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Fig. 2. Optogenetic activation of PVT glutamatergic neurons
induces wakefulness from sleep and general anesthesia. (A) Left:
Schematic of optogenetic manipulation of PVT glutamatergic neurons
and EEG-EMG recordings. Right: ChR2-mCherry expression and
location of optical fiber in the PVT. (B) Example traces (left) and fidelity
of action potential firing (right) of ChR2-expressing PVT neurons
evoked by 473-nm light stimulation with different frequencies.
(C) Representative EEG power spectrum and EEG-EMG traces
around 10-Hz stimulation delivered during NREM sleep. Arrowheads
indicate 4 Hz and 8 Hz. Color scale indicates the power (mV2) of raw
power spectral density. Fre., frequency. (D) Latency to wakefulness from
NREM sleep after optical activation at 1 Hz, 5 Hz, 7 Hz, 10 Hz, or 20 Hz.
(E) Left: Brain states in all trials from ChR2-expressing mice. Center:
Probability of each state around optogenetic stimulation delivered during

NREM sleep. Right: Probability change of each state 20 s before and
during optical stimulation. (F) Experimental setup for EEG-EMG recordings
with simultaneous optogenetic activation in the presence of continuous
isoflurane. (G) Left: EEG power spectrum and EEG-EMG traces around
10-Hz stimulation during isoflurane-induced general anesthesia. Right:
Enlarged view of EEG activity during wakefulness, isoflurane-induced
anesthesia, and 10-Hz optical stimulation in continuous isoflurane
conditions. (H and I) Burst duration (H) and burst suppression ratio (I)
during periods of light off and 10-Hz optical stimulation. (J) Spectral analysis
of EEG activity during optical stimulation in the presence of isoflurane.
(K) Left: Schematic of sustained optical stimulation protocol after the
discontinuation of isoflurane. Right: Emergence time during light off and
10-Hz optical stimulation. *P < 0.05, **P < 0.01, ***P < 0.001. Error bars
denote SEM. See table S1 for further details of statistical data analysis.
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overt increase in wakefulness with a decrease
of EEG delta power (fig. S14, B to F).
To investigate whether activation of PVT neu-

rons is sufficient to induce wakefulness from an
unconscious state—a typical feature of patients
with paramedian thalamic stroke (4)—we opti-
cally activated PVT neurons in mice under gen-
eral anesthesia induced by isoflurane (Fig. 2F).
When a stable EEG burst-suppression mode (a
marker of anesthetic depth) (12) was observed,
10-Hz stimulation (lasting 20 s) caused an im-
mediate increase in total EEG burst activity. The
increase in burst activity was accompanied by a
prolonged burst duration, a decreased burst sup-
pression ratio, and an altered EEG spectrum

(Fig. 2, G to J). Interestingly, a peak at approx-
imately 10 Hz appeared in the EEG spectrum
with optical stimulation (Fig. 2J), which might
reflect that optogenetic stimulation at 10 Hz
causes prominent 10-Hz oscillations in cortex.
Additionally, sustained activation of PVT neu-
rons significantly accelerated the emergence from
isoflurane-induced unconsciousness, which was
not observed in mCherry mice (Fig. 2K).
Recent studies have reported that thalamic

nuclei directly regulate the activities of cortical
neurons (13, 14). The PVT also sends brainwide
projections, including direct projections to
the cortex (15). Thus, we next searched for
the PVT downstream pathways mediating the

wakefulness-maintaining effects. ChR2-mCherry
expression indicated that PVT glutamatergic
neurons send projections to multiple cortical
regions, including the medial prefrontal cortex
(mPFC) and insular cortex (fig. S15, A to D). The
PVT sends dense projections to the nucleus
accumbens (NAc) (Fig. 3D), which participates in
wakefulness control (16). Bilateral optical stimu-
lation of PVT projections to different layers or
subregions of the prelimbic cortex of the mPFC
failed to induce rapid transitions from NREM
sleep to wakefulness. Optical stimulation of PVT
axonal terminals in other cortical regions, in-
cluding the cingulate cortex and infralimbic cor-
tex of the mPFC or the anterior and posterior
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Fig. 3. PVTglutamatergic neurons control wakefulness through the
PVT-NAc pathway. (A) Schematic of optogenetic stimulation of ChR2-
expressing PVTglutamatergic terminals together with EEG-EMG recordings.
(B and C) Latency to wakefulness from NREM and REM sleep after
stimulation of PVT projections to the prelimbic cortex (PL) of the mPFC
(B) and to the insular cortex (C) at 1 or 10 Hz. (D) Distribution of
ChR2-expressing PVT glutamatergic terminals and location of optical fiber
in the NAc. D, dorsal; M, medial; ac, anterior commissure. (E) Latency
to wakefulness from NREM and REM sleep after activation of the PVT-NAc
pathway at 1 or 10 Hz. (F) Top left: Experimental paradigm for in vitro

characterization of functional connection of the PVT to NAc. Bottom left:
Trace of the single optical stimulation–evoked excitatory postsynaptic
currents (EPSCs) in NAc neurons. Right: Amplitude and latency of optical
stimulation–evoked EPSCs. (G) Top: Experimental design of chemogenetic
inhibition of the NAc-projecting PVT neurons. Bottom: Expression of
hM4D-mCherry in NAc-projecting PVT neurons. D3V, dorsal third ventricle.
(H) Hypnograms of an hM4D-mCherry mouse during 3 hours after
saline or CNO injection. (I) Percentage of time spent in each state during
3 hours after injection. *P < 0.05, **P < 0.01, ***P < 0.001. Error bars
denote SEM. See table S1 for further details of statistical data analysis.
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part of the insular cortex, had no obvious effects
on sleep-wake transition (Fig. 3, A to C, and fig.
S15, E and F), although the paramedian thalamus
can excite these cortices via glutamatergic con-
nections (17). Moreover, chemogenetic inhibition
of the mPFC-projecting PVT neurons also did not
affect the time spent in wakefulness (fig. S16).
Together, our results do not sufficiently support
a crucial role of the PVT-cortex pathway in
controlling wakefulness. However, optical stim-
ulation of the PVT-to-NAc projections reliably
elicited transitions to wakefulness from both
NREM and REM sleep (Fig. 3E). In vitro ChR2-
assisted circuit mapping (18) confirmed this
functional monosynaptic connection (Fig. 3F),
indicating that a direct PVT-NAc pathway may
mediate the observed transitions. In addition,

chemogenetic inhibition of NAc-projecting PVT
neurons significantly reduced wakefulness (Fig. 3,
G to I). The importance of this pathway in
wakefulness control was further confirmed by the
compromised wakefulness-inducing effects of the
PVT after ablation of NAc neurons using ibotenic
acid (fig. S17). Manipulation of the PVT-NAc
pathway efficiently reproduced the wakefulness-
controlling effects of the PVT (fig. S18).
Because the PVT receives inputs from the

brainstem and lateral hypothalamus (LH) (19, 20),
we next searched for the upstream pathway that
modulates its wakefulness-maintaining function.
We used Cre-dependent rabies virus–mediated
monosynaptic retrograde tracing in vGlut2-Cre
mice and found that PVT glutamatergic neu-
rons received direct inputs from LH hypocretin

(Hcrt) neurons (fig. S19), which are involved in
wakefulness control (21). We specifically sup-
pressed inputs from Hcrt neurons by expressing
AAV-DIO-hM4D-mCherry in the LH of Hcrt-Cre
mice and locally applying CNO (5 mM) in the PVT
(Fig. 4A). CNO infusion significantly decreased
wakefulness, accompanied by fragmentation of
wakefulness (Fig. 4, B and C, and fig. S20, A to D).
Moreover, inhibition of this pathway shortened
NREM sleep latency and increased the number
of NREM sleep episodes (fig. S20, E and F).
We then examined the sufficiency of these

inputs for wakefulness control. Optical stimu-
lation (20 Hz) of Hcrt neurons’ terminals during
NREM sleep significantly increased the firing
rate of PVT neurons (Fig. 4, D and E). At the
behavioral level, apparent transitions from sleep
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Fig. 4. The wakefulness-controlling function of the PVT is regulated
by Hcrt neurons. (A) Left: Schematic of chemogenetic inhibition of
LHHcrt-PVT pathway and EEG-EMG recordings. Right: Selective expression
of hM4D-mCherry in Hcrt neurons in the LH. Arrowhead denotes neuron
shown in close-up (inset). (B) Hypnograms of an hM4D-mCherry mouse
during 3 hours after saline or CNO (5 mM) local infusion. (C) Percentage
of time spent in each state during 3 hours after injection. (D) Left:
Schematic of optogenetic stimulation of LHHcrt-PVTpathway together with
PVT unit and EEG-EMG recordings. Right: ChR2-mCherry expression in
Hcrt neurons in the LH. Arrowhead denotes neuron shown in close-up
(inset). (E) Top: Rastergrams showing the firing activity of a PVT neuron
before and during optical stimulation. Bottom: Optical stimulation of Hcrt
neurons’ terminals significantly increased the average firing rate of PVT

neurons. (F) EEG-EMG traces and PVT unit firing around 20-Hz optical
stimulation in a freely moving mouse. (G) Latency to wakefulness from
NREM or REM sleep after optical stimulation at 1 or 20 Hz. (H) The Hcrt
receptor antagonist TCS-OX2-29 attenuated the wakefulness-inducing
effects of optical stimulation of Hcrt neuron’s terminals in the PVT.
(I) Model of the PVT control of wakefulness. Left: Increased levels of Hcrt
may activate Hcrt inputs to the PVT, which could excite PVT neurons
projecting to the NAc, thereby activating NAc neurons to control
wakefulness. Top right: Decreased activity of PVT neurons leads to
sleep. Bottom right: The impairment of PVT neurons seen in neurological
diseases may be associated with disturbances of wakefulness. *P < 0.05,
**P < 0.01, ***P < 0.001. Error bars denote SEM. See table S1 for
further details of statistical data analysis.
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to wakefulness occurred after stimulation of the
LHHcrt-PVT pathway (Fig. 4, F and G, and fig.
S21). Optogenetic stimulation of Hcrt neurons’
terminals in the PVT could still induce transi-
tions from sleep to wakefulness after blockade
of the potential antidromic action potentials
by injection of muscimol into the LH (fig. S22).
Such wakefulness-controlling effects were par-
tially attenuated by the Hcrt receptor 2 antag-
onist TCS-OX2-29 (Fig. 4H). To further confirm
the importance of the LHHcrt-PVT pathway in
controlling wakefulness, we injected viruses ex-
pressing hM3D into the LH and hM4D into the
PVT, respectively (fig. S23, A and B). Stimulation
of Hcrt neurons increased the amount of wake-
fulness, whether or not the PVT was chemoge-
netically inhibited (fig. S23C). These unexpected
results might be because the activity of the PVT
was not completely suppressed under the con-
dition of activating Hcrt neurons’ terminals.
Alternatively, after ablating PVT neurons using
caspase-3, the latency to wakefulness with opto-
genetic stimulation of Hcrt neurons increased,
confirming an important role of the LHHcrt-PVT
pathway in wakefulness control (fig. S23, D to G).
Recently, the PVT in the paramedian thalamus

has been extensively studied because of its in-
volvement in multiple behaviors, including fear
conditioning (22, 23), drug addiction (24, 25),
and feeding (26), all of which require elevated
wakefulness. Our results demonstrate that the

PVT is both necessary and sufficient for the con-
trol of wakefulness, and further reveal the im-
portant role of the LHHcrt-PVT-NAc pathway in
the control of wakefulness (Fig. 4I). These results
provide experimental evidence supporting the PVT
as a critical thalamic node in the wakefulness-
controlling neural network.
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The paraventricular thalamus is a critical thalamic area for wakefulness
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coupled with wakefulness.
from neurons in the paraventricular thalamus and observed that both population and single-neuron activity were tightly 

 recordedet al.information and contributes to the sleep-wake cycle through its interactions with the cerebral cortex. Ren 
novelty, and surprise. The nucleus thus provides context-dependent salience encoding. The thalamus gates sensory
paraventricular thalamic neurons represent multiple salient features of sensory stimuli, including reward, aversiveness, 

 found thatet al.internal states with the limbic forebrain that performs associative functions in emotional contexts. Zhu 
The paraventricular thalamus is a relay station connecting brainstem and hypothalamic signals that represent

A close view of the paraventricular thalamus
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