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ABSTRACT
Background: The neural circuitry underlying sevoflurane-induced modula-
tion of consciousness is poorly understood. This study hypothesized that the 
paraventricular thalamus bed nucleus of the stria terminalis pathway plays 
an important role in regulating states of consciousness during sevoflurane 
anesthesia.

Methods: Rabies virus–based transsynaptic tracing techniques were 
employed to reveal the neural pathway from the paraventricular thalamus 
to the bed nucleus of the stria terminalis. This study investigated the role of 
this pathway in sevoflurane anesthesia induction, maintenance, and emer-
gence using chemogenetic and optogenetic methods combined with cortical 
electroencephalogram recordings. Both male and female mice were used 
in this study.

Results: Both γ-aminobutyric acid–mediated and glutamatergic neurons 
in the bed nucleus of the stria terminalis receive paraventricular thalamus 
glutamatergic projections. Chemogenetic inhibition of paraventricular thala-
mus glutamatergic neurons prolonged the sevoflurane anesthesia emergence 
time (mean ± SD, hM4D–clozapine N-oxide vs. mCherry–clozapine N-oxide, 
281 ± 88 vs. 172 ± 48 s, P < 0.001, n = 24) and decreased the induction 
time (101 ± 32 vs. 136 ± 34 s, P = 0.002, n = 24), as well as the EC

5 0
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the loss or recovery of the righting reflex under sevoflurane anesthesia (mean 
[95% CI] for the concentration at which 50% of the mice lost their righting 
reflex, 1.16 [1.12 to 1.20] vs. 1.49 [1.46 to 1.53] vol%, P < 0.001, n = 20; 
and for the concentration at which 50% of the mice recovered their righting 
reflex, 0.95 [0.86 to 1.03] vs. 1.34 [1.29 to 1.40] vol%, P < 0.001, n = 20).  
Similar results were observed during suppression of the paraventricular thal-
amus bed nucleus–stria terminalis pathway. Optogenetic activation of this 
pathway produced the opposite effects. Additionally, transient stimulation of 
this pathway efficiently induced behavioral arousal during continuous steady-
state general anesthesia with sevoflurane and reduced the depth of anesthe-
sia during sevoflurane-induced burst suppression.

Conclusions: In mice, axonal projections from the paraventricular thalamic 
neurons to the bed nucleus of the stria terminalis contribute to regulating 
states of consciousness during sevoflurane anesthesia.
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EDITOR’S PERSPECTIVE

What We Already Know about This Topic

•	 The paraventricular thalamus plays a critical role in the mainte-
nance of wakefulness

•	 The contribution of the paraventricular thalamus to mediating anes-
thesia mechanisms of actions is incompletely understood

What This Article Tells Us That Is New

•	 Chemogenetic inhibition of paraventricular glutamatergic neurons 
in the mouse thalamus projecting to the bed nucleus of the stria 
terminalis reduced induction time and prolonged emergence from 
sevoflurane anesthesia, while activation of this pathway had oppo-
site effects

•	 These observations suggest that glutamatergic neurons of the 
paraventricular thalamus contribute to the mechanisms of actions 
of sevoflurane anesthesia via their projections to the bed nucleus 
of the stria terminalis

General anesthetics have been widely used in surgery 
for nearly two centuries because they can induce 

reversible unconsciousness and maintain physiologic sta-
bility. While great progress has been made in our under-
standing of how general anesthetics work at the molecular 
level, little is known about how anesthetics cause a loss 
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of consciousness in neural networks.1–3 Recent studies 
have indicated that anesthetic-induced unconsciousness 
arises via specific interactions with neural circuits that 
regulate the endogenous sleep–wake systems in the cen-
tral nervous system,1,4 such as the parabrachial nucleus,5 
lateral hypothalamus,6 locus coeruleus,7,8 tuberomammil-
lary nucleus,9 ventral tegmental area,10,11 basal forebrain,12 
ventrolateral preoptic nucleus,13 and lateral habenula.14 
Multiple sites participate in the maintenance of wake-
fulness and promote arousal from general anesthesia. 
However, whether other critical arousal-promoting areas 
and their neural circuits are implicated in the modulation 
of consciousness under general anesthesia remains largely 
unknown.

The paraventricular thalamus, a vital constituent of the 
midline nucleus of the thalamus, plays a pivotal role in the 
maintenance of wakefulness.15 The paraventricular thalamus 
receives afferent projections from multiple regions involved 
in the regulation of general anesthesia, including the parab-
rachial nucleus,5,16 locus coeruleus,7,17 dorsal raphe nuclei,18 
hypothalamus,6,19 and prefrontal cortex,20 and sends exten-
sive outputs to the limbic system.21 Recent studies have 
revealed that the limbic system plays an essential role in 
anesthetic-induced loss of consciousness.22 Therefore, we 
hypothesized that the paraventricular thalamus may be the 
key hub for the regulation of states of consciousness in gen-
eral anesthesia. However, the potential mechanism in neural 
circuits remains unclear.

The bed nucleus of the stria terminalis, located in the 
limbic forebrain, regulates a variety of endocrine and 
autonomic nervous responses mainly by projecting to the 
relay nucleus of the autonomic nervous system, hypo-
thalamus, and central amygdala and plays an important 
role in stress, fear, and anxiety.23 The activation of γ-am-
inobutyric acid–mediated (GABAergic) neurons in the 
bed nucleus of the stria terminalis promotes the rapid 
transition from non–rapid eye movement sleep to an 
awake state in mice.24 Recent studies have shown that 

calretinin-positive neurons in the paraventricular thala-
mus project directly to the bed nucleus of the stria ter-
minalis, and this pathway mediates starvation-induced 
arousal behavior.25 Therefore, we speculate that the glu-
tamatergic neurons of the paraventricular thalamus also 
project to the bed nucleus of the stria terminalis and play 
a role in modulating the states of consciousness in sevo-
flurane anesthesia.

To test this hypothesis, we first investigated c-Fos 
expression in the paraventricular thalamus during 
sevoflurane anesthesia. We then used anterograde and 
retrograde tracing strategies to identify the synaptic con-
nections between the paraventricular thalamus and the 
bed nucleus of the stria terminalis, respectively. Next, 
we selectively inhibited the paraventricular thalamus 
bed nucleus of the stria terminalis pathway chemo-
genetically to explore its role in the time of induction 
and emergence during sevoflurane anesthesia. Cortical 
electroencephalogram (EEG) activity was also recorded 
during the induction and recovery period of sevoflu-
rane anesthesia. We further optogenetically activated 
paraventricular thalamus glutamatergic neurons or their 
pathways to observe their effects on the maintenance of 
light sevoflurane anesthesia under continuous steady-
state general anesthesia and deep anesthesia with burst- 
suppression conditions.

Materials and Methods

Animal Care

In all experiments, male and female C57BL/6J mice 
and male Vglut2-IRES-Cre and Vgat-IRES-Cre 
mice weighing 20 to 30 g (8 to 10 weeks old) were 
used in this study. The male C57BL/6J mice were 
obtained from Tongji Medical College Experimental 
Animal Center (Huazhong University of Science and 
Technology, Wuhan, China; certificate 42009800002519/
SCXK(E)2016-0009). The Vglut2-IRES-Cre and Vgat-
IRES-Cre mice were obtained from Wuhan National 
Laboratory for Optoelectronics (Huazhong University of 
Science and Technology). All mice were housed in a tem-
perature-controlled (22 ± 1°C) and humidity-controlled 
(50 ± 5%) room with food and water ad libitum under an 
automatically controlled 12 h light/12 h dark cycle (lights 
on from 7 am to 7 pm). All procedures involving ani-
mals were approved by the Hubei Provincial Animal Care 
and Use Committee (Wuhan China) and were in accor-
dance with the experimental guidelines of the Animal 
Experimentation Ethics Committee of Tongji Hospital, 
Huazhong University of Science and Technology. In this 
study, we applied online randomization tools (https://
www.random.org/lists/) to assign animals to each group, 
and the animals were tested in sequential order. The 
experimenters conducting all behavior tests were blinded 
to group allocation.
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Virus Injection

The mice were anesthetized with sodium pentobarbital 
(50 mg/kg, intraperitoneally) and fixed in a stereotaxic appa-
ratus (RWD Life Science Co. Ltd., China). The eyes were 
covered with ophthalmic ointment. The body temperature 
of the anesthetized animals was monitored and maintained 
at 35 to 37°C by a far-infrared warming pad (RightTemp, 
Kent Scientific, USA). The heart rate and oxygen saturation 
were monitored by a MouseSTAT clip sensor (MouseSTAT, 
Kent Scientific, USA) during surgery. Additional subcutane-
ous bupivacaine for analgesia was applied to expose the skull, 
and virus was injected using a glass pipette (opening, 15 to 
20 μm) with a stereotaxic injector from Stoelting (USA) as 
previously described.26 After injection, the syringe was left 
in place for 10 min to allow the diffusion of the virus and 
then slowly retracted. For EEG recordings, 3 weeks after 
virus injection, the mice were implanted with extradural 
EEG electrodes for EEG recordings. Briefly, two stainless 
steel screws were placed in the prefrontal cortex (anteri-
or-posterior, 1.75 mm anterior to bregma; medio-lateral, 
0.4 mm lateral to bregma) and cerebellum. Electrodes were 
then secured to the skull using dental adhesive resin cement 
(C&B-Superbond; Parkell Inc., USA).

For anterograde tracing, AAV-Ef1α-DIO-ChR2-
mCherry (AAV2/9, 4.33E+13 vg/ml, 200 nl; Obio 
Technology Co. Ltd., China) was injected into the para-
ventricular thalamus of vglut2-Cre mice. After 4 weeks, the 
mice were perfused with 4% paraformaldehyde, and the 
projections from paraventricular thalamus glutamatergic 
neurons to other brain regions were explored by imaging 
whole-brain sections using an automatic scanning fluores-
cence microscope (SV120, Olympus, Japan).

For retrograde monosynaptic tracing, Cre-dependent 
helper viruses, including AAV-EF1α-DIO-TVA-green 
fluorescent protein (AAV2/9, 2.0E+12 vg/ml) and AAV-
EF1α-DIO-RVG (AAV2/9, 2.0E+12 vg/ml, 1:1, 100 nl), 
were injected into the bed nucleus of the stria terminalis 
(anterior-posterior‚: +0.26 mm; medio-lateral: –1.0 mm; 
dorsal-ventral: –4.05 mm) of vglut2-Cre mice or vgat-Cre 
mice, respectively. After 3 weeks, rabies virus (RV-ENVA-
ΔG-dsRed, 2.0E+08 infectious units/ml, 200 nl) was 
microinjected into the same site of the bed nucleus of the 
stria terminalis.

Anesthesia Behavioral Experiments

We produced an open-circuit anesthetizing apparatus 
that ensured identical gaseous anesthetic delivery to each 
of eight mice in isolated transparent cylindrical chambers 
while maintaining a constant 37°C environment. The mice 
were placed in a cylinder with 100% oxygen for habituation 
for 2 h for 3 consecutive days before testing. The time to the 
loss of the righting reflex was measured after 1 l/min 100% 
oxygen with 2.4% sevoflurane was administered, the cham-
bers were rotated 180° every 15 s, and the time to the loss 

of the righting reflex (induction time) was considered as the 
time when mice first lost their righting reflex for more than 
30 s from the time of sevoflurane initiation. After a 30-min 
exposure to 2.4% sevoflurane, the sevoflurane was shut off, 
and the time to the recovery of the righting reflex (emer-
gence time) was defined as the interval from the termina-
tion of anesthetic inhalation to the return of the righting 
reflex. The concentration of sevoflurane was monitored by 
an anesthetic agent analyzer (G60, Philips, China).

To assess sevoflurane responsiveness with a higher pre-
cision, the concentration at which 50% of the mice lost 
their righting reflex and the concentration at which 50% 
of the mice recovered their righting reflex were measured 
as described previously.27 The EC

50
 was calculated from the 

dose–response equation. To determine the concentration at 
which 50% of the mice lost their righting reflex, the initial 
concentration of sevoflurane was set at 0.7 vol%, and the 
concentrations were increased by 0.2 vol% every 15 min. 
The chambers were rotated 180° during the last 2 min of 
this period to observe whether the righting reflex of the 
mice had disappeared, and the number of animals that lost 
their righting reflex at each concentration was recorded. The 
experiments ended when all animals had lost their righting 
reflex. To determine the concentration at which 50% of the 
mice recovered their righting reflex, all of the mice were 
anesthetized with 2.1% sevoflurane for 30 min, and the con-
centration was decreased in decrements of 0.2% until all of 
the mice had recovered their righting reflex. The number of 
mice that had recovered their righting reflex at each con-
centration was counted. The concentration of sevoflurane 
was monitored by an anesthetic agent analyzer (G60, Philips, 
China). The chamber temperature was maintained at 37°C 
using a heating pad during the whole experiment.

Arousal Scoring

Arousal behaviors were scored as described previously.10,28 
Briefly, spontaneous actions of the limbs, head, and tail were 
rated on a scoring sheet with three levels, including absent, 
mild, or moderate in intensity, and were scored 0, 1, or 2, 
respectively. In addition, if the loss of the righting reflex 
remained in the mouse, righting was scored as 0, and if all 
four paws of the mouse touched the ground, righting was 
scored as 2. Walking was also scored with three levels as fol-
lows: made no further movements (0), crawled without rais-
ing the abdomen off the floor (1), and walked with all four 
paws with the abdomen off the floor (2). The total score for 
each mouse was determined by the sum of all categories.

Whole-cell Recordings

Whole-cell recordings were conducted as described previ-
ously.29 Briefly, after 4 weeks of viral expression, the mouse 
brain was rapidly removed from the skull and submerged 
in ice-cold oxygenated slice-cutting solution containing 
125 mM NaCl, 3.5 mM KCl, 25 mM NaHCO

3
, 1.25 mM 
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NaH
2
PO

4
, 0.1 mM CaCl

2
, 3 mM MgCl

2
, and 10 mM glu-

cose. Acute coronal brain slices containing the paraven-
tricular thalamus were cut at 200- or 400-μm thickness 
with a vibratome (VT1000S, Leica, Germany). For neu-
ronal whole-cell recording, the slices were kept at 32°C 
for 1 h after cutting, kept at subsequently at room tem-
perature before use, and then maintained in ice-cold arti-
ficial cerebrospinal fluid containing 125 mM NaCl, 25 mM 
NaHCO

3
, 1.25 mM NaH

2
PO

4
, 3.5 mM KCl, 2 mM CaCl

2
, 

1 mM MgCl
2
, and 10 mM glucose (saturated with 95% O

2
 

and 5% CO
2
). Neurons in the paraventricular thalamus 

expressing mCherry were clamped with borosilicate glass 
micropipettes (4 to 7 MΩ). The pipette intracellular solution 
contained 140 mM potassium gluconate, 13.4 mM sodium 
gluconate, 0.5 mM CaCl

2
, 1.0 mM MgCl

2
, 5 mM EGTA, 

10 mM HEPES, 3 mM Mg2+–adenosine triphosphate, and 
0.3 mM Na+-guanosine triphosphate; 280 to 290 mOsm/l 
(pH 7.4; osmolarity, 280 to 290 mOsm/kg). The data were 
obtained using a MultiClamp 700B amplifier and pClamp 
10 software (Molecular Devices, USA), digitized at 2 to 
10 kHz, and filtered at 2 kHz. The patch-clamp recording 
data were analyzed by Clampfit 9.0 (Molecular Devices).

To verify the functional validity of AAV-hM4D(Gi), 
after baseline data were recorded for 5 min, clozapine 
N-oxide was applied to the bath for 2 min, and the cells 
were inhibited using clozapine N-oxide (10 µM). To verify 
the function of AAV-ChR2, mCherry-expressing neurons 
were stimulated by blue light (473 nm, 10 Hz, a duration of 
10 ms) through an optical fiber placed above the cell.

EEG Recording and Analysis

EEG signals were amplified using a Microelectrode AC 
amplifier model 1700 (A-M Systems, USA) and digitized 
at a sampling rate of 500 Hz using a PCIe 6323 data acqui-
sition board (National Instruments, USA), and EEG signals 
were recorded using Spikehound software (Neurobiological 
Instrumentation Engineer‚ USA). The raw EEG signals 
were analyzed using multitaper methods from the Chronux 
toolbox (version 2.1.2, http://chronux.org/) in MATLAB 
2016a (MathWorks, United Kingdom). EEG power spectra 
were analyzed as described in previous studies.30 Briefly, 
raw EEG data were band-pass filtered (1 to 80 Hz) and 
band-block filtered (48 to 52 Hz) to remove line noise and 
were computed for a window size of 4 s (50% overlapping) 
within the frequency range of 0.5 to 50 Hz using a 5-taper 
in fast Fourier transform. The average power spectral den-
sity and the normalized power spectral density were cal-
culated for the delta (0.5 to 4 Hz), theta (4 to 8 Hz), alpha  
(8 to 15 Hz), beta (15 to 25 Hz), and gamma (25 to 50 
Hz) bands. The normalized power spectral density was 
performed on the data from the period of induction 
(5 min after the initiation of anesthesia) and emergence 
(5 min after the discontinuation of the anesthetic), and 
the average power spectral density was determined during 
the optogenetic stimulation period (120 s before and 

after blue light stimulation during the 2.5% sevoflurane  
anesthesia-induced burst-suppression period).

The burst-suppression ratio was used to quantify the 
state of burst suppression and calculated as described pre-
viously.31 Briefly, the original EEG data were first band-
pass filtered (10 to 80 Hz) and band-block filtered (48 to 
52 Hz) and then detrended and smoothed by convolution 
with a Gaussian function. Next, EEG bursts were prelim-
inarily assigned a value of 0, and EEG suppressions were 
assigned a value of 1 to produce a binary time series. Finally, 
this binary time series was smoothed to calculate the burst- 
suppression ratio over time with a window function. EEG 
suppression events were defined based on their voltage 
(amplitude within –15 to 15 μV) and duration (minimal 
duration, 200 ms or less), and the events were also regarded 
as the same suppression when the interevent interval was 
less than 50 ms. EEG epochs between suppression periods 
were viewed as EEG burst events.

In Vivo Chemogenetic Manipulation

To inhibit paraventricular thalamus glutamatergic neu-
rons, C57BL/6J mice were injected with AAV-CaMKIIa-
hM4D(Gi)-mCherry (AAV2/9, 1.18E + 13 vg/ml, 200 
nl; Obio Technology Co. Ltd., China) or AAV-CaMKIIa-
mCherry (AAV2/9, 1.08E + 13 vg/ml 200 nl; Obio 
Technology Co. Ltd.) as a control. To inhibit the paraven-
tricular thalamus bed nucleus of the stria terminalis pathway, 
AAV

retro
-hSyn-Cre (AAV2/retro, 2.0E+12 vg/ml; BrainVTA 

Co. Ltd., China) was bilaterally injected into the bed 
nucleus of the stria terminalis, and then AAV-EF1α-DIO-
hM4D(Gi)-mCherry (AAV2/9, 2.0E+12 vg/ml; BrainVTA 
Co. Ltd.) or AAV-EF1α-DIO-mCherry (AAV2/9, 2.0E+12 
vg/ml; BrainVTA Co. Ltd.) was injected into the paraven-
tricular thalamus of C57BL/6J mice. For chemogenetic 
experiments, 3 weeks after virus injection, 3 mg/kg clozap-
ine N-oxide (Sigma, USA) or saline was administered intra-
peritoneally 1 h before all behavior testing.

In Vivo Optogenetic Manipulation

For optogenetic activation of paraventricular thalamus 
glutamatergic neurons, AAV-CaMKIIa-ChR2-mCherry-
WPREs (AAV2/9, 2.0E + 12 vg/ml, 200 nl; BrainVTA 
Co. Ltd., China) or AAV-CaMKIIa-mCherry-WPREs 
(AAV2/9, 2.0E+12 vg/ml, 200 nl; BrainVTA Co. 
Ltd.) were delivered into the paraventricular thalamus  
(anterior-posterior = –1.00 mm; medio-lateral 
= +0.55 mm; dorsal-ventral = –2.95 mm, with a 
10-degree angle to the midline), and an optical fiber 
was implanted above the paraventricular thalamus  
(anterior-posterior = –1.00 mm; medio-lateral = +0.55 mm; 
dorsal-ventral = –2.85 mm, with a 10-degree angle to the 
midline). To optogenetically activate the paraventricu-
lar thalamus bed nucleus of the stria terminalis pathway, 
AAV-EF1α-DIO-ChR2-mCherry (AAV2/9, 4.33E+12 
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vg/ml, 200 nl; Obio Technology Co. Ltd., China) or AAV-
EF1α-DIO-mCherry (control) was injected into the para-
ventricular thalamus of vglut2-Cre mice, and the optical 
fiber cable was implanted into the bed nucleus of the stria 
terminalis (anterior-posterior = +0.26 mm; medio-lateral 
= –1.0 mm; dorsal-ventral = –3.95 mm) and then fixed to 
the skull using dental cement. The mice were connected 
via an optical fiber cannula to a laser diode (Newton Inc., 
China). To stimulate paraventricular thalamus glutamatergic 
neurons or the paraventricular thalamus bed nucleus of the 
stria terminalis pathway, optogenetic manipulation (laser of 
473 nm, 10-ms pulses at 10 Hz for 120 s) was conducted 
during all behavior testing as described previously.15 Light 
intensities at the tip of the optical fiber cannula were tested 
by a power meter (PM100D, Thorlabs, Germany) before the 
experiment and calibrated to emit 10 to 15 mW/mm2.

For anesthesia behavior testing, the mice were optically 
stimulated at the initiation of sevoflurane exposure until they 
lost their righting reflex during induction. During emergence, 
optical stimulation was delivered from the time sevoflurane 
administration stopped until the animals recovered their right-
ing reflex. For optogenetic manipulation during sevoflurane 
anesthesia maintenance, the animals were initially adminis-
tered 2.5% sevoflurane for 20 min and then placed in a supine 
position. Then the sevoflurane concentration was reduced to 
1.4%. If the animals showed any signs of the recovery of their 
righting reflex, the concentration was increased by 0.1% until 
the loss of the righting reflex was maintained at a constant 
concentration for at least 20 min. In our experiments, sevo-
flurane concentrations ranging from 1.4 to 1.5% were used to 
maintain light sevoflurane anesthesia. Optogenetic manipula-
tion was performed for 2 min during continuous, steady-state 
general anesthesia with sevoflurane to score arousal behavior.  
In addition, 2.5% sevoflurane was delivered for 30 min 
to induce a stable burst-suppression pattern, and optoge-
netic stimulation was performed for 2 min under burst- 
suppression conditions.

Histology
For c-Fos immunofluorescence staining, the mice were 
administered 2.4% (1 minimum alveolar concentration) 
sevoflurane inhalation for 2 h. After sevoflurane anesthesia, 
the mice were killed immediately and perfused with 0.01 
M phosphate-buffered saline followed by 4% paraformalde-
hyde. After perfusion, the brains were removed and stored 
in 4% paraformaldehyde overnight at 4°C for postfixation 
and dehydrated in 30% sucrose at 4°C until they sank. The 
brains were then serially sectioned on a freezing micro-
tome (CM1900, Leica, Germany) at –20°C. For c-Fos or 
vglut2 immunofluorescence staining, briefly, the mem-
brane permeability of sections was strengthened with 0.3%  
Triton X-100/phosphate-buffered saline for 15 min, and the 
sections were blocked with 10% goat serum in phosphate- 
buffered saline for 1 h and incubated overnight at 4°C 
with rabbit anti-c-Fos antibody (1:250; Abcam, United 

Kingdom) or anti-vglut2 antibody (1:200; Abcam, United 
Kingdom). After rinsing with phosphate-buffered saline, the 
sections were incubated with anti-rabbit secondary antibod-
ies coupled to DyLight-488 (1:300; Alexa Fluor, Molecular 
Probes Inc., USA) for 2 h at room temperature. After another 
three 10-min washes with phosphate-buffered saline, the 
slides were covered with DAPI (AR1177, Boster, China) for 
5 min, and the sections were washed, mounted, and covers-
lipped. Images were captured on a fluorescence microscope 
(DM2500, Leica Microsystems, Germany). The experiment-
ers involved in microscopy analysis were blinded to group 
allocation. The mean fluorescence intensity of c-Fos–posi-
tive neurons was analyzed on alternate sections in the para-
ventricular thalamus (approximately from bregma –1.06 to 
–2.06 mm; n = 6, where n refers to the number of animals, 
three sections per mouse). In response to peer review, addi-
tional experiments for the change in c-Fos expression in the 
paraventricular thalamus in female mice during sevoflurane 
anesthesia were added.

Statistical Analysis

In this study, we injected virus into the paraventricular 
thalamus in 135 male mice. Histological tests were carried 
out after the behavior tests to identify the position of virus 
infection. Forty-seven mice with inaccurate injection sites, 
inaccurate placement of optic fibers, or poor recovery after 
virus injection were excluded, and the other 88 mice were 
included in the data analysis. The paraventricular thalamus 
bed nucleus of the stria terminalis pathway was manipu-
lated in 112 male mice. Eighty-nine mice were used for 
data analysis, and 23 mice with inaccurate injection sites 
or poor conditions were excluded. In this study, n refers 
to the number of animals. In response to peer review, the 
paraventricular thalamus was manipulated in an additional 
60 female mice; 12 mice with inaccurate injection sites 
were excluded, and the other 48 mice were included in 
the data analysis. No a priori statistical power calculation 
was performed. Sample sizes were chosen based on similar 
experiments using chemogenetic and optogenetic meth-
ods. Before analysis, all data were tested by the Shapiro–
Wilk normality test. Parametric tests or nonparametric tests 
were used according to the results of the normality tests. 
Group differences in cell counts were tested with unpaired 
Student’s t tests. To determine the EC

50
 at the loss of the 

righting reflex or the recovery of the righting reflex and 
the corresponding 95% CI, the population percentage of 
loss/recovery of the righting versus the log scale of inhaled 
anesthetic concentration curve was generated by nonlinear 
regression with a variable slope (multiple parameters) using 
GraphPad Prism 6.0 (GraphPad Software, USA). A Bayesian 
Monte Carlo method was applied to evaluate the efficacy 
of optical stimulation for the restoration of righting during 
continuous, steady-state general anesthesia with sevoflurane, 
as previously described.10,28 For this calculation, we assumed 
a binomial model as the sampling density or likelihood 
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function for the tendency of mice in a given group to have 
the righting response. We considered the uniform density 
in the interval (0,1) as the prior density of each group since 
it is noninformative. The posterior density of each group is 
the beta density because the prior density is proportional 
to the likelihood function of the binomial model, and this 
uniform density was regarded as the conjugate prior density 
for the beta density. We calculated the posterior probability 
that the propensity to right of one group was greater than 
that of the other group. The posterior probability of the dif-
ference in the propensity to right between the two groups 
(ChR2-on and mCherry-on) was obtained from beta dis-
tributions. The Bayesian CIs that did not include 0 and a 
posterior probability greater than 0.95 were considered sta-
tistically significant. The Bayesian estimation was conducted 
and analyzed by applying appropriate codes in MATLAB 
2016a (MathWorks, United Kingdom). Arousal scoring was 
tested using a Mann–Whitney U test on the total score. 
Differences in the burst-suppression ratio and the average 
power spectral density before and during optical stimulation 
were analyzed using paired Student’s t tests. Behavior test-
ing, data were analyzed by ordinary one-way ANOVA fol-
lowed by a post hoc Bonferroni test. EEG-normalized power 
spectral density changes during the induction or emer-
gence period were analyzed by two-way repeated-measures 
ANOVA followed by a post hoc Bonferroni test. The data 
are expressed as the mean ± SD or median ± interquartile 
range (25th, 75th). In all cases, a value of P < 0.05 was con-
sidered statistically significant.

Results

Sevoflurane Inhibits Neuronal Activity in the 
Paraventricular Thalamus

To determine whether sevoflurane anesthesia is associated 
with neuron activities in the paraventricular thalamus, we 
explored the changes in neuronal activities in the paraven-
tricular thalamus under sevoflurane anesthesia. In response 
to peer review, we examined the expression of c-Fos, a 
marker of neuronal activity, after treatment with 2.4% (1 
minimum alveolar concentration) sevoflurane inhalation for 
2 h in both male and female mice. We found that neuronal 
activities in the paraventricular thalamus were suppressed 
in both male and female mice under sevoflurane anesthe-
sia, suggesting that neuronal activities in the paraventricular 
thalamus can be regulated by sevoflurane anesthesia (fig. 1, 
A and B; Supplemental Digital Content 1, fig. S1, A and B 
[http://links.lww.com/ALN/C836]).

Effects of Paraventricular Thalamus Glutamatergic 
Neuron Inhibition on Sevoflurane Induction, Emergence 
Time, and Anesthesia Sensitivity

To selectively manipulate paraventricular thala-
mus glutamatergic neurons, an adeno-associated virus 

expressing engineered hM4D(Gi) receptor (AAV-CaMKIIa-
hM4D(Gi)-mCherry) or a control virus (AAV-CaMKIIa-
mCherry) was microinjected into the paraventricular 
thalamus (fig.  2A). Extensive mCherry fluorescence was 
detected in the paraventricular thalamus at 3 weeks after 
microinjection (fig. 2B). By obtaining whole-cell recordings 
from acute brain slices (fig. 2C), we further confirmed that 
the application of clozapine N-oxide (10 µM) could signifi-
cantly inhibit paraventricular thalamus glutamatergic neu-
rons, suggesting that the activity of hM4D(Gi)-expressing  
paraventricular thalamus glutamatergic neurons could be 
suppressed by clozapine N-oxide in vitro.

The loss of the righting reflex and the recovery of the 
righting reflex in mice have been considered surrogates of 
anesthetic-induced loss and recovery of consciousness in 
humans.32 To further explore the effects of paraventricu-
lar thalamus glutamatergic neuron inhibition on sevoflu-
rane-induced loss and recovery of consciousness, the mice 
were exposed to 2.4% sevoflurane, and the time to the loss 
of the righting reflex was investigated in male mice. In 
response to peer review, female mice were added to this 
experiment. In addition, we found that the induction time 
was reduced in the hM4D–clozapine N-oxide group com-
pared with that in the hM4D-saline group (male and female: 
101 ± 32 vs. 132 ± 30 s, P = 0.009, n = 24; fig. 2D; male: 
116 ± 36 vs. 154 ± 23 s, P = 0.012, n = 12; Supplemental 
Digital Content 1, fig. S2A [http://links.lww.com/ALN/
C836]; female: 86 ± 20 vs. 109 ± 15 s, P = 0.025, n = 12; 
Supplemental Digital Content 1, fig. S3A [http://links.lww.
com/ALN/C836]) and the mCherry–clozapine N-oxide 
group (male and female: 101 ± 32 vs. 136 ± 34 s, P = 0.002, 
n = 24; fig. 2D; male: 116 ± 36 vs. 163 ± 22 s, P = 0.001,  
n = 12; Supplemental Digital Content 1, fig. S2A [http://
links.lww.com/ALN/C836]; female: 86 ± 20 vs. 110 ± 18 s, 
P = 0.019, n = 12; Supplemental Digital Content 1, fig. 
S3A [http://links.lww.com/ALN/C836]). After a 30-min 
2.4% sevoflurane exposure, the sevoflurane was shut off, and 
the hM4D group with the delivery of clozapine N-oxide 
showed a significant increase in the duration to the recovery 
of the righting reflex compared to that in the hM4D-saline 
group (male and female: 281 ± 88 vs. 156 ± 40 s, P < 0.001, 
n = 24; fig.  2E; male: 267 ± 84 vs. 157 ± 41 s, P < 0.001,  
n = 12; Supplemental Digital Content 1, fig. S2B [http://
links.lww.com/ALN/C836]; female: 295 ± 92 vs. 154 ± 42 s, 
P < 0.001, n = 12; Supplemental Digital Content 1, fig. S3B 
[http://links.lww.com/ALN/C836]) and the mCherry–
clozapine N-oxide group (male and female: 281 ± 88 vs. 
172 ± 48 s, P < 0.001, n = 24; fig.  2E; male: 267 ± 84 vs. 
169 ± 45 s, P < 0.001, n = 12; Supplemental Digital Content 1,  
fig. S2B [http://links.lww.com/ALN/C836]; female: 
295 ± 92 vs. 176 ± 53 s, P < 0.001, n = 12; Supplemental 
Digital Content 1, fig. S3B [http://links.lww.com/ALN/
C836]), indicating that the inhibition of paraventricular 
thalamus glutamatergic neurons prolonged the sevoflurane 
anesthesia emergence time.
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To further determine the role of paraventricular thalamus 
glutamatergic neurons in sevoflurane anesthesia sensitivity, the 
dose–response curve of the percentage of loss of the righting 
reflex or the recovery of the righting reflex versus sevoflurane 
concentration was plotted. We found that the dose–response 
curves of both the loss and the recovery of the righting reflex 
were left-shifted for the hM4D–clozapine N-oxide group 
compared with those in the hM4D-saline group and the 
mCherry–clozapine N-oxide group in male mice. In response 
to peer review, additional experiments in female mice were 
added in this experiment. The concentration at which 50% 
of the mice lost their righting reflex of sevoflurane was sig-
nificantly decreased in the hM4D–clozapine N-oxide group 
compared with that in the hM4D-saline group (male and 
female: mean [95% CI], 1.16 [1.12 to 1.20] vs. 1.43 [1.40 
to 1.46] vol%, P < 0.001, n = 20; fig.  2F; Supplemental 
Digital Content 1, table S1 [http://links.lww.com/ALN/
C836]; male: 1.20 [1.18 to 1.21] vs. 1.45 [1.44 to 1.46] vol%,  
P < 0.001, n = 10; Supplemental Digital Content 1, fig. 
S2C, table S2 [http://links.lww.com/ALN/C836]; female: 
1.11 [1.04 to 1.18] vs. 1.40 [1.35 to 1.46] vol%, P < 0.001,  
n = 10; Supplemental Digital Content 1, fig. S3C, table S3 
[http://links.lww.com/ALN/C836]) and the mCherry–
clozapine N-oxide group (male and female: 1.16 [1.12 to 
1.20] vs. 1.49 [1.46 to 1.53] vol%, P < 0.001, n = 20; fig. 2F; 
Supplemental Digital Content 1, table S1 [http://links.lww.
com/ALN/C836]; male: 1.20 [1.18 to 1.21] vs. 1.50 [1.44 to 
1.57] vol%, P < 0.001, n = 10; Supplemental Digital Content 1, 
fig. S2C, table S2 [http://links.lww.com/ALN/C836]; female: 
1.11 [1.04 to 1.18] vs. 1.48 [1.43 to 1.53] vol%, P < 0.001, 
n = 10; Supplemental Digital Content 1, fig. S3C, table S3 
[http://links.lww.com/ALN/C836]), and the concentration 

at which 50% of the mice recovered their righting reflex 
(EC

50
) of sevoflurane was lowered in the hM4D–clozap-

ine N-oxide group compared with that in the hM4D-sa-
line group (male and female: mean [95% CI], 0.95 [0.86 to 
1.03] vs. 1.32 [1.29 to 1.34] vol%, P < 0.001, n = 20; fig. 2G; 
Supplemental Digital Content 1, table S1 [http://links.lww.
com/ALN/C836]; male: 1.07 [0.94 to 1.22] vs. 1.32 [1.29 to 
1.36] vol%, P = 0.009, n = 10; Supplemental Digital Content 
1, fig. S2D, table S2 [http://links.lww.com/ALN/C836]; 
female: 0.86 [0.81 to 0.91] vs. 1.32 [1.27 to 1.36] vol%, P < 
0.001, n = 10; Supplemental Digital Content 1, fig. S3D, table 
S3 [http://links.lww.com/ALN/C836]) and the mCherry–
clozapine N-oxide group (male and female: mean [95% CI], 
0.95 [0.86 to 1.03] vs. 1.34 [1.29 to 1.40] vol%, P < 0.001, n = 
20; fig. 2G; Supplemental Digital Content 1, table S1 [http://
links.lww.com/ALN/C836]; male: 1.07 [0.94 to 1.22] vs. 1.38 
[1.34 to 1.42] vol%, P = 0.003, n = 10; Supplemental Digital 
Content 1, fig. S2D, table S2 [http://links.lww.com/ALN/
C836]; female: 0.86 [0.81 to 0.91] vs. 1.30 [1.23 to 1.36] 
vol%, P < 0.001, n = 10; Supplemental Digital Content 1,  
fig. S3D, table S3 [http://links.lww.com/ALN/C836]). Taken 
together, our results indicate that the blockade of the activi-
ties of paraventricular thalamus glutamatergic neurons facili-
tated induction, delayed emergence, and increased sevoflurane 
anesthesia sensitivity.

Chemogenetic Inhibition of Paraventricular Thalamus 
Glutamatergic Neurons Accelerates Cortical Sedation 
and Suppresses Cortical Arousal from Sevoflurane 
Anesthesia
To further determine how the inhibition of paraventricu-
lar thalamus glutamatergic neurons could affect induction 

Fig. 1.  c-Fos expression in the paraventricular thalamus under sevoflurane anesthesia. (A) Representative images of c-Fos immunofluores-
cence in the paraventricular thalamus between the awake and sevoflurane anesthesia groups in male mice. (Left) Representative brain sec-
tions stained with c-Fos (green). Scale bars, 200 μm. (Right) Magnified images. Scale bars, 100 μm. (B) Quantitative analysis of the intensity 
of c-Fos staining in the paraventricular thalamus. The data are shown as the mean ± SD. ***P < 0.001 (n = 6 for each group). D3V, dorsal 3rd 
ventricle; PVT, paraventricular thalamus; Sevo, sevoflurane.
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and arousal, we obtained EEG recordings from the somato-
sensory cortex in male mice. As shown in figure  3, A to 
C, compared with saline administration, hM4D expression 
group delivery of clozapine N-oxide induced a quick tran-
sition from an awake-EEG state to an anesthesia-EEG state 
because at baseline, the animals were already sedated, with 

higher delta activity, as described previously.15 Power spec-
tral density analysis of the EEG signal suggested a promi-
nent interaction between clozapine N-oxide and the EEG 
frequency band during the sevoflurane anesthesia induc-
tion and recovery periods. During the anesthesia induction 
period, the group with the delivery of clozapine N-oxide 

Fig. 2.  Effects of chemogenetic inhibition of paraventricular thalamus glutamatergic neurons on sevoflurane induction, emergence time, and 
anesthesia sensitivity. (A) Schematic of virus injection. (B) Representative images showing the expression of hM4D(Gi) receptors (red) in the 
paraventricular thalamus. Scale bar, 100 μm. (C) Whole-cell patch clamping of paraventricular thalamus glutamatergic neurons expressing 
hM4D showing suppressed action potential responses to the application of clozapine N-oxide (10 μM) in vitro. (D and E) Time to induction 
(D) and emergence (E) with exposure to 2.4% sevoflurane (1 minimum alveolar concentration) for 30 min after pretreatment with saline or 
clozapine N-oxide in the control group (AAV-CaMKIIa-mCherry) and the hM4D group (AAV-CaMKIIa-hM4D-mCherry), respectively. The data 
are shown as the mean ± SD (one-way ANOVA). **P < 0.01; ***P < 0.001 (post hoc Bonferroni test, hM4D–clozapine N-oxide vs. hM4D-sa-
line/mCherry–clozapine N-oxide, n = 24 for each group). (F and G) Dose–response curves of the loss of the righting reflex (F) and the recovery 
of the righting reflex (G) between paraventricular thalamus inhibition and control mice.
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Fig. 3.  Chemogenetic inhibition of paraventricular thalamus glutamatergic neurons induced electroencephalogram changes during sevoflurane 
anesthesia. (A) Representative raw electroencephalogram traces during the sevoflurane induction period in hM4D mice after the delivery of 
clozapine N-oxide or saline. (B and C) Representative electroencephalogram power spectrograms during the induction period after the administra-
tion of saline (B) or clozapine N-oxide (C). Time zero on the timeline represents the initiation of sevoflurane anesthesia. (D) Electroencephalogram 
traces 5 min after the initiation of sevoflurane anesthesia were analyzed. Normalized power spectral densities in the hM4D-saline (black) and 
hM4D–clozapine N-oxide (green) groups during the sevoflurane induction period. (E) Quantitative analysis of normalized power spectral density. 
Compared with the hM4D-saline group, the hM4D–clozapine N-oxide group showed a significant increase in electroencephalogram delta power. 
The data are shown as the mean ± SD (two-way ANOVA). **P < 0.01 (post hoc Bonferroni test, hM4D–clozapine N-oxide vs. hM4D-saline, n = 8 
for each group). (F) Representative raw electroencephalogram traces during the emergence period in hM4D mice after the delivery of clozapine 
N-oxide or saline. (G and H) Representative electroencephalogram power spectrograms during the sevoflurane anesthesia recovery period in the 
hM4D-saline (black) and hM4D–clozapine N-oxide (green) groups. Time zero on the timeline indicates the cessation of sevoflurane anesthesia. (I) 
Electroencephalogram traces 5 min after the discontinuation of sevoflurane anesthesia were analyzed. Normalized power spectral density in the 
hM4D-saline (black) and hM4D–clozapine N-oxide (green) groups during the sevoflurane emergence period. (J) In the recovery period, quantita-
tive analysis of normalized power spectral density shows that in the hM4D group, the delivery of clozapine N-oxide led to a significant increase 
in delta power and a decrease in theta power compared with those resulting from the delivery of saline. The data are shown as the mean ± SD  
(two-way ANOVA). **P < 0.01; ****P < 0.0001 (post hoc Bonferroni test, hM4D–clozapine N-oxide vs. hM4D-saline, n = 8 for each group).

Copyright © 2022, the American Society of Anesthesiologists. All Rights Reserved. Unauthorized reproduction of this article is prohibited.

D
ow

nloaded from
 http://asa2.silverchair.com

/anesthesiology/article-pdf/136/5/709/670859/20220500.0-00014.pdf by guest on 19 April 2024



718	 Anesthesiology 2022; 136:709–31	

PERIOPERATIVE MEDICINE

Li et al.

showed a significant increase in the delta band (45.0 ± 5.5%) 
compared with that in the hM4D-saline group (39.1 ± 6.0%, 
P = 0.001, n = 8), while the other bands (theta, alpha, beta, 
and gamma bands) showed no significant difference (fig. 3, 
D and E), indicating that the inhibition of paraventricular 
thalamus glutamatergic neurons accelerated sevoflurane- 
induced sedation. During the sevoflurane anesthesia recov-
ery period, the transition from an anesthesia-EEG state to 
an awake-EEG state was delayed in the hM4D–clozapine 
N-oxide group (fig. 3, F and H). The power in the delta 
band showed a significant increase in the hM4D–clozapine  
N-oxide group (42.0 ± 3.1%) compared with that in the 
hM4D-saline group (34.9 ± 3.0%, P < 0.0001, n = 8), while 
the power in the theta band was decreased in the hM4D–
clozapine N-oxide group (17.6 ± 1.2%) compared with that 
in the control group (22.8 ± 3.3%, P = 0.004, n = 8; fig. 3, I 
and J). These findings suggest that the inhibition of paraven-
tricular thalamus glutamatergic neurons suppressed cortical 
arousal from sevoflurane anesthesia.

Optogenetic Activation of Paraventricular Thalamus 
Glutamatergic Neurons Induces Behavioral Arousal and 
Reduces the Depth of Anesthesia during the Sevoflurane 
Anesthesia Maintenance Period
To further test the effects of paraventricular thalamus glu-
tamatergic neurons on sevoflurane anesthesia, we stimu-
lated the neuronal activity of the paraventricular thalamus 
in vivo using optogenetics (fig. 4A). The immunofluores-
cence results verified that the paraventricular thalamus 
neurons had been successfully transfected with optoge-
netic viruses (fig. 4B). Whole-cell recordings showed that 
neurons expressing the ChR2 virus in the paraventricular 
thalamus were successfully activated by optical stimula-
tion (fig. 4C). We stimulated the paraventricular thalamus 
in vivo with a 10-ms pulse width of blue light (473 nm) 
at 10 Hz in male mice according to previous literature.15 
When exposed to 2.4% sevoflurane, constant optogenetic 
stimulation of the paraventricular thalamus significantly 
increased the time to the loss of the righting reflex in the 
ChR2-on group (188 ± 30 s) compared with that in the 
ChR2-off group (138 ± 33 s, P = 0. 021, n = 8; fig. 4D) 
and the mCherry-on group (144 ± 28 s, P = 0. 048, n = 8; 
fig. 4D). For sevoflurane anesthesia emergence, the time to 
recovery of the righting reflex was significantly reduced 
in the ChR2-on group (102 ± 27 s) compared with that in 
the ChR2-off group (166 ± 52 s, P = 0. 011, n = 8; fig. 4E) 
and the mCherry-on group (159 ± 33 s, P = 0. 029, n = 8; 
fig. 4E). These results indicate that the activation of para-
ventricular thalamus glutamatergic neurons delayed induc-
tion and accelerated behavioral arousal from sevoflurane 
anesthesia.

To further test whether the activation of paraventricu-
lar thalamus glutamatergic neurons is capable of restoring 
states of consciousness during the sevoflurane anesthesia 
maintenance period, we used optogenetics to instanta-
neously stimulate neuronal activities in the paraventricular 

thalamus when mice lost their righting reflex for 20 min 
during continuous steady-state general anesthesia with 1.4 
to 1.5% sevoflurane. We found that optical stimulation of 
paraventricular thalamus glutamatergic neurons in male 
mice induced similar evidence of arousal behavior (fig. 4F; 
Supplemental Digital Content 1, table S5 [http://links.lww.
com/ALN/C836]; Supplemental Digital Content 2, video 
S1 [http://links.lww.com/ALN/C837]), including leg, 
head, and tail movements (8 of 8), righting (6 of 8), and walk-
ing (5 of 8), in mice in the ChR2-on group during the light 
sevoflurane anesthesia maintenance period (Supplemental 
Digital Content 1, table S5 [http://links.lww.com/ALN/
C836]). To rule out the influence of the light stimulus, we 
injected AAV-CaMKIIa-mCherry into the paraventricular 
thalamus as a control experiment, and this evident arousal 
behavior was scarcely observed in mice in the mCherry-on 
(Supplemental Digital Content 1, table S5 [http://links.
lww.com/ALN/C836]; Supplemental Digital Content 3,  
video S2 [http://links.lww.com/ALN/C838]) or the 
ChR2-off group (Supplemental Digital Content 1, table 
S5 [http://links.lww.com/ALN/C836]). The Bayesian 95% 
CI for the difference in the propensity of righting derived 
from the beta distribution between the ChR2-on group 
and the mCherry-on group was 0.185 to 0.865 under 
sevoflurane continuous steady-state general anesthesia with 
optostimulation of paraventricular thalamus glutamatergic 
neurons at 10 Hz for 120 s (fig. 4, G and H). The poste-
rior probability of the difference in righting between the 
ChR2-on group and the mCherry-on group greater than 
0 was 0.997, which was statistically significant (fig.  4H). 
These results suggest that the stimulation of paraventricu-
lar thalamus glutamatergic neurons was sufficient to evoke 
behavioral arousal during the light anesthesia maintenance 
period. In addition, we further explored whether the acti-
vation of paraventricular thalamus glutamatergic neurons 
affects the maintenance period of deep anesthesia under 
burst suppression. As shown in figure 5, A to E, the photo-
stimulation of the paraventricular thalamus caused a rapid 
increase in EEG burst duration (fig. 5A) and decreased the 
burst-suppression ratio from 59.4 ± 19.5 to 11.7 ± 10.4%  
(P < 0. 001, n = 7; fig. 5E; Supplemental Digital Content 4, 
video S3 [http://links.lww.com/ALN/C839]) during the 
burst-suppression state induced by 2.5% sevoflurane in male 
mice. Additionally, the average power spectral density anal-
ysis of the EEG showed an increase in the delta, alpha, beta, 
and gamma bands during photostimulation compared with 
prestimulation (fig. 5, B to D). As shown in figure 5, F to J, 
there were no significant differences in raw EEG (fig. 5F; 
Supplemental Digital Content 5, video S4 [http://links.
lww.com/ALN/C840]), burst-suppression ratio (fig.  5J), 
or power spectral densities during optical stimulation com-
pared with prestimulation in mice in the mCherry group 
(fig. 5, G to I). These results suggest that the stimulation of 
paraventricular thalamus glutamatergic neurons can drive 
cortical activation and reduce anesthesia depth during the 
maintenance period of deep sevoflurane anesthesia.
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Fig. 4.  Optogenetic activation of paraventricular thalamus glutamatergic neurons delayed induction, accelerated emergence, and induced 
arousal-like responses under continuous steady-state general anesthesia with sevoflurane. (A) Schematic representation of virus injection. 
(B) Representative image showing the expression of channelrhodopsin-2 (ChR2) –mCherry (red) in the paraventricular thalamus and confirm-
ing the location of the optic fiber in the paraventricular thalamus. Scale bar, 200 μm. (C) Example traces of neuronal firing of ChR2-expressing 
paraventricular thalamus glutamatergic neurons evoked by 473-nm photostimulation at 10 Hz. (D and E) Induction time (D) and emergence 
time (E) with exposure to 2.4% sevoflurane (1 minimum alveolar concentration) during 10-Hz blue laser stimulation in ChR2-expressing and 
control mice. The data are shown as the mean ± SD (one-way ANOVA). *P < 0.05 (post hoc Bonferroni test, hM4D–clozapine N-oxide vs. 
hM4D-saline/mCherry–clozapine N-oxide, n = 8 for each group). (F) Total arousal response score for the optical stimulation of paraventricular 
thalamus glutamatergic neurons (10-ms pulses, 10 Hz, 120 s) during continuous steady-state general anesthesia with 1.4 to 1.5% sevoflu-
rane. The data are shown as the medians and interquartile ranges (25th, 75th). ***P < 0.001 (n = 8 in the ChR2-on/off group, and n = 6 in 
the mCherry-on group). (G) Posterior densities for the propensity of righting for the ChR2-on (red), ChR2-off (green), and mCherry-on (blue) 
groups. Posterior densities are obtained from beta distributions. (H) Posterior probability of the difference between the ChR2-on group and 
the mCherry-on group during continuous steady-state general anesthesia with sevoflurane.
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Fig. 5.  Optogenetic activation of paraventricular thalamus glutamatergic neurons induced cortical activation under sevoflurane burst- 
suppression conditions. (A and B) Representative raw electroencephalogram traces (A) and electroencephalogram power spectra (B) in a 
mouse injected with AAV-CaMKIIa-ChR2-mCherry. The blue shading represents periods of light stimulation (10-ms pulses; 10 Hz; 120 s). 
Time zero indicates the beginning of optical stimulation during sevoflurane-induced burst suppression. (C) Average power spectral density 
in the PVT-ChR2 mice computed from 120 s before stimulation (blue) to 120 s during optical stimulation (red). (D) Quantitative analysis of the 
average power spectral density showed that photostimulation increased the delta, alpha, beta, and gamma power in PVT-ChR2 mice. The 
data are shown as the mean ± SD). *P < 0.05; **P < 0.01 (n = 8 in each group). (E) The electroencephalogram burst suppression ratio was 
significantly reduced by optical stimulation during continuous 2.5% sevoflurane anesthesia in PVT-ChR2 mice. ***P < 0.001 (n = 7 in each 
group). (F and G) Typical examples of electroencephalogram traces (F) and electroencephalogram power spectra (G) in the control group 
(AAV-CaMKIIa–mCherry). (H) Average power spectral density in the control group computed from 120 s before stimulation (blue) to 120 s 
after optical stimulation (red). (I) Quantitative analysis of the average power spectral density showed no significant difference between the 
prestimulation and stimulation periods in the control group. (J) Effect of optical stimulation on the electroencephalogram burst suppression 
ratio during continuous sevoflurane anesthesia in the control group (P = 0.912, n = 7 for each group).
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Fig. 6.  The paraventricular thalamus glutamatergic neurons project onto the glutamatergic and γ-aminobutyric acid–mediated neurons in the bed 
nucleus of the stria terminalis. (A) Schematic representation of virus injection location and glutamatergic cell type–specific anterograde tracing. (B) 
Representative images showing ChR2-expressing cells in the vglut2+ neurons of the paraventricular thalamus (left; scale bars, 100 μm) and mCher-
ry-expressing axon terminals in the bed nucleus of the stria terminalis (right; scale bars, 1 mm) of vglut2-cre mice. (C) Coexpression of mCherry+ 
neurons (red) and vglut2+ neurons (green) in the paraventricular thalamus. Scale bars, 50 μm; blue, 4′,6-diamidino- 
2-phenylindole for nuclear staining. (D and E) Schematic diagrams of rabies virus–mediated monosynaptic tracing. (F) Representative images of the 
virus injection site and expression within the bed nucleus of the stria terminalis. Starter cells (yellow) coexpress avian tumor virus receptor A (TVA)-
green fluorescent protein (green), rabies virus G, and rabies virus–EnvA-ΔG-DsRed (red) in the bed nucleus of the stria terminalis of vgat-Cre mice 
(upper) and vglut2-Cre (lower) mice. Scale bars, 100 μm. (G) Representative images of presynaptic cells in the paraventricular thalamus. Rabies  
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Chemogenetic Dissection Identification of the 
Paraventricular Thalamus Bed Nucleus of the Stria 
Terminalis Pathway

Previous studies have shown that paraventricular thalamus 
neurons are primarily glutamatergic neurons and are posi-
tive for VGLUT2 mRNA but not VGLUT1 mRNA.33 To 
characterize contacts between the paraventricular thalamus 
and the bed nucleus of the stria terminalis, we first microin-
jected an adeno-associated virus expressing Cre-dependent 
channelrhodopsin-2 (AAV-DIO-ChR2-mCherry) into the 
paraventricular thalamus of vglut2-Cre mice (fig.  6, A to 
C). We observed that mCherry+ glutamatergic cell bodies 
in the paraventricular thalamus and mCherry+ fibers were 
mainly detected in the dorsolateral bed nucleus of the 
stria terminalis, as well as in other brain regions (fig. 6B; 
Supplemental Digital Content 1, fig. S4 [http://links.lww.
com/ALN/C836]).

To further identify the cell type–specific connections 
between the paraventricular thalamus and the bed nucleus 
of stria terminalis neurons, we applied a Cre-dependent 
retrograde transmonosynaptic tracing tactic to ascertain 
the specific neuronal type of the bed nucleus of the stria 
terminalis that receives paraventricular thalamus excitatory 
projections (fig. 6D). Since glutamatergic and GABAergic 
neurons are typical and dominant cells in the bed nucleus 
of the stria terminalis, Cre-dependent helper viruses (AAV-
EF1α-DIO-TVA-green fluorescent protein and AAV-
EF1α-DIO-RVG) were microinjected into the bed nucleus 
of the stria terminalis of vglut2-Cre mice or vgat-Cre 
mice (fig. 6E). After 3 weeks, rabies virus (RV-ENVA-ΔG-
dsRed) was microinjected into the same site and infected 
only the helper virus–positive neurons in the bed nucleus 
of the stria terminalis. Rabies virus could be transmitted 
retrogradely across monosynapses in the presence of these 
helper viruses. Glutamatergic or GABAergic neurons in the 
bed nucleus of the stria terminalis expressing both red and 
green fluorescent signals simultaneously were considered 
starter cells (fig. 6F). We observed intensely dsRed-labeled 
neurons in the paraventricular thalamus of vglut2-Cre mice 
and vgat-Cre mice (fig. 6G), suggesting that paraventricular 
thalamus neurons innervate glutamatergic and GABAergic 
neurons in the bed nucleus of the stria terminalis. 
Additionally, our immunofluorescence staining showed that 

the dsRed-labeled signal was largely colocalized with the 
vglut2 antibody signal (fig. 6, H and I), indicating that both 
GABAergic and glutamatergic neurons in the bed nucleus 
of the stria terminalis receive paraventricular thalamus glu-
tamatergic projections directly. Only male mice were used 
in these experiments.

Chemogenetic Inhibition of the Paraventricular 
Thalamus Bed Nucleus of the Stria Terminalis Pathway 
Modulates Sevoflurane Anesthesia

To further verify the necessity of this specific pathway in 
regulating states of consciousness during sevoflurane anes-
thesia, retrograde transport Cre recombinase AAV

retro
-Syn-

Cre was bilaterally microinjected into the bed nucleus 
of the stria terminalis, and Cre-dependent AAV-EF1α-
DIO-hM4D-mCherry or AAV-EF1α-DIO-mCherry was 
injected into the paraventricular thalamus for selective 
chemogenetic inhibition of paraventricular thalamus neu-
rons that projected to the bed nucleus of the stria termina-
lis (fig. 7, A to C). We explored the effects on sevoflurane 
induction and emergence after the delivery of saline or 
clozapine N-oxide into hM4D-mCherry and mCherry 
(control) mice, respectively. The experiments were per-
formed only in male mice. Our results showed that when 
exposed to 2.4% sevoflurane, the hM4D–clozapine N-oxide 
group showed a significant decrease in the induction time 
(87 ± 24 s) compared with that in the hM4D-saline group 
(136 ± 36 s, P = 0.002, n = 12; fig. 7D) and the mCherry–
clozapine N-oxide group (124 ± 29 s, P = 0. 032, n = 12; 
fig. 7D). The time to recovery of the righting reflex of sevo-
flurane anesthesia was prolonged in the hM4D–clozapine 
N-oxide group (292 ± 108 s) compared with that in the 
hM4D-saline group (174 ± 59 s, P = 0. 003, n = 12; fig. 7E) 
and the mCherry–clozapine N-oxide group (160 ± 73 s,  
P < 0. 001, n = 12; fig. 7E) after a 30-min exposure to 2.4% 
sevoflurane. The concentration at which 50% of the mice 
lost their righting reflex (EC

50
) of sevoflurane was decreased 

in the hM4D–clozapine N-oxide group compared with 
that in the hM4D-saline group (1.13 [1.09 to 1.17] vs. 
1.40 [1.36 to 1.44] vol%, n = 10; fig.  7F; Supplemental 
Digital Content 1, table S4 [http://links.lww.com/ALN/
C836]) and the mCherry–clozapine N-oxide group (1.13 
[1.09 to 1.17] vs. 1.42 [1.38 to 1.47] vol%, n = 10; fig. 7F; 
Supplemental Digital Content 1, table S4 [http://links.
lww.com/ALN/C836]). The concentration at which 50% 
of the mice recovered their righting reflex (EC

50
) of sevo-

flurane was also reduced in the hM4D–clozapine N-oxide 
group compared with that in the hM4D-saline group (1.03 
[0.97 to 1.09] vs. 1.30 [1.26 to 1.35] vol%, n = 10; fig. 7G; 
Supplemental Digital Content 1, table S4 [http://links.lww.
com/ALN/C836]) and the mCherry–clozapine N-oxide 
group (1.03 [0.97 to 1.09] vs. 1.33 [1.28 to 1.39] vol%,  
n = 10; fig. 7G; Supplemental Digital Content 1, table S4 
[http://links.lww.com/ALN/C836]). Taken together, these 
results suggest that the suppression of the paraventricular 

Fig. 6.  (Continued ) virus–labeled cells within the paraventricu-
lar thalamus of vgat-Cre mice (left) and vglut2-Cre (right) mice. 
Scale bars, 100 μm. (H) Identification of rabies virus–labeled neu-
rons in the paraventricular thalamus. White arrows represent the 
colocalization of RV signals (red) and vglut2 antibody in vgat-Cre 
or vglut2-Cre mice. Scale bars, 50 μm. (I) Quantitation of the per-
centage of vglut2-expressing rabies virus–positive cells that pro-
jected onto the γ-aminobutyric acid–mediated and glutamatergic 
neurons in the bed nucleus of the stria terminalis (n = 4 for each 
group).
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thalamus bed nucleus of the stria terminalis pathway sped 
up the induction, delayed the recovery, and increased the 
sensitivity of sevoflurane anesthesia.

For cortical EEG activity, compared with saline injec-
tion, the inhibition of the paraventricular thalamus bed 
nucleus of the stria terminalis pathway in male mice led 
to an obvious increase in delta power during sevoflurane 

anesthesia induction (35.5 ± 3.8% vs. 47.2 ± 3.3%, P < 0. 0001,  
n = 8; fig. 8, D and E) and emergence periods (39.4 ± 1.5% 
vs. 43.7 ± 2.6%, P = 0. 001, n = 8; fig. 8, I and J), indicat-
ing that the paraventricular thalamus bed nucleus of the 
stria terminalis pathway could affect cortical sedation and 
arousal under sevoflurane anesthesia. Taken together, these 
results suggest that the paraventricular thalamus bed nucleus 

Fig. 7.  The inhibition of the pathway from the paraventricular thalamus to the bed nucleus of the stria terminalis promoted induction and 
prolonged behavioral arousal from sevoflurane anesthesia. (A and B) Schematic representation of virus injection. AAV-DIO-hM4D-mCherry (or 
AAV-DIO-mCherry) was injected into the paraventricular thalamus, and AAVretro-hSyn-Cre virus was injected into the bed nucleus of the stria 
terminalis. (C) Expression of hM4D-mCherry in neurons of the paraventricular thalamus that project to the bed nucleus of the stria terminalis. 
Scale bar, 100 μm. (D and E) Induction (D) and emergence (E) times with exposure to 2.4% sevoflurane (1 minimum alveolar concentration) in 
the inhibition group and the control group. The data are shown as the mean ± SD (one-way ANOVA). *P < 0.05; **P < 0.01; ***P < 0.001 (post 
hoc Bonferroni test, hM4D–clozapine N-oxide vs. hM4D-saline/mCherry–clozapine N-oxide, n = 12 for each group). (F and G) Dose–response 
curves of the loss of the righting reflex (F) and the recovery of the righting reflex (G) for the inhibition group and the control group.
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Fig. 8.  The inhibition of the pathway from the paraventricular thalamus to the bed nucleus of the stria terminalis suppressed cortical electro-
encephalogram arousal during sevoflurane anesthesia. (A) Example of raw electroencephalogram traces during the induction period in hM4D 
mice after the delivery of clozapine N-oxide or saline. (B and C) Representative electroencephalogram power spectrograms of the suppres-
sion of the pathway from the paraventricular thalamus to the bed nucleus of the stria terminalis during the sevoflurane anesthesia induction 
period. Time zero on the timeline represents the initiation of sevoflurane anesthesia. (D) Normalized power spectral density changes during 
the sevoflurane induction period after intraperitoneal injection of saline or clozapine N-oxide (3 mg/kg). (E) Quantitative analysis of normal-
ized power spectral density. Compared with saline, clozapine N-oxide induced a significant increase in the electroencephalogram delta power  
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of the stria terminalis pathway plays a vital role in sevoflu-
rane anesthesia induction and emergence.

Optogenetic Activation of the Paraventricular Thalamus 
Bed Nucleus of the Stria Terminalis Pathway Modulates 
States of Consciousness during Sevoflurane Anesthesia

To further examine the role of projections from the para-
ventricular thalamus to the bed nucleus of the stria ter-
minalis in sevoflurane anesthesia induction, maintenance, 
and emergence, we injected AAV-DIO-ChR2-mCherry 
or AAV-DIO-mCherry into the paraventricular thalamus 
of vglut2-Cre mice and then implanted optical fibers above 
the bed nucleus of the stria terminalis (fig. 9, A to C). We 
stimulated PVTvglut2+ terminals in the bed nucleus of the 
stria terminalis with a 10-ms pulse width of blue light 
(473 nm) at 10 Hz in mice. Only male mice were used in 
this experiment.

Our results showed that the induction time in the 
ChR2-on group was significantly prolonged compared 
with that in the ChR2-off group (154 ± 24 s vs. 103 ± 36 s, 
P = 0.012, n = 8; fig.  9D) and the mCherry-on group 
(154 ± 24 s vs. 109 ± 33 s, P = 0.034, n = 8; fig. 9D). We also 
found that the emergence time in the ChR2-on group was 
significantly reduced compared with that in the ChR2-off 
group (107 ± 22 s vs. 169 ± 41 s, P = 0.012, n = 8; fig. 9E) 
and the mCherry-on group (107 ± 22 s vs. 160 ± 34 s,  
P = 0.042, n = 8; fig. 9E). All these results indicate that the 
paraventricular thalamus bed nucleus of the stria terminalis 
pathway may be the necessary pathway for the modulation 
of sevoflurane anesthesia induction and emergence.

Our results also showed that optical stimulation of 
PVTvglut2+ terminals in the bed nucleus of the stria termi-
nalis induced similar evidence of arousal behavior (fig. 9F; 
Supplemental Digital Content 1, table S6 [http://links.
lww.com/ALN/C836]; Supplemental Digital Content 6, 
video S5 [http://links.lww.com/ALN/C841]), including 

leg, head, and tail movements (8 of 8), righting (5 of 8), and 
walking (3 of 8), in mice of the ChR2-on group during 
continuous steady-state general anesthesia with sevoflurane 
(Supplemental Digital Content 1, table S6 [http://links.
lww.com/ALN/C836]), while this evident arousal behavior 
was barely seen in mice of the mCherry-on (Supplemental 
Digital Content 1, table S6 [http://links.lww.com/
ALN/C836]; Supplemental Digital Content 7, video S6 
[http://links.lww.com/ALN/C842]) or ChR2-off groups 
(Supplemental Digital Content 1, table S6 [http://links.
lww.com/ALN/C836]). The Bayesian 95% CI for the dif-
ference in the propensity of righting at 10 Hz between the 
ChR2-on group and the mCherry-on group was 0.081 to 
0.795 under sevoflurane continuous steady-state general 
anesthesia with the optostimulation of the paraventricular 
thalamus bed nucleus of the stria terminalis pathway (fig. 9, 
G and H). The posterior probability of the difference in 
righting between the two groups greater than 0 was 0.990, 
which was statistically significant (fig. 9H). In addition, the 
activation of the paraventricular thalamus bed nucleus of 
the stria terminalis projections caused a rapid increase in 
burst duration (fig.  10A; Supplemental Digital Content 
8, video S7 [http://links.lww.com/ALN/C843]) and a 
significant increase in delta power compared with those 
observed prestimulation (fig.  10, C and D) and a signifi-
cantly decreased burst-suppression ratio from 43.1 ± 10.4% 
to 2.8 ± 2.7% (P < 0.001, n = 8; fig. 10E) during sevoflu-
rane-induced burst-suppression conditions, which was not 
seen in mCherry mice (fig. 10, F to J; Supplemental Digital 
Content 9, video S8 [http://links.lww.com/ALN/C844]). 
Our results indicate that the activation of the paraventric-
ular thalamus bed nucleus of the stria terminalis pathway is 
sufficient to induce behavioral emergence during contin-
uous steady-state general anesthesia with sevoflurane and 
rapidly reduce the depth of anesthesia during deep sevoflu-
rane anesthesia.

Discussion
In the current study, we verified the regulatory effects of 
paraventricular thalamus glutamatergic neurons and the 
paraventricular thalamus bed nucleus of the stria termi-
nalis pathway on sevoflurane-induced unconsciousness. 
Inhibition of paraventricular thalamus glutamatergic neu-
rons or their pathways promoted the loss of consciousness 
and prolonged the recovery of consciousness, whereas 
activation induced opposite effects. Moreover, the cortical 
EEG activity during the induction and recovery periods of 
sevoflurane anesthesia was remarkably affected by the inhi-
bition of paraventricular thalamus glutamatergic neurons 
or their pathways. Instantaneous optogenetic stimulation 
of paraventricular thalamus glutamatergic neurons or their 
pathways restored awake-like behavior during the mainte-
nance period of light sevoflurane anesthesia and reduced 
the depth of anesthesia during sevoflurane-induced burst- 
suppression states.

Fig. 8.  (Continued ) of hM4D-expressing mice. The data are shown 
as the mean ± SD (two-way ANOVA). ****P < 0.0001 (post hoc 
Bonferroni test, hM4D–clozapine N-oxide vs. hM4D-saline, n = 8  
for each group). (F) Representative raw electroencephalogram 
traces during the emergence period for the inhibition group and 
the control group. (G and H) Representative electroencephalogram 
power spectrograms during the sevoflurane anesthesia recovery 
period for the inhibition group (green) and control group (black). Zero 
on the timeline indicates the discontinuation of sevoflurane anes-
thesia. (I) Normalized power spectral density in the inhibition group 
(green) and control group (black) during the sevoflurane emergence 
period. (J) Quantitative analysis of normalized power spectral den-
sity shows that the suppression of the paraventricular thalamus 
bed nucleus of the stria terminalis pathway led to a significant 
increase in the delta power compared with that in the control mice 
during the recovery period. The data are shown as the mean ± SD  
(two-way ANOVA). **P < 0.01 (post hoc Bonferroni test, hM4D–
clozapine N-oxide vs. hM4D-saline, n = 8 for each group).
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Fig. 9.  Optogenetic activation of the paraventricular thalamus bed nucleus of the stria terminalis pathway delayed the induction, acceler-
ated the emergence, and induced behavioral emergence during continuous steady-state general anesthesia with sevoflurane. (A) Schematic 
representation of virus injection and optical implantation. (B and C) Expression of AAV-DIO-ChR2-mCherry (red) in PVTvglut2+ neurons (B) 
and mCherry containing vglut2+ terminals (red) in the bed nucleus of the stria terminalis (C). Solid white lines show the locations of optical 
fibers. Scale bars, 100 μm. (D and E) Results of the induction time (D) and emergence time (E) with exposure to 2.4% sevoflurane during the 
activation of the paraventricular thalamus bed nucleus of the stria terminalis pathway projections. The data are shown as the mean ± SD 
(one-way ANOVA). *P < 0.05 (post hoc Bonferroni test, hM4D–clozapine N-oxide vs. hM4D-saline/mCherry–clozapine N-oxide, n = 8 for each 
group). (F) Total arousal response score for the optical stimulation of the paraventricular thalamus bed nucleus of the stria terminalis pathway 
(10-ms pulses, 10 Hz, 120 s) during continuous steady-state general anesthesia with 1.4 to 1.5% sevoflurane. The data are reported as the 
median and interquartile range (25th, 75th). ***P < 0.001 (n = 8 in the ChR2-on/off group, and n = 6 in the mCherry-on group). (G) Posterior 
densities for the propensity of righting for the ChR2-on (red), ChR2-off (green), and mCherry-on (blue) groups during optical stimulation of the 
paraventricular thalamus bed nucleus of the stria terminalis pathway. Posterior densities are obtained from beta distributions. (H) Posterior 
probability of the difference between the ChR2-on group and the mCherry-on group during optical stimulation of the paraventricular thalamus 
bed nucleus of the stria terminalis pathway under continuous steady-state general anesthesia with sevoflurane.
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Fig. 10.  Optogenetic activation of the paraventricular thalamus bed nucleus of the stria terminalis pathway reduced the depth of anesthesia 
during sevoflurane-induced burst-suppression conditions. (A) Example raw electroencephalogram traces and electroencephalogram power 
spectra (B) in vglut2-cre mice injected with AAV-DIO-ChR2-mCherry. Blue shading represents the light stimulation period (10-ms pulses; 
10 Hz; 120 s). Time zero indicates the beginning of light stimulation during burst suppression conditions induced by 2.5% sevoflurane. (C) 
Average power spectral density in the stimulation of the paraventricular thalamus bed nucleus of the stria terminalis pathway computed 
from 120 s before stimulation (blue) to 120 s during optical stimulation (red). (D) Quantitative analysis of the average power spectral density 
between the prestimulation and stimulation periods in the stimulation of the paraventricular thalamus bed nucleus of the stria terminalis 
pathway in mice. *P < 0.05 (n = 8 for each group). (E) Effect of the activation of the paraventricular thalamus bed nucleus of the stria ter-
minalis pathway on the electroencephalogram burst-suppression ratio during continuous sevoflurane anesthesia. ***P < 0.001 (n = 8 for 
each group). (F and G) Typical examples of electroencephalogram traces (F) and electroencephalogram power spectra (G) in the control group 
(vglut2-cre mice injected with AAV-DIO-mCherry). (H) Average power spectral density in the control group computed from 120 s before stimu-
lation (blue) to 120 s after optical stimulation (red). (I) Quantitative analysis of the average power spectral density between the prestimulation 
and stimulation periods in the control group. (J) Effect of optical stimulation on the electroencephalogram burst-suppression ratio during 
continuous sevoflurane anesthesia in the control group (P = 0.527, n = 7 for each group).
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Recent studies have demonstrated that the central medial 
thalamus is the key hub for initiating sleep or anesthetic- 
induced unconsciousness.34 Patients with local lesions in the 
paramedian region of the thalamus showed disturbances of 
consciousness.35 Alkire et al.36 found that local injection of 
nicotine, a cholinergic nicotinic receptor agonist, into the 
central medial thalamus could reverse sevoflurane-induced 
loss of the righting reflex. Ren et al.15 found that optoge-
netic activation of the paraventricular thalamus promoted 
emergence from isoflurane anesthesia. In concordance with 
previous studies, we verified that paraventricular thalamus 
glutamatergic neurons can greatly affect the general anes-
thesia emergence time. It is generally believed that emer-
gence from general anesthesia is the reverse of the process 
of induction, caused by the passive elimination of anesthetic 
drugs at the site of action in the central nervous system. 
However, recent studies have shown that the neural sub-
strates mediating induction and emergence are not consis-
tent.4 Emerging evidence suggests that anesthetic-induced 
loss of consciousness is related to the disruption of corti-
cocortical or thalamocortical functional connections, while 
recovery from anesthesia is mostly controlled by ascend-
ing arousal pathways involved in sleep–wakefulness.37,38 In 
contrast to a previous study, inhibition of the dopaminer-
gic pathway of the paraventricular thalamus prolonged the 
isoflurane anesthesia recovery time but had no significant 
effect on the induction time.39 We found that the sevoflu-
rane anesthesia induction time and recovery time were both 
significantly affected by the paraventricular thalamus. Our 
results suggest that there are shared neural circuits involved 
in the process of regulating the sevoflurane-induced loss 
and recovery of consciousness.

There is robust evidence of an association between EEG 
oscillations in the frontal cortex and anesthetic-induced 
loss of consciousness.3,40 Recent evidence suggests that the 
delta power is a reliable predictor of transitions between 
consciousness and unconsciousness under anesthesia. Delta 
activity is a typical signature of unconsciousness.40,41 Our 
results showed that the delta power was affected by the 
paraventricular thalamus bed nucleus of the stria terminalis 
pathway during the period of sevoflurane induction. Delta 
oscillations during anesthesia resulted from a pronounced 
hyperpolarization of thalamocortical relay neurons caused 
by complete withdrawal of excitatory aminergic inputs.42 
Therefore, our results suggested that the inhibition of the 
paraventricular thalamus or its pathways during sevoflu-
rane anesthesia could exacerbate hyperpolarization and 
accelerate the synchronized activity of the cerebral cortex, 
thereby promoting the loss of consciousness. Furthermore, 
during the sevoflurane emergence period, we found that 
the inhibition of the paraventricular thalamus increased the 
delta power and decreased the theta power. Theta waves are 
associated with attention as an element of some forms of 
exploratory behavior and of the process of dream forma-
tion and expression, both of which are characterized by 

consciousness.43 Our results suggested that a reduction in 
theta power, combined with an increase in sleep-related 
delta oscillatory activity, might contribute to the delay in 
the recovery of consciousness. The difference in EEG results 
between the induction and recovery periods also indicates 
that the regulatory mechanism of paraventricular thalamus 
glutamatergic neurons during sevoflurane-induced loss and 
recovery of consciousness may be different.

Furthermore, inhibition of the paraventricular thalamus 
bed nucleus of the stria terminalis pathway significantly 
increased only the delta power, without affecting the theta 
power, during the sevoflurane emergence period, suggesting 
that this pathway may be one of the nerve loops mediating 
the arousal-promoting effect of the paraventricular thala-
mus. Recent studies have found that neurons expressing 
dopamine D1 receptor in the nucleus accumbens played a 
significant role in wakefulness, and the stimulation of these 
neurons at 20 or 30 Hz regulated the state of conscious-
ness in sevoflurane anesthesia.28,44 Ren et al.15 reported 
that the activation of paraventricular thalamus-nucleus 
accumbens projections promoted the sleep–wake transition. 
However, Hua et al.25 found that photogenetic activation of 
the paraventricular thalamus-nucleus accumbens pathway 
at 5 Hz had no obvious arousal effect. The differences in 
these findings may be due to differences in the frequency 
of the stimulation, and it was also reasoned that high- 
frequency stimulation may cause retrograde activation.25 
Thus, whether the paraventricular thalamus-nucleus 
accumbens is involved in the regulation of sevoflurane- 
induced unconsciousness remains unclear.

Burst suppression is observed in various pathologic con-
ditions, including deep general anesthesia, hypoxia-induced 
deep coma, hypothermia, and childhood encephalopathies, 
and is often accompanied by a profound obliteration of 
consciousness.45 Recent studies have demonstrated that  
sevoflurane-induced unconsciousness during burst- 
suppression conditions results from the disruption of func-
tional connectivity between frontal and thalamic networks.46  
It was also reported that anesthetic-induced burst suppres-
sion calls for glutamate-mediated excitatory synaptic trans-
mission and that EEG burst activities can be evoked by 
barrages of glutamate-mediated excitatory events in intrin-
sic neocortical circuitry.47 Similar to previous studies,15 we 
found that optical stimulation of the paraventricular thalamus 
bed nucleus of the stria terminalis pathway increased burst 
duration and burst frequency and decreased the burst-sup-
pression ratio during anesthetic-induced burst-suppression 
states, suggesting that EEG bursts could be triggered by 
excitatory events in the paraventricular thalamus glutama-
tergic neurons and its network. Most EEG arousal represents 
the transition from mixed high-amplitude slow activity to 
higher-frequency low-amplitude activity. However, there is 
a paradoxical delta arousal; that is, the power in the delta 
band (0.5 to 4 Hz) is increased. Our results showed that 
optical stimulation of the paraventricular thalamus bed 
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nucleus of the stria terminalis pathway induced an increase 
in the delta band during sevoflurane-induced burst suppres-
sion. This paradoxical phenomenon has also been observed 
in the activation of histaminergic transmission in the basal 
forebrain, and the administration of histamine in the basal 
forebrain could shift neocortical electroencephalography 
from a burst-suppression pattern to delta activity, suggesting 
that EEG delta arousal was induced by histaminergic trans-
mission during deep isoflurane anesthesia.12 Delta arousal 
has also been shown to occur when a patient is exposed to 
noxious stimulation with inadequate analgesia under deep 
anesthesia.48 It has also been suggested that the increase in 
delta power could be induced by high-frequency midbrain 
reticular stimulation in anesthetized cats.49 While termed 
delta arousal, these delta responses may not necessarily imply 
the progression toward the restoration of consciousness.48 
In our experiments, the delta power and burst duration 
were increased after optical stimulation, suggesting cortical 
activation and a decrease in anesthesia depth, but we did not 
conclude that consciousness was restored after stimulation 
of the paraventricular thalamus during deep anesthesia with 
burst suppression. Another unexpected finding was that the 
activation of the paraventricular thalamus bed nucleus of 
the stria terminalis pathway was sufficient to induce behav-
ioral arousal during light sevoflurane anesthesia mainte-
nance, which was not seen in isoflurane anesthesia.15 This 
difference may be attributed to the different affinities of 
isoflurane and sevoflurane for the same molecule or recep-
tor in the paraventricular thalamus1,50 and suggests that the 
potential neural circuit mechanism of the two anesthetics 
may not be exactly the same.

However, there are still some limitations of our study. 
First, whether there are sex differences in the effect of the 
paraventricular thalamus bed nucleus of the stria termina-
lis pathway on anesthetic arousal still needs to be further 
explored. Second, we identified only the cell types of neu-
rons in the bed nucleus of the stria terminalis innervated 
by paraventricular thalamus glutamatergic neurons, and 
the functional connections of the paraventricular thala-
mus bed nucleus of the stria terminalis pathway need to 
be further characterized. We speculate that the arousal- 
promoting effect of paraventricular thalamus glutamatergic 
neurons may be directly mediated by GABAergic neurons 
in the bed nucleus of the stria terminalis. However, it is not 
known whether there is a local loop between glutamatergic 
and GABAergic neurons in the bed nucleus of the stria ter-
minalis, and whether paraventricular thalamus glutamater-
gic neurons can indirectly activate the GABAergic neurons 
in the bed nucleus of the stria terminalis through this local 
loop and then play a role in promoting the arousal effect of 
sevoflurane anesthesia still needs to be further investigated. 
Finally, experiments on off-target injections would further 
enhance the study.

In summary, our findings support the hypothesis that 
paraventricular thalamus glutamatergic neurons play a 

significant role in modulating states of consciousness during 
sevoflurane anesthesia by directly projecting to the bed 
nucleus of the stria terminalis. Improved general anesthetic 
drugs should satisfy the desirable outcomes, such as surgery 
without pain, awareness, or memory, and minimize unde-
sirable results, such as anesthesia-associated delirium, car-
diovascular depression, and death. Understanding the neural 
basis of general anesthesia will facilitate the development of 
new anesthetics.
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