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Sleep and wakefulness are not simple, homogenous all-or-none
states but represent a spectrum of substates, distinguished by
behavior, levels of arousal, and brain activity at the local and
global levels. Until now, the role of the hypothalamic circuitry in
sleep–wake control was studied primarily with respect to its con-
tribution to rapid state transitions. In contrast, whether the hypo-
thalamus modulates within-state dynamics (state “quality”) and
the functional significance thereof remains unexplored. Here, we
show that photoactivation of inhibitory neurons in the lateral pre-
optic area (LPO) of the hypothalamus of adult male and female
laboratory mice does not merely trigger awakening from sleep,
but the resulting awake state is also characterized by an activated
electroencephalogram (EEG) pattern, suggesting increased levels
of arousal. This was associated with a faster build-up of sleep pres-
sure, as reflected in higher EEG slow-wave activity (SWA) during
subsequent sleep. In contrast, photoinhibition of inhibitory LPO
neurons did not result in changes in vigilance states but was asso-
ciated with persistently increased EEG SWA during spontaneous
sleep. These findings suggest a role of the LPO in regulating
arousal levels, which we propose as a key variable shaping the
daily architecture of sleep–wake states.
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Interspecies variation in the daily amount of sleep is strongly
influenced by genetic factors (1). However, individuals also

possess a striking ability to adapt the timing and duration of
wakefulness and sleep in response to a variety of intrinsic and
extrinsic factors (2). Among the key regulators of “adaptive
sleep architecture” are 1) homeostatic sleep need, 2) the
endogenous circadian clock, and 3) the necessity to satisfy other
physiological and behavioral needs such as feeding or the
avoidance of danger (3–5). It is unknown how and in what form
these numerous signals are integrated within the neural cir-
cuitry that generates the rapid and stable transitions between
sleep and wake states.

Brain state switching has been the main focus of circuit-
oriented sleep research for decades. Early studies identified the
preoptic hypothalamus as a primary candidate for a hypothe-
sized “key sleep center” (6–8), and subsequent studies have
confirmed the existence of sleep-active neurons in the ventro-
lateral and median preoptic areas (VLPO and MPO) of the
hypothalamus (9–11). Combined with the findings that orexin/
hypocretin neurons are necessary to maintain wakefulness (12,
13), a model was proposed in which the sleep/wake-promoting
circuitries function as a flip-flop switch (14). This model was
able to account for rapid and complete transitions between
sleep and wakefulness and preventing state instability (15) or
the occurrence of mixed hybrid states of vigilance (16). Over
the last decade, our knowledge of subcortical brain nuclei
that control sleep has expanded steadily, leading to the iden-
tification of functional specialization within the sleep–wake

controlling network and, in parallel, highlighting a previously
underappreciated complexity (17–35).

A key question to emerge is how signals regulating sleep–wake
architecture are represented and integrated in hypothalamic
state-switching circuitries to ultimately maximize ecological fit-
ness (36). Although sleep homeostasis has been considered an
important factor influencing sleep/wake transitions (37–40), rela-
tively few studies have addressed whether and how sleep–wake
controlling brain areas overlap with those involved in homeostatic
sleep regulation (26) or the underlying neurophysiological mech-
anisms (41–44). One recent study pointed to an important role of
galanin neurons in the lateral preoptic hypothalamus, as was
demonstrated through their selective ablation, which abolished
the rebound of electroencephalogram (EEG) slow-wave activity
(SWA; EEG power density between 0.5 to 4 Hz) after sleep dep-
rivation (26). Other studies suggest that while homeostatic sleep
pressure, reflected in SWA, builds up as a function of global
wake duration, it is also locally regulated by specific activities dur-
ing wakefulness (45, 46). The property of sleep and wake as brain
states with flexible intensities on a global and local level suggests
an additional complexity, which is difficult to reconcile with the
existence of a single center solely responsible for complete
sleep–wake switching (47). For example, there is evidence to sug-
gest that wake “intensity” contributes to the build-up of global
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homeostatic sleep need (48–51), and the balance between intrin-
sic and extrinsic arousal-promoting and sleep-promoting signals
ultimately determines the probability and degree of state switch-
ing (3, 52).

Here, we investigate the role of the hypothalamus in the bidi-
rectional interactions between sleep–wake switching, arousal,
and sleep homeostasis. Firstly, we applied optogenetic stimula-
tion of glutamate decarboxylase 2 (GAD2) neurons in the lateral
preoptic area (LPO) of mice (17) and found that photoactivation
of the LPO during sleep led to rapid wake induction, but this
effect was also observed when structures surrounding the LPO
were stimulated. Unexpectedly, GAD2LPO neuronal stimulation
did not merely trigger wakefulness, but the awake state pro-
duced by this stimulation was characterized by increased EEG
theta activity—the established measure of arousal (53, 54). In
turn, subsequent sleep was associated with increased levels of
EEG SWA, indicative of higher homeostatic sleep pressure (45).
In contrast, unilateral inhibition of GAD2LPO neurons decreased
the drive for arousal, as was reflected in a persistent increase in
nonrapid eye movement (NREM) EEG SWA across the day. In
summary, our experiments demonstrate an important role of
GAD2LPO neurons not only in the control of state transitions
but also in linking arousal to sleep homeostasis. We find that the

kinetics of the response to photoactivation and photoinhibition
were different, and so they may arise from distinct mechanisms
while converging on the dynamic modulation of arousal levels,
ultimately shaping the daily architecture of sleep–wake states.

Results
Photoactivation of GAD2 Neurons in the Preoptic Hypothalamus
Results in Wakefulness. We employed a previously described pro-
tocol to optically stimulate GAD2-expressing neurons in the LPO
of the hypothalamus, which results in a rapid transition from
sleep to wakefulness (17). To achieve the expression of channelr-
hodopsin-2 (ChR2), we injected adeno-associated virus (AAV)
with cre-dependent expression of ChR2 fused with enhanced yel-
low fluorescent protein (AAV-DIO-ChR2-EYFP) and implanted
an optic fiber targeting the preoptic hypothalamus in GAD2-cre
mice (n = 14) (Fig. 1A and SI Appendix, Fig. S1 A and B). Subse-
quent histology confirmed virus expression in a broad area includ-
ing the preoptic region of the hypothalamus and adjacent areas.
Specifically, in 8 out of the 14 mice that expressed the virus, the
tip of the optic fiber was located in the LPO (LPO group), while
in the remaining six mice, the fiber tip was located within other
neighboring hypothalamic areas posterior to the LPO (non-LPO
group) (Fig. 1B) (55). Since optical stimulation may affect the

Fig. 1. Optical activation of GAD2 neurons in the LPO and surrounding hypothalamic regions induces rapid awakening. (A) (Top) Schematic diagram of
the implant. (Bottom) Representative brain section from an animal in the LPO group and corresponding illustration from the mouse brain atlas (55). Dot-
ted lines depict the optic fiber tip location. (B) Schematic of the optic fiber tip locations in all animals with ChR2 expression. The center of fiber tip is
shown as a dot, and the stimulation coverage areas estimated based on a fiber diameter (400 μm) are shown as circles for individual animals. Blue, LPO
group; green, non-LPO group. Top right inset shows the three-dimensional atlas of the hypothalamic area in the region of interest (ROI), constructed by
the Allen Brain Explorer (beta). LPO is shown in green, and other hypothalamic nuclei in the ROI are shown in red. (C) Representative EEG spectrogram
and the corresponding hypnogram, EMG, and EEG SWA. Blue shade, photostimulation. Freq, frequency. Color scale: spectral power in common logarithm
values. Hypnogram and SWA are color coded according to vigilance state (blue, wake; green, NREM; yellow, REM). (D) EEG and EMG traces during a typi-
cal photostimulation trial in one individual animal. From top to bottom: frontal EEG, occipital EEG, EMG, and the timing of photostimulation. (E–G) Prob-
ability of wake, NREM sleep, and REM sleep before, during, and after a 2-min stimulation shown separately for the groups that received stimulation in
the LPO area and outside of the LPO area (non-LPO) and GFP controls. Blue shade, photostimulation. Mean values ± SEM. (H) Latency to awakening. Data
points represent individual mice. Box represents 25/75 percentiles, and median values are in red. The P value is calculated by nonparametric two-sided
Wilcoxon signed-rank test. (I) Representative EMG variance profile (median ± 25/75 percentiles) averaged relative to the stimulation onset in one mouse.
(J) Latency to awakening for stimulations delivered during spontaneous NREM sleep and REM sleep in the LPO. Data points represent individual mice,
box represents 25/75 percentiles across mice, and red bar represents median. **P = 0.007, two-sided Wilcoxon signed rank test. LPO, n = 8; non-LPO, n = 6;
GFP controls, n = 8. 3V, third ventricle; ac, anterior commissure; AH, anterior hypothalamic area; AP, anteroposterior; BST, bed nucleus of stria terminalis;
DV, dorsoventral; HDB, nucleus of the horizontal limb of the diagonal band; LH, lateral hypothalamic area; ML, mediolateral; MPA: medial preoptic area;
SI, substantia innominata; VLPO, ventrolateral preoptic nucleus; VMH, ventromedial hypothalamic nucleus; ZT, Zeitgeber time.
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animal’s sleep and behavior because of local heating (56) or
because of direct effects of light (57), we also analyzed a cohort
of animals as a control group, which received the injection of
AAV with cre-dependent expression of enhanced green fluores-
cent protein (AAV-DIO-EGFP) and were implanted with an
optical fiber in the same area (GFP group). EEG and electro-
myogram (EMG) electrodes were also surgically implanted, as
has been done previously (58), to enable identification of the
sleep–wake state of the animal.

In the first set of experiments, we performed photoactivation
in the same manner as used by Chung et al. (16), which consisted
of delivering 2-min trains of light pulses at 10 Hz every 20 min
throughout a full 24-h day, irrespective of the behavioral state
(Fig. 1 C and D and SI Appendix, Fig. S1C). The 2-min period of
stimulation was completely dominated by wakefulness in GAD2-
ChR2 animals implanted in both LPO [Fig. 1E, Movie S1; wake
probability during the second minute of photoactivation: stimu-
lation (stim), 99.9 ± 0.1%; sham stimulation (sham), 45.3 ± 2.0%;
P < 0.0001 in paired t test] and non-LPO locations (Fig. 1F; wake
probability in stim: 99.1 ± 0.5%, sham: 50.8 ± 2.2%, P < 0.0001),
but not in the GFP controls (Fig. 1G; wake probability in stim:
50.7 ± 2.35, sham: 48.1 ± 3.0%, P > 0.1). The average latency
to awakening calculated based on EMG levels (Fig. 1D and
SI Appendix, Fig. S1D) in the LPO group was on average 4.8 s
(±0.94 SEM, n = 8) from the onset of stimulation and was slightly
longer in the non-LPO group (10.3 ± 3.4 s, n = 6, Fig. 1H, P =
0.059, U = 61, two-tailed Wilcoxon rank-sum test). Interestingly,
when stimulation was delivered during REM sleep, awakenings
were delayed compared to NREM sleep in LPO (12.58 ± 1.9 s;
P = 0.007; Fig. 1 I and J) and in the non-LPO group (SI Appendix,
Fig. S1E). The latency to sleep upon cessation of stimulation was
significantly longer if stimulation was performed when the animals
were already awake (SI Appendix, Fig. S1F; wake: 9.05 ± 0.59 min,
NREM: 4.47 ± 0.42 min, REM: 5.22 ± 0.70 min, P < 0.0001,
one-way ANOVA), and longer in the non-LPO group as com-
pared to the LPO group in the dark period (SI Appendix, Fig. S1G).
Thus, the stimulation of hypothalamic GAD2 neurons during
waking did not induce sleep but instead was followed by contin-
ued wakefulness.

Cellular Mechanism of GAD2LPO-Mediated Awakening. Two recent
observations on hypothalamic arousal circuitries may suggest
potential cellular mechanisms underlying our observations.
First, high-frequency stimulation causes some hypothalamic
cells to enter a conduction block, which transforms optogenetic
activation into de facto neuronal inhibition (25). Second, while
the GAD2 promoter mainly targets inhibitory cells, it has been
shown that GAD2 cells can also be excitatory (59).

To assess whether conduction block only occurred at high
stimulation frequencies, 1-Hz, 2-Hz, and 5-Hz stimulation was
sequentially applied to a subset of animals and compared to the
awakening effect observed following stimulation frequencies of
10 Hz and 20 Hz (SI Appendix, Fig. S2 A–C). This showed that
stimulation frequency had a pronounced effect on the probabil-
ity to induce wakefulness (SI Appendix, Fig. S2D; repeated
measures ANOVA [RM-ANOVA], P < 0.01, n = 7) and on the
delay between stimulation onset and awakening (SI Appendix,
Fig. S2E; RM-ANOVA, P < 0.001, n = 7). However, frequen-
cies below 10 Hz did not appear to result in an inversion of the
effect compared to stimulation at higher frequencies. Instead,
the wake-promoting effect was stimulation-frequency depen-
dent (SI Appendix, Fig. S2 A–C). In line with this, the latency
to awakening was significantly influenced by the stimulation
frequency (SI Appendix, Fig. S2E; P < 0.05 Wilcoxon signed-
ranked test, n = 7). Similarly, the probability that an awakening
occurred within 2 min of stimulation onset was 75.0% (±5.1) at
2 Hz, increased to 90.6% at 5 Hz, and peaked at 100% at 10 Hz
(SI Appendix, Fig. S2D; P < 0.05 Wilcoxon signed-ranked test,

n = 7). Thus, while the possibility that some of the neurons trans-
fected by ChR2 in our study entered conduction block cannot
be excluded, the absence of a qualitatively different response
following high-frequency stimulation suggests that it is likely
to affect only a minority of the cells. To support this conclusion,
the galaninergic neurons in the LPO, for which conduction block
was previously demonstrated, form only a small minority of LPO
neurons (25).

The cellular substrate underlying the observed behavioral
effects was further characterized by performing intracellular
current clamp recordings from neurons in acute brain slices
from GAD2LPO mice. As this examination aimed to assess light
responses in ChR2-expressing cells as well as their postsynaptic tar-
gets, cells in the LPO were targeted irrespective of ChR2 expres-
sion. As expected, a significant proportion of cells responded
to negative current steps with hyperpolarization-induced sags
and subsequent rebound low threshold spikes (LTSs) and
hyperpolarization-induced inwards currents (47%, n = 85 cells;
Fig. 2 A, B, and F). While almost all cells displayed spiking or
subthreshold responses to light (90.6%), the delay between stim-
ulation and response distinguished cells that were directly acti-
vated by ChR2 (<1 ms delay, 58%; Fig. 2B) from cells receiving
synaptic inputs upon ChR2 activation. No differences were
observed between LTS and non-LTS cells in the proportion of
cells directly activated by ChR2 [Fig. 2B, Bottom; χ2 (1, 3) = 1.22,
P = 0.75, χ2 test]. Next, we directly tested whether GAD2LPO

stimulation at 10 Hz is associated with conduction block and neu-
ronal silencing. During 2 min of 10-Hz stimulation in putative
ChR2-expressing cells, no signs of conduction block were found,
and spike rates entrained to light pulses with high fidelity and
independently of stimulation frequency (Fig. 2 C and D; P = 0.70,
one-way ANOVA). Indeed, average spike rates during the stimu-
lation period were slightly higher than the stimulation frequency
(Fig. 2E). These results are in line with our behavioral observa-
tion that effects of in vivo stimulation at 10 Hz are qualitatively
similar to those at lower frequencies.

Although the GAD2-Cre line was chosen to predominantly tar-
get ChR2 expression in inhibitory neurons, it has been suggested
that GAD2 can also be expressed in excitatory neurons (59). To
examine the postsynaptic effect of stimulating GAD2-ChR2 cells,
the light responses to stimulation at 0.5 Hz were analyzed in puta-
tive non-ChR2 positive cells in the LPO (cells with subthresh-
old light responses and a delay to onset >1 ms). To distinguish
GABAergic from glutamatergic inputs, light-evoked responses
were recorded at different membrane potentials (Fig. 2G). At
rest, non-ChR2 neurons responded to light with small depola-
rizing potentials, which turned into hyperpolarizing potentials
at higher membrane potentials (Fig. 2G). This suggests that
light induces a strong GABAergic response with a weaker glu-
tamatergic component. In line with this, pharmacological inhi-
bition of GABA-A receptors (10 μM bicuculline) abolished the
hyperpolarizing potentials and unmasked excitatory responses
(Fig. 2H; n = 6, P = 0.02, paired t test). Conversely, excitatory
responses were sensitive to blocking ionotropic glutamate recep-
tors with 10 μM 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX),
although this effect was weaker (Fig. 2I; n = 6, P = 0.04, paired
t test). Strong inhibitory and weak excitatory currents sug-
gested that GAD2LPO stimulation had an overall inhibitory
effect. This interpretation was tested by raising the membrane
potential of ChR2-negative cells to promote spontaneous firing
before delivering 2 min of light stimulation at 1, 2, 5, and 10 Hz,
mimicking our in vivo protocol. The spontaneous firing rates in
ChR2-negative cells did not significantly depend on stimulation
frequency (P = 0.43, RM-ANOVA), although spontaneous firing
rates were suppressed by stimulation [T(35) = �3.58, P = 0.001,
one-sample t test against 0; Fig. 2J, yellow trace]. Note that our
sample size was, however, likely too small to adequately resolve
frequency dependency. Conversely, putative ChR2-positive cells
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increased their firing rates in the same experimental paradigm
(Fig. 2J, blue trace). Thus, the most parsimonious interpreta-
tion of our experiments in vivo and in brain slices is that the effects
of GAD2LPO stimulation reported in this study are driven
largely by activating inhibitory neurons and are unaffected by
conduction block.

Stimulation of GAD2 Neurons Awakens Mice from Dexmedetomidine
Sedation. To further characterize the wake-promoting effect of
GAD2 neurons in preoptic hypothalamus, we performed pho-
tostimulation during sedation with dexmedetomidine (Dex),
which is an alpha2-adrenergic receptor agonist and known to
induce “deep sleep”–like EEG activity (SI Appendix, Fig. S3A)

as well as a decrease of body temperature and metabolic rates
(SI Appendix, Fig. S3 B–D) (20, 26). Stimulation was delivered
at 10 Hz over a 2-min period every 15 min, and the initial and
the late phases of Dex sedation were analyzed separately, corre-
sponding to the first four stimulations (hour 0 to 1) and stimu-
lations between 2 to 3 h from Dex injection, respectively.
Within 5 min following the injection of Dex, the animals were
sedated—immobile, typically lying outside of the nest in a
prone position—and in all cases, the EEG was dominated by
high-amplitude slow waves (SI Appendix, Fig. S3A) while
peripheral body temperature and metabolic rate decreased con-
currently (Fig. 3A and SI Appendix, Fig. S3 B–D). During the
initial phase of sedation, a rapid awakening was observed in

A

F G H

J

I

B C

D E

Fig. 2. Single-cell recordings in acute brain slices of GAD2LPO mice. (A) Representative electrophysiological characteristics of an LTS neuron in the pre-
optic area. (B) (Top left) Example of a membrane potential (Vm) response to ChR2 activation in a putative ChR2-positive cell (magnification of the trace
shown in panel C). Note that depolarization starts immediately upon the onset of illumination. (Top right) Histogram of delays between optical stimula-
tion and Vm response showing a bimodal distribution; responses with delay <1 ms were classified as ChR2+, with delays >1 ms classified as synaptic
responses. (Bottom) Classification of cells according to ChR2 response properties. (C) Example trace of a putative ChR2-positive cell responding to 10 Hz
stimulation. (D) Spike fidelity of putative ChR2-positive neurons represented as the proportion of light pulses followed by a spike. (E) Relationship
between stimulation frequency and mean spike rate during stimulation in putative ChR2-positive neurons. (F) Representative electrophysiological charac-
teristics of a non-LTS neuron in the preoptic area. (G) Representative traces and average evoked potentials (Top right) of a ChR2-negative neuron, exhibit-
ing depolarizing light responses at �70 mV (bottom trace and bottom average evoked potential) and hyperpolarizing responses at a slightly depolarized
Vm (upper trace and middle in average evoked responses). The top average evoked potential shows the light response at a depolarized membrane poten-
tial in the presence of bicuculline. Note the unmasking of excitatory responses. (H) Change in average evoked responses (at depolarized Vm) in response
to blocking of ionotropic GABA receptors with bicuculline. *P = 0.02, t = 3.34, paired t test. (I) Change in average evoked responses (at resting Vm) in
response to blockage of ionotropic glutamate receptors with CNQX. *P = 0.04, t = �2.78, paired t test. (J) Changes in spontaneous spike rates (induced
by injection of depolarizing currents) during 2 min of optical stimulation at 1, 2, 5, and 10 Hz. ** represents significant increase in spike rate in ChR2
group [F(1,53) = 9.46, P = 0.003] but no significant effect of stimulation frequency [F(3,53) = 0.74, P = 0.53) or interaction [F(3,53) = 1.13, P = 0.35; two-
way ANOVA]. BIC, bicuculline.
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both the LPO- and non-LPO–stimulated group (Fig. 3 B and C),
while photostimulation was not effective in the GFP control ani-
mals (Fig. 3B). Since we never observed stimulation-induced
awakenings in the control animals, the latency could not be cal-
culated and so is not reported here. Interestingly, upon stimula-
tion onset but before the animals woke up, a drop in EEG SWA
relative to prestimulation levels was observed in the LPO group
only (SI Appendix, Fig. S3 E and F). Furthermore, the latency to
awakening from sedation tended to be shorter in the LPO group
as compared to non-LPO–stimulated animals (median 36 s for
LPO, 80 s for non-LPO; P = 0.092, Welch’s t test; Fig. 3C).
Notably, although the latency to awakening was still substantially
higher during stimulation under sedation as compared to sponta-
neous NREM sleep (SI Appendix, Fig. S3G; NREM: 5.3 ± 1.6 s,
SEM, Dex: 31.4 ± 5.5 s, n = 6, P < 0.05, two-tailed paired t test),
the animals showed largely normal behaviors after awakening,
including exploration of novel objects (Movie S2). Once the
2-min stimulation was terminated, the animals returned to a
sedated state within a few minutes (Fig. 3B), and high-amplitude
SWA was re-established (Fig. 3A). Unexpectedly, during late
sedation—2 to 3 h after Dex injection, when the peripheral body
temperature dropped to nearly room temperature and the EEG
amplitude was very low—stimulation still resulted in rapid awak-
ening (Fig. 3C and SI Appendix, Fig. S3H), and the latency to
awakening was significantly shorter as compared to trials per-
formed early after Dex injection (P < 0.0021, two-way ANOVA,
factor “0 to 1 h versus 2 to 3 h,” P = 0.0021; post hoc test, LPO:
P = 0.0273, non-LPO: P = 0.0174).

Sleep/Wake History Does Not Influence the Latency to Awakening
upon Stimulation. We next hypothesized that elevated levels of
sleep pressure would decrease the probability of awakening
upon photostimulation. To this end, mice were stimulated after
a 4-h sleep deprivation (SD) or following an undisturbed
period of sleep (Fig. 3D). As expected, SWA during NREM
sleep in the 4-h recovery period after SD was higher than the
SWA levels during the corresponding time period following
undisturbed sleep (Fig. 3E). Thus, photostimulation during the
sleep period after SD or after an undisturbed period of sleep
are referred to as the “high-sleep pressure” (HSP), and “low-
sleep pressure” (LSP) conditions, respectively. Unexpectedly,
the animals still woke up almost immediately once stimulation
was commenced under HSP (Fig. 3F), and the latency to awak-
ening was indistinguishable between the HSP and LSP condi-
tions (Fig. 3G; P > 0.1, two-sided Wilcoxon signed-rank test; SI
Appendix, Fig. S4A). The absence of an influence of sleep pres-
sure was surprising as the levels of SWA during NREM sleep
following SD were ∼70% higher than those during baseline
sleep (Fig. 3E). We further compared the latency to sleep from
stimulation offset, but this was not significantly different between
HSP and LSP (SI Appendix, Fig. S4B), although overall SWA
remained high during HSP despite regular sleep interruption
(SI Appendix, Fig. S4C). Together, these results show that activa-
tion of a broad population of inhibitory neurons in the hypothala-
mus induces waking irrespective of homeostatic sleep pressure,
but LPO activation does not abolish accumulated sleep pressure.

Repeated GAD2 Photoactivation in LPO, but Not Outside LPO,
Generates Excess Sleep Pressure. Wakefulness produced by pho-
toactivation of GAD2 neurons typically outlasted stimulation
both in the LPO and non-LPO regions by 4.69 ± 0.42 and 4.85 ±
0.54 min, respectively (P = 0.82, Welch’s t test). Given that the
mice spent most of the time during stimulation sessions awake
and since a total of 72 stimulation sessions were delivered during
the 24-h period, we expected to observe a significant sleep loss.
Indeed, the amount of sleep during the stimulation day was lower
than the corresponding values during a baseline day in both LPO
mice (86.3 ± 3%) and non-LPO mice (86.4 ± 3.3%), but not in

the GFP group (100.4 ± 5.6%, Fig. 4A; RM-ANOVA, P = 0.035,
t tests against 100% for LPO: P = 0.002, n = 8, non-LPO: P =
0.01, n = 6, GFP: P = 0.7, n = 8). However, while the suppression
of NREM sleep during stimulation occurred in both LPO and
non-LPO groups (Fig. 4B) and the overall amount was similarly
reduced during the light period (Fig. 4A), we observed that the
deficit in NREM sleep at the end of the 24 h remained in the
LPO-stimulated group only (SI Appendix, Fig. S5A). Further-
more, REM sleep was affected by stimulation to a greater extent
than NREM sleep; the overall amount was reduced during the
light period both in LPO and in non-LPO (Fig. 4A and SI
Appendix, Fig. S5 A and B), but the proportion of REM sleep per
total sleep time across 24 h was significantly reduced in the LPO
group only (Fig. 4A; RM-ANOVA, P = 0.012, post hoc tests for
LPO: P = 0.048, non-LPO: P = 0.098, GFP: P = 0.067). These
observed changes in NREM and REM sleep amount are in line
with an interpretation that, because the repeated photoactivation
was invariably followed by NREM sleep first, REM sleep was
especially restricted by our experimental paradigm.

Sleep loss is compensated for not only by an increase in sleep
time but also by changes in sleep intensity, measured as the lev-
els of EEG SWA. Strikingly, despite the frequent fragmenta-
tion of sleep, we noticed that NREM sleep between stimulation
sessions was characterized by an increase in SWA in the LPO
group both in the light and in the dark periods, which was not
observed in the non-LPO group or GFP controls (Fig. 4 C–E
and SI Appendix, Figs. S5C and S6 C and D). Since non-LPO
and LPO mice lost a comparable amount of sleep during the
light period but the non-LPO group partially recovered the loss
during the subsequent dark phase, we next assessed how
NREM sleep SWA was distributed over the full 24-h day. The
time course of SWA across the day normally follows a
U-shaped pattern, with high SWA at light onset and decreased
SWA in the middle of the 24-h day (Fig. 4F). Unexpectedly, we
found that this pattern was absent in the LPO group, which
instead manifested, on average, a consistently elevated SWA,
and in some individuals an increasing trend of SWA was pre-
sent during the light phase (Fig. 4 C and F). This altered daily
time course of SWA was not observed in the non-LPO or GFP
control mice (Fig. 4F; two-way ANOVA, P = 0.0065; post hoc
Sidak’s multiple comparison test for LPO, P = 0.0006; non-
LPO, P > 0.9999; GFP, P = 0.9804). This was particularly inter-
esting since the daily distribution of the amount of wake and
NREM was comparable between LPO and non-LPO mice (SI
Appendix, Fig. S5B). Consistently, the increase in cumulative
slow-wave energy (SWE) over the day in LPO mice was charac-
terized by a steeper slope during the stimulation day compared
to baseline or non-LPO mice (Fig. 4G and SI Appendix, Fig.
S5D; two-way ANOVA, P = 0.0406 for interaction of factors).
Taken together, these results demonstrate that stimulation of
the GAD2 neurons in LPO does not merely result in increased
wakefulness but that the induced wake state is characterized by
a faster build-up or overall greater levels of sleep pressure
needing to be compensated for.

Stimulation of GAD2-LPO Results in Elevated EEG Theta Activity
during Waking, which Correlates with SWA during Sleep. Previous
studies suggest that the build-up of sleep pressure depends on
the type of wake behavior and not simply wake duration
(48–50, 60, 61). Therefore, we hypothesized that LPO and non-
LPO stimulation have differential effects on brain activity
during wakefulness. To test this hypothesis, first EEG spectra
were compared during wakefulness induced by stimulation with
EEG spectra obtained after spontaneous awakenings during
baseline. In both LPO and non-LPO mice, stimulation-induced
awakenings were associated with decreased frontal EEG power
in the slow-wave range [Fig. 5 A and B; general linear mixed
model, P < 0.001, F(97) = 6.3 for main effect of frequency and
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P > 0.5 for group and frequency × group; see Fig. 5 for post
hoc tests]. However, stimulation-induced wakefulness was also
characterized by a greater increase in occipital EEG theta-
frequency (6 to 9 Hz) power in the LPO group compared to
the non-LPO group [Fig. 5 A–C; general linear mixed model,
P < 0.01, F(97) = 1.91 for frequency × group; see Fig. 5B for
post hoc rank-sum tests in frontal and occipital EEG]. Thus,
photoactivation of the LPO area did not simply trigger an
awakening, but the resulting wake state was also characterized
by increased levels of arousal and alertness. We next hypothe-
sized that such an altered wake state might account for the
difference in sleep pressure between LPO and non-LPO mice
(Fig. 4). In support of this hypothesis, across animals, a strong
positive correlation was observed between the effects of stimu-
lation on the occipital theta-frequency power (6 to 9 Hz) during
wake and the effect of stimulation on SWA (0.5 to 4 Hz) during
NREM sleep in the LPO group (Fig. 5C, Lower; Pearson’s
R = 0.95, P = 0.0011). Only nonsignificant and weak positive
correlations were found in the occipital derivation in the non-
LPO group (R = 0.42, P > 0.1; P < 0.05 for difference between
LPO and non-LPO correlation coefficients), and no clear

relationship was apparent in GFP animals (R = �0.05, P > 0.1).
There was no significant correlation between the stimulation-
induced changes in frontal SWA during wakefulness and
SWA during NREM sleep in LPO, non-LPO, or GFP animals
(Fig. 5C, Upper; Pearson’s R: LPO, 0.49; non-LPO, 0.34: GFP,
0.06; all P values > 0.1), and the relationship was overall
weaker for SWA as compared to theta activity in both LPO
[T(4) = 3.28, P < 0.05 for difference between correlation coef-
ficients] or combined LPO and non-LPO group [T(10) = 3.06,
P < 0.01].

GAD2 Photoactivation during Wake in LPO Generates Excess Sleep
Pressure. To directly address whether GAD2LPO stimulation
affects sleep homeostasis by modulating levels of arousal during
wakefulness, we next delivered optostimulation while the ani-
mals were kept awake by novel objects (Fig. 5D; 20-s trains at
10 Hz, delivered every 2 min). We observed that EEG SWA
during subsequent NREM sleep was increased in SD + LPO
photoactivation condition compared to the no-stimulation con-
dition (SD only), but not in GFP controls [Fig. 5E; LPO: P =
0.0312, n = 6, GFP: P = 0.6875, n = 7, Wilcoxon signed-rank

Fig. 3. Effects of photoactivation of GAD2LPO neurons during sedation and HSP. (A) Representative frontal EEG spectrogram, hypnogram, peripheral
body temperature, EMG, and SWA (EEG power between 0.5 and 4 Hz) color coded according to the state of vigilance, from one representative mouse,
before and after Dex injection. Color scale: spectral power in common logarithm values. SWA is color coded according to vigilance state (blue, wake;
green, NREM; yellow, REM; purple, sedation). (B) Percentage of time spent awake before, during, and after photostimulation (shaded area) during the
first 1-h interval after Dex injection, averaged for LPO (n = 7), non-LPO (n = 6), and GFP (n = 8) animals. Mean values ± SEM. Note how in GFP animals
(gray, arrow), the occurrence of wake-like states before or during stimulation was exceptionally rare. (C) Latency to awakening from sedation after the
onset of stimulation calculated separately for the initial sedation (average of four stimulation sessions during the first hour after Dex injection) and dur-
ing late sedation under hypothermia (average of four stimulations delivered between hours 2 to 3 after Dex injection) in LPO and non-LPO animals. Note
that the latency to awakening from sedation in GFP is not shown because stimulation did not result in awakenings. Red bar, median; box: ±25/75 percen-
tiles. P value, Welch’s t test. (D) Representative 12-h profile of EEG SWA and EMG variance shown separately for “low” (Top) and “high” (Bottom) sleep
pressure conditions. SWA is color coded according to vigilance state (blue, wake; green, NREM; yellow, REM). stim, photostimulation. (E) Mean EEG power
spectra during the first 4 h of recovery sleep after SD and the corresponding baseline interval when sleep pressure was low (LSP). Mean values ± SEM.
(Inset) Magnified spectra below 5 Hz. The black bar at the bottom of the figure denotes frequency bins in which the difference between LSP and HSP
was significant in post hoc uncorrected Fisher’s least significant difference (LSD) tests following a one-way ANOVA (P < 0.05). (F) Percentage of NREM
sleep occurrence before, during, and after a 2-min photostimulation (shaded area) during HSP and LSP conditions. Mean values ± SEM. (G) Mean latency
to awakening for stimulations delivered during HSP and LSP conditions. Data points represent individual mice, and red bar represents median across
mice. ns, no significance in two-sided Wilcoxon signed-rank test. Box, ±25/75 percentiles. No. of animals used in E–G: LPO, n = 8.
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test for mean SWA (0.5 to 4 Hz); LPO versus GFP: P = 0.0290,
unpaired t test for mean SWA]. There was a modest effect of
photoactivation on the amount of waking and sleep following
the end of SD, mostly reflected in increased wakefulness during
the first 30 min after the animals were left undisturbed, which
dissipated quickly (SI Appendix, Fig. S7). To examine whether
the photoactivation-induced prolonged wakefulness after SD is
directly responsible for the subsequent SWA increase, we calcu-
lated a correlation between the difference in total wake amount
between the two conditions and corresponding SWA increase.
Contrary to our hypothesis, there was no meaningful relation-
ship observed (SI Appendix, Fig. S7D), suggesting that the differ-
ence in SWA during recovery sleep after GAD2LPO activation is
more likely accounted for by the change in the level of arousal
(wake “quality”) than wake duration.

To further assess whether prolonged photoactivation could
induce further increases in brain activity during wakefulness or
subsequent sleep, a subset of animals was exposed to an intense
prolonged stimulation at 10 Hz for a 1-h interval starting either
at light or dark onset (SI Appendix, Fig. S8). Unexpectedly,
despite the animals being behaviorally awake, with brain activ-
ity and EMG indicating an unequivocal wake state, three out of
four animals showed a marked decrease in peripheral body

temperature (SI Appendix, Fig. S8E), which in one case out-
lasted the stimulation period by ∼4 h (SI Appendix, Fig. S8B).

Repeated GAD2 Photoinhibition Decreases Wakefulness and
Arousal. Finally, we set out to investigate whether photoinhibi-
tion of GAD2 neurons in the LPO area results in changes in
sleep–wake architecture and sleep intensity. Specifically, we
expected that if photoactivation of these neurons increases
arousal drive, which in turn is associated with increased sleep
pressure, the results of suppressing the activity of inhibitory
neurons in the LPO area should lead to reduced arousal. To
this end, we undertook an experiment in which green light-
emitting diode (LED) stimulation (550 nm, 18.8 to 24.0 mW at
fiber tip) was applied to the LPO area in Arch-expressing mice
(n = 6) and GFP controls (n = 4) (Fig. 6A). First, to examine
the effect of stimulation on awake state and subsequent sleep,
2-min continuous stimulations with ramp down at stimulation
offset were applied every 5 min during SD, as we did in the
photoactivation experiment (Fig. 5D). The intensity of photosti-
mulation was ramped down for ∼30 seconds prior to stimula-
tion offset to prevent the burst activity at the end of the pulse
to minimize bursting excitation of the neurons (62). Stimulation
was stopped 10 min before the end of the 2-h SD, and in total,

Fig. 4. Photoactivation induces a rebound of SWA during NREM sleep in GAD2LPO but not in GAD2nonLPO animals. (A) The effect of photostimulation on
the total amount of vigilance states during the light period, shown as the percentage change relative to sham stimulation day. Stars above the lines indi-
cate significant differences in RM-ANOVA, and stars and ns above plots indicate significance in t tests against 100%. *P < 0.05; ns, nonsignificant. Mean
values ± SEM. (B) Amount of sleep during the 20-min window aligned to stimulation offset shown as percentage relative to the average sleep amount
during sham stimulation day. All trials occurring during the light period are averaged for LPO and non-LPO animals. No significant difference was
observed in sleep amount between the two groups using a two-way ANOVA (P > 0.1) and a post hoc uncorrected Fisher’s LSD test. Mean values ± SEM.
(C) Representative 24-h profile of EEG SWA and EMG in one individual animal that received stimulation to the LPO. SWA is plotted in 4-s resolution and
is color coded according to vigilance state (green, NREM; blue, wake; yellow, REM). Note the progressive increase in SWA across the 12-h light period
(indicated as a white bar on the top). (D) Relative EEG power density in NREM sleep shown for the 10-Hz 24-h stimulation condition during the light
period compared to sham condition. Mean values ± SEM. Black bars at the bottom of the figure denote frequency bins in which the difference between
experimental groups was significant (P < 0.05, unpaired t tests). Shaded area denotes the SWA frequency range (0.5 to 4 Hz). (E) Time course of EEG SWA
over a 20-min window aligned to stimulation offset (time 0) during the light period. SWA is shown as a percentage of sham stimulation day SWA during
the light period. *P < 0.05, **P < 0.01, post hoc uncorrected Fisher’s LSD test following RM-ANOVA. Mean values ± SEM. (F) Time course of EEG SWA dur-
ing NREM sleep across 24 h on the day with photostimulation. SWA is plotted in 2-h intervals and represented as percentage of average NREM SWA
during sham stimulation day (mean values ± SEM; *or #P < 0.05, **P < 0.01, Tukey’s multiple comparisons test after RM-ANOVA). *LPO versus GFP; #LPO
versus non-LPO. (G) Cumulative EEG SWE across 24 h. Stars above plots indicate significance in multiple paired t tests. **P < 0.01. Comparison on the slope
of SWE in the light period between LPO and non-LPO is shown in SI Appendix, Fig. S5D. Mean values ± SEM. No. of animals in A: LPO, n = 8; non-LPO,
n = 6; GFP, n = 8. No. of animals in D–F: LPO, n = 8; non-LPO, n = 6; GFP, n = 7.
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the animals received 22 stimulation sessions over the 2-h period
of continuous wakefulness. We observed only minor changes in
the EEG during SD + stimulation as compared to SD only
(Fig. 6 B and C), and, as could be expected, subsequent sleep did
not differ between conditions. We hypothesized that relatively
weak unilateral photoinhibition during SD is not sufficiently strong
to override high levels of arousal in animals continuously pro-
vided with novel objects and engaged in exploratory behavior.

To address whether the effects of photoinhibition manifest in
undisturbed animals not stimulated with novel objects, we next
performed repeated stimulation over 24 h, which consisted of
5-min continuous pulses delivered every 30 min, irrespective of the
state of vigilance, with a jitter of 10%. In total, 48 stimulations

were delivered. No immediate effect of inhibition on state switch-
ing was observed (Fig. 6E and SI Appendix, Fig. S9A), and no
change in total sleep and NREM sleep amount in the light
period were found, while REM sleep amount was slightly reduced
(Fig. 6F). In contrast, EEG spectral power during NREM
sleep was characterized by higher levels of SWA (Fig. 6G and
SI Appendix, Fig. S9B). In contrast to photoactivation (Fig. 4F),
the time course of SWA during the day with photoinhibition was
entirely normal (SI Appendix, Fig. S9C). We surmise that the per-
sistent increase in SWA in this case is due to an overall attenua-
tion of arousal drive rather than due to a progressive accrual of
sleep debt. By the end of 24 h, SWE, which is a composite metric
of sleep time and intensity, was ∼20% higher in Arch-expressing

Fig. 5. Effects of LPO and non-LPO photoactivation on wakefulness and subsequent sleep. (A) Average wake-EEG spectrograms recorded from the occipi-
tal derivation of representative mice during spontaneous awakenings on a baseline day and during awakenings induced by photoactivation (Top: LPO,
Bottom: non-LPO). Time 0 corresponds to the onset of waking. Color scale: spectral power in common logarithm values. (B) Average EEG spectral power
density during photoactivation-induced awakenings expressed as a percentage of power during spontaneous awakenings during baseline. Bars at the
bottom indicate significant differences (P < 0.05) in post hoc rank-sum tests following general linear mixed model; black, significant differences between
LPO and non-LPO groups; gray, no significant differences between LPO and non-LPO groups but LPO and non-LPO groups combined are significantly dif-
ferent from 100%. Double slash: the cutoff for stimulation-induced artifacts at around 10 Hz and 20 Hz, from the frequency with steep increase in power,
until the frequency with steep decrease. (C) Correlation between stimulation-associated differences in wake SWA and NREM SWA (Top) and in wake
theta-frequency (6 to 9 Hz) power and NREM SWA (Bottom). R: Pearson’s correlation coefficients, with corresponding P values. Note that only the correla-
tion between wake theta-frequency power and NREM SWA in LPO group is statistically significant. (D) Representative hypnograms illustrating the experi-
mental design for stimulation during SD. (Top) 2-h SD without stimulation (SD only). (Bottom) 2-h SD combined with photostimulation, shown as blue
bars “stim.” SWA plotted for 4-s epochs is color coded according to the state of vigilance. y axis in μV2/0.25 Hz. (E) Effect of stimulation during wakeful-
ness on EEG spectra during subsequent NREM sleep. The EEG power after SD + stim is calculated over the first 2 h of recovery sleep and represented as
percent of “SD only” condition in the LPO and GFP animals. Bars at the bottom denote frequency bins in which the EEG power was significantly affected
by stimulation (P < 0.05, t test); black, significant between GFP and LPO; gray, significant against 100% in LPO. No. of animals used in B and C: LPO,
n = 7; non-LPO, n = 6; GFP, n = 6. No. of animals used in D and E: LPO, n = 6; GFP, n = 7.
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animals, which was significantly higher than during sham stim-
ulation condition or in GFP control animals (Fig. 6H and
SI Appendix, Fig. S9D).

Discussion
The current study reports that photoactivation of inhibitory
neurons in the lateral preoptic area of the hypothalamus does
not simply trigger a transition from sleep to wakefulness but
also increases the EEG indices of arousal. In turn, heightened
arousal during the wake state is associated with a greater
increase in sleep SWA, suggesting that the LPO not only con-
trols global state switching but also contributes to the modula-
tion of within-state dynamics of brain activity and homeostatic
sleep drive. Photoinhibition of the same neurons further sup-
ported this notion, as it persistently decreased arousal levels
without switching global state. These findings suggest that
arousal level, above and beyond the duration of wakefulness, is
an important parameter that contributes to the rate of accumu-
lation of sleep need. Based on these findings, we propose add-
ing a qualitative dimension to the influential model of
sleep–wake control (37), which can be best represented as an
in-built “switch with a spring.” We posit that when wakefulness
is especially intense, the “spring” becomes more compressed.
As a result, once wakefulness ends, a stronger sleep rebound
follows to release the “pressure.”

Our observation of rapid awakening upon the start of GAD2LPO

photoactivation confirms earlier findings (17) and is consistent
with the notion that only subsets of preoptic neurons are sleep
active or sleep promoting (25, 63). Previous studies sometimes
tacitly assumed that the same hypothalamic areas are implicated
in both sleep promotion and sleep homeostasis. An alternative
possibility is that sleep propensity may be enhanced if some of
the strong wake-promoting areas are inhibited, consistent with
the idea that sleep represents a default state of a neural network
or the whole organism (46, 64). Therefore, even if accumulation
of sleep need, in some form, occurs globally (51, 52, 65–74), it is
likely that state switching is initiated from a relatively limited set
of brain circuits, which have the capacity to integrate sleep–wake
history–related signals with other ecological and homeostatic
demands. While the biological substrate of global sleep homeo-
stasis remains unclear, the question of which brain areas are
involved in encoding the time spent awake or asleep seems trac-
table (41, 50, 51).

Interestingly, our data suggest that while photoactivation of
LPO and non-LPO resulted in a comparable sleep loss, only LPO
stimulation generates the enhanced sleep pressure manifesting as
increased SWA during subsequent sleep. Furthermore, only LPO
stimulation resulted in an increase in the EEG theta-frequency
activity, an established marker of behavioral arousal and alertness
(49, 54, 75–77), during induced awakenings. In addition, the
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Fig. 6. Optical inhibition of GAD2LPO neurons does not alter sleep pressure accumulation during SD but increases SWA and SWE when delivered during
spontaneous sleep-wake states. (A) Representative histology from an animal with Arch expression in LPO used for optical inhibition. (Top left) Schematics
of optical inhibition experiments. (Top right) Schematic of the optic fiber tip locations in all animals with Arch expression. The center of each fiber tip is
shown as a dot, and the stimulation coverage areas estimated based on a fiber diameter (400 μm) are shown as circles for individual animals. (Bottom
left) DAPI image and corresponding atlas (55) with implant schematics. Dotted square corresponds to the right panels. (Bottom right) fluorescence image
of the squared area in the left panel and the corresponding atlas (Bregma = 0.02). Dotted lines depict the lesion from the implanted optic fiber. (B and
C) Average 2-h wake spectra during SD + stimulation relative to 2-h SD-only condition for frontal EEG (B) and occipital EEG (C) in Arch and GFP control
animals (n = 6 and n = 4, respectively; mean values ± SEM). (D) Effect of stimulation during SD on EEG spectra during subsequent NREM sleep. The EEG
power after SD + stimulation is calculated over the first 2 h of recovery sleep and represented as percentage of the SD-only condition. Bars at the bottom
denote frequency bins in which the EEG power was significantly affected by stimulation (P < 0.05). (E) Probability of wake, NREM and REM sleep before,
during and after 5-min photoinhibition (shown as a green bar and shaded area) shown separately for the GFP controls and Arch group. Note the right
end of the green bars reflecting the light ramp down. Mean values ± SEM. (F) The effect of photoinhibition on the total amount of vigilance states dur-
ing the light period, shown as the percentage change relative to sham stimulation day. ns above lines indicates no difference in unpaired t test. Stars and
ns above plots indicate significance levels in one-sample t tests against 100%. *P < 0.05, **P < 0.01. Mean values ± SEM. (G) Average EEG power spectra
during NREM sleep on the day with photoinhibition shown as percentage of baseline day. Mean values ± SEM. Bars below the curves depict frequency
bins in which EEG power was significantly different between GFP and Arch animals (P < 0.05). (H) Cumulative EEG SWE in NREM sleep across 24 h shown
separately for GFP and Arch animals during sham and stim conditions. Stars above plots indicate significance in multiple paired t tests. *P < 0.05, **P <
0.01, ***P < 0.01. Comparison on the slope of SWE in the light period between LPO and non-LPO is shown in SI Appendix, Fig. S9D.
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observed latency to awakening was longer when stimulation was
delivered during REM sleep compared to NREM sleep. These
observations argue against the possibility that our stimulation
protocol was unphysiological or unspecific. Consistent with the
observation that the build-up of sleep pressure is especially prom-
inent during theta-dominant wakefulness, we observed that the
increase in EEG theta activity during LPO stimulation correlated
strongly with the increase in SWA during subsequent sleep, while
photoactivation of GAD2LPO neurons during spontaneous wake-
fulness led to a further increase in subsequent sleep intensity.

An acknowledged limitation of the approach we used is that
we likely targeted a heterogeneous population of neurons, as
the hypothalamus harbors many different cell types (35, 78).
We would like to stress that it remains unclear how fine the
spatial resolution should be in stimulation experiments such as
ours, to obtain meaningful insights into cerebral substrates of
global control of sleep and wakefulness. More relevant is that
our chosen approach may have resulted in an activation of cir-
cuitries not directly, or not exclusively, related to sleep–wake
control. For instance, LPO is adjacent to the lateral hypothala-
mus circuits, which contain GABAergic neurons that promote
a wide range of functions, from reward-seeking behaviors to
feeding (79–81). Moreover, the preoptic area of the hypothala-
mus contains inhibitory neurons involved in parental behaviors
and various homeostatic processes such as thermoregulation
and fluid homeostasis (82–84). Importantly, the LPO receives
inputs from several limbic areas including the septum, subicu-
lum, infralimbic cortex, amygdala, and the brainstem (85, 86),
which can relay salient or aversive signals and therefore can
function as an alarm system in response to important physiolog-
ical drives or threats. In addition, a large population of GAD2
neurons in the LPO project to the parietal cortex and frontal
cortex (17, 87), and it has been shown that selective photoacti-
vation of prefrontally projecting preoptic GAD2 neurons mod-
estly, but significantly, promotes wakefulness (17). Thus, the
connectivity of the LPO, and particularly its inhibitory neurons,
supports the view that this area plays a central role in integrat-
ing essential physiological drives linked to the regulation of
arousal.

Our dexmedetomidine experiments showed that activation of
GABAergic neurons in the hypothalamus under deep sedation
is sufficient to produce arousal, consistent with the observations
that sleep-active GAD neurons express α2A-adrenergic recep-
tors and that selective ablation of galaninergic neurons in the
LPO diminishes the effects of dexmedetomidine (26). Once
again, LPO stimulation in sedated animals was more efficient
in producing wakefulness and increasing cortical activation as
compared to non-LPO stimulation. Surprisingly, animals showed
largely normal wake behavior when stimulated during sedation,
even though their peripheral body temperature was reduced to
values close to room temperature. Our finding that continuous
intense stimulation of the LPO can produce sustained wakeful-
ness and hypothermia at the same time is intriguing and adds
further complexity to the links between vigilance state regulation
and temperature control (25, 26, 84, 88).

To further test the hypothesis that the LPO area of the hypo-
thalamus contributes to changes in the global levels of arousal,
we performed loss-of-function experiments, achieved by unilat-
eral photoinhibition of GAD2LPO neurons with LEDs that had
sufficiently high light intensity for eArch3.0 photostimulation.
Interestingly, we found that photoinhibition in active, alert ani-
mals during SD did not result in prominent changes in wake
EEG, in contrast to photoactivation of the same neurons. Not
surprisingly, this therefore did not lead to any changes in subse-
quent sleep. However, when photoinhibition was delivered in
undisturbed animals during spontaneous wake and sleep, this
resulted in reduced levels of arousal, as manifested in persis-
tently enhanced sleep SWA.

Taken together with optical activation experiments, we spec-
ulate on the role of these neurons as follows. When the popula-
tion of GAD2LPO neurons is spontaneously active, which may
be driven indirectly by external stimuli through inputs from
other brain areas, such as hypocretin/orexin, noradrenaline, or
cortical/striatal neurons (17, 41, 89, 90), the animals engage in
wakefulness characterized by increased levels of activity and
arousal, and this leads to a subsequent increase in sleep inten-
sity (49, 61). This is increased further in already awake animals
if the activity of these neurons is artificially enhanced by opto-
stimulation, while rapid awakening occurs when stimulation is
delivered during sleep. In contrast, a relatively weak selective
unilateral inhibition imposed on GAD2LPO neurons during SD
does not lead to any effects because their reduced activity is
compensated by strong unspecific environmental stimuli, which
effectively drive other arousal-promoting neuronal populations
(19). However, continuous inhibition of GAD2LPO neurons
during baseline in the absence of strong external stimulation,
while not resulting in immediate state transitions, is ultimately
sleep promoting. This is reflected in persistently reduced levels
of arousal, i.e., associated with deeper sleep, as characterized
by elevated SWA.

In conclusion, our study demonstrates that the LPO of the
hypothalamus is not merely involved in global sleep/wake transi-
tions but plays a more nuanced role in linking levels of arousal,
within-state dynamics, and sleep homeostasis. Our data illustrate
the important role of the hypothalamus in vigilance state control
and provide an important step toward a more holistic characteri-
zation of the neural substrates of sleep regulation.

Materials and Methods
For detailed methods, see SI Appendix. All experimental procedures were per-
formed under UK Home Office Project License #P828B64BC in accordance
with Animal (Scientific Procedures) Act 1986 and the guideline of the Univer-
sity of Oxford. Male and female Gad2-IRES-Cre mice (Jackson Laboratory
019022; B6N.Cg-Gad2tm2(cre)Zjh/J) were used in this study. Viruses were
obtained from UNC vector core. Chronic EEG and EMG recordings were
obtained and analyzed as previously described (58). Virus injection and optical
stimulation were targeted to the lateral preoptic area of the hypothalamus.
Electrophysiological data were acquired with a Tucker-Davis Technologies
recording system. SD was performed as previously described (75). In sedation
experiments, Dex was diluted with saline and injected subcutaneously
(100 μg/kg). Skin temperature was measured using infrared thermal imaging
cameras Optris Xi 70 and Xi 80 (Optris GmbH) (91). Metabolic rates were
measured using indirect calorimetry with CaloBox (PhenoSys). At the end of
the experiment, mice were deeply anesthetized and transcardially perfused
with 0.1 M phosphate-buffered saline (PBS), followed by 4% paraformalde-
hyde in PBS for subsequent histology to confirm virus expression and optic
fiber location. Acute slice preparation and recording was performed as
described previously (92). Statistical analyses were performed in MATLAB
(TheMathWorks), SPSS (IBM), and GraphPad Prism (GraphPad).

Data Availability. Data reported in this study are included in the article, SI
Appendix, and/or in Dataset S1. The code generated during this study were
deposited by T.Y. on GitHub (November 27, 2021) and can be accessed via
https://github.com/TomokoYamagataw/Yamagata_PNAS_HypLinkArousal
SleepHomeostasis. Supplementary materials and methods, figures S1 to S9,
table S1, and legends for movies S1 to S2 can be found in the SI Appendix.
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