0 £
I | M [ N L | | [ | el m S
5 min Y Z05 - ; v 05 4 : 05 4 ; )
B Wake [NREM MIREM — Post-DREADD REM NREM_a NREM_b NREM_a NREM_b NREM_a NREM_b
F G NREM-intervening !
Prolonged REM wake 250 - 250 i i
(257.5% 5.6 sec) (762% 154sec) g REM £g NREM-intervening wake
g 5 — 5 —Ex ¢ E 200 - r(181)=0.469 & E 200
3 8y p <0.001 g u ¢ (78)=-0.003
o 150 $ 0, 150 -+
© £= R S Y £z ®  p=0979
5 15 1.5 S5 100 o Sabd 2 S5 100 JBR*e & o
o =1 =1 "3 * *
3 = £g o 28 S A ‘
S 1 —_— =2 s0{%° 53 504° r(85) = -0.120
© 3 3
£ e o e e p=0.273
5 0 T ) 0 T T T )
=05 T 05 T J 0 200 400 0 200 400 600 800
NREM_a NREM_b NREM_a NREM_b Episode duration (sec) Episode duration (sec)

Fig. 4. REM sleep inhibition or extension affects SWA in subsequent NREM sleep. (A and B) Examples of delta
power change after administering saline (A) or CNO (B) to a mouse expressing hM3Dq in REM sleep-inhibiting
neurons. (C to G) Comparison of mean relative delta power in NREM sleep episodes prior to (NREM_a) and
immediately after (NREM_b) indicated REM sleep or awake episode. “Shortened REM” refers to REM sleep episodes
less than 50% the mean duration that appeared following CNO administration. “Post-DREADD REM" refers to the first
REM sleep episode following “shortened REM”. “Natural REM" refers to REM sleep episodes in mice transfected with
control AAV and administered CNO. See Supplementary Materials and fig. S12 for details. Numbers in parentheses
indicate mean episode duration + s.e.m. Grey lines represent pairs of NREM sleep episodes. Black lines represent
mean = s.e.m. *p < 0.05, ** p < 0.005, *** p < 0.001 (within-within-subjects ANOVA). (H and I) Correlation between
NREM_b to NREM_a ratio and duration of intervening REM sleep (H) or intervening awake (l) episode. Pearson
correlation coefficient r and level of significance p in two-tailed test are indicated. Statistical outliers and analyses
including the outliers are indicated in grey.
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