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Since their introduction in the 1840s, one of the largest mysteries of modern anesthesia
are how general anesthetics create the state of reversible loss of consciousness.
Increasing researchers have shown that neural pathways that regulate endogenous
sleep—-wake systems are also involved in general anesthesia. Recently, the Lateral
Habenula (LHb) was considered as a hot spot for both natural sleep-wake and
propofol-induced sedation; however, the role of the LHb and related pathways in
the isoflurane-induced unconsciousness has yet to be identified. Here, using real-
time calcium fiber photometry recordings in vivo, we found that isoflurane reversibly
increased the activity of LHb glutamatergic neurons. Then, we selectively ablated LHb
glutamatergic neurons in Vglut2-cre mice, which caused a longer induction time and
less recovery time along with a decrease in delta-band power in mice under isoflurane
anesthesia. Furthermore, using a chemogenetic approach to specifically activate LHb
glutamatergic neurons shortened the induction time and prolonged the recovery time
in mice under isoflurane anesthesia with an increase in delta-band power. In contrast,
chemogenetic inhibition of LHb glutamatergic neurons was very similar to the effects
of selective lesions of LHb glutamatergic neurons. Finally, optogenetic activation of
LHb glutamatergic neurons or the synaptic terminals of LHb glutamatergic neurons in
the rostromedial tegmental nucleus (RMTg) produced a hypnosis-promoting effect in
isoflurane anesthesia with an increase in slow wave activity. Our results suggest that
LHb glutamatergic neurons and pathway are vital in modulating isoflurane anesthesia.

Keywords: lateral habenula, isoflurane, glutamatergic, rostromedial tegmental, nucleus, induction time, recovery
time

INTRODUCTION

In the clinic, general anesthetics have been widely used since 1846. Nonetheless, the
precise mechanisms by which the general anesthetics cause the sudden reversible loss
of consciousness, remain to be pinpointed. The sedative effects of anesthetics such as
drowsiness, calmness and reduction of motor tone are behaviorally similar to the features
of the non-rapid eye movement (NREM) period of sleep (Franks and Zecharia, 2011;
van der Meij et al, 2019). Some whole-brain imaging studies have also shown that
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the states of “unconsciousness” during deep sleep and anesthesia
are remarkably similar (Franks, 2008). Moreover, similar
slow-wave spatiotemporal properties during NREM sleep and
isoflurane anesthesia suggest that both types of slow-waves
are based on related processes (van der Meij et al, 2019).
Recently, growing evidence proved that general anesthesia-
induced unconsciousness and natural sleep shared some neural
networks (Zhong et al,, 2017; van der Meij et al., 2019; Zhang
etal., 2019; Liu et al., 2020b).

The lateral Habenula (LHb), a component of the
diencephalon, plays a central role in connecting the forebrain
and midbrain and controlling both the dopaminergic system
and the serotonergic system (Aizawa et al., 2012; Wagner et al.,
2016; Hu et al., 2020). The LHbD is mostly glutamatergic (Aizawa
et al,, 2012), predominantly expressing the mRNA of vesicular
glutamate transporter 2 (Vglut 2) (Wagner et al, 2016). It
mainly functions in reward processing, stress adaptation, sleep
and circadian rhythm regulation (Mendoza, 2017; Gelegen
et al,, 2018; Flanigan et al., 2020; Hu et al., 2020). The LHb has
dense reciprocal connections with arousal- and sleep-relevant
structures, including the lateral hypothalamic area (LHA), lateral
preoptic area (LPO), basal forebrain (BF), ventral tegmental
area (VTA), and rostromedial tegmental nucleus (RMTg)
(Mendoza, 2017; Hu et al., 2020). Lesion of the LHb induces a
reduction in sleep rebound time after sleep deprivation (Zhang
et al., 2016) and shortens the duration of hippocampal theta
oscillations (Aizawa et al., 2013b). Novel research shows that
lesions of LHb glutamatergic neurons heighten resistance to
propofol-induced anesthesia, while selective activation of the
LHb accelerates propofol anesthesia (Gelegen et al, 2018).
These studies indicated that the LHb participated in sleep
regulation and propofol anesthesia. However, it remains to be
elucidated whether the LHDb is causally involved in the process of
unconsciousness induced by other anesthetic drugs.

In the present study, we characterized and investigated
how LHb glutamatergic neurons regulate isoflurane anesthesia.
Calcium fiber photometry recordings were used to examine
the neural activities of LHb glutamatergic neurons in the
process of isoflurane-induced anesthesia. Then, to clarify the
function of LHb glutamatergic neurons in anesthesia, we
selectively lesioned glutamatergic neurons. Subsequently, LHb
glutamatergic neurons were chemogenetically stimulated to
activate or inactivate during isoflurane anesthesia. Finally, we
searched for the LHb downstream pathways mediating isoflurane
anesthesia using optogenetic modulation. Our findings show that
LHb glutamatergic neurons play a critical role in modulating
isoflurane anesthesia.

MATERIALS AND METHODS

Animals

This study was performed in accordance with the guidelines
described in the Guide for the Care and Use of Laboratory
Animals in China (No. 14924, 2001) and was approved by the
Animal Care and Use Committees of Zunyi Medical University.
Adult male and female Vglut2-IRES-Cre mouse littermates on a

C57BL/6] background were used. C57BL/6] mice were provided
by Changsha Tiangin Technology Co., Ltd. (Changsha, China).
Mice were housed in standard chambers within an SPF laboratory
animal room (12/12-hour light/dark cycle (light on at 6:00 am);
23 &+ 2°C; relative humidity: 55% = 2%). They were given free
access to water and food (Jiangsu Xietong Pharmaceutical biology
Co., Ltd.,, No. 1010009). To abate the confounding effects of
circadian timing on the experimental results, all behavioral tests
and electroencephalogram (EEG) experiments were performed
between 18:00 and 24:00 p.m.

Drugs

Isoflurane was purchased from RWD Life Science (Shenzhen,
China). Pentobarbital and lidocaine were purchased from
Chaohui Pharmaceutical (Shanghai, China). Clozapine N-oxide
(CNO) was purchased from Sigma-Aldrich (United States,
C0832). CY3 goat anti-rabbit IgG are products of Abcam Corp.
(United States).

Stereotaxic Surgery

Mice were anaesthetized with 1.4% isoflurane with oxygen
(O2) at 1 L/min and then placed on a stereotaxic apparatus
(RWD Life Science). Lidocaine (1%) was subcutaneously
injected for local anesthesia before exposing the surface of
the skull. Adeno-associated virus expressing Cre-inducible
GcaMP (rAAV-hSyn-DIO-Gcampé6s), chemogenomic (AAV-
EF1a-DIO-hM3Dq-eYFP and AAV-EFla-DIO-hM4Di-eYFP),
optogenetic  (AAV-EF1a-DIO-ChR2-eYFP), eYFP (AAV-
EF1a-DIO-eYFP), or DTA (AAV-CAG-DIO-DTA) (Brain-VTA,
Wuhan, China) was injected into the LHb (150 nl/side; speed:
15 nl/min) (anterior-posterior [AP]: —1.40 mm, medial-lateral
[ML]: & 0.44 mm, and dorsal-ventral [DV]: —2.95 mm)
according to the atlas of Paxinos and Franklin (2013) through
a glass micropipette using a microsyringe pump and expressed
for 21 days. Optic fibers were implanted unilaterally over the
LHb/RMTg/VTA (VTA: anterior-posterior [AP]: —3.3 mm,
medial-lateral [ML]: £0.35 mm, dorsal-ventral [DV]: —4.25 mm;
RMTg: anterior-posterior [AP]: —4.16 mm, medial-lateral [ML]:
+0.28 mm, dorsal-ventral [DV]: —4.3 mm),and secured with
three skull screws and dental cement. Mice with verified viral
infection sites and fiber placements in the LHb were included
in the analysis.

Calcium Fiber Photometry Recordings

Using a multichannel fiber photometry system (ThinkerTech
Nanjing Bioscience Nanjing, China) equipped with a 480-nm
excitation LED (3 W, CREE) and a dichroic mirror (DCC3420M;
Thorlabs), the fluorescence signals of the GCaMP were recorded
using multifunction data acquisition software (Thinker Tech
Nanjing Bioscience Inc.). Simultaneously filtered at 40 Hz and
digitalized at 500 Hz. An optical fiber (Newton Inc., China)
integrated with an optical diverter (Doric Lenses) was used to
transmit the light between the fiber photometry system and the
implanted optical fiber (Luo et al., 2018, 2020; Liu et al., 2020a; Xu
et al., 2020). One month later, 12 mice were subjected to record
changes in GCaMP signals.
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Before anesthesia, 100-second recording was completed. Next,
the mice were anesthetized using 1.4% isoflurane; the moment
of loss of righting reflex (LORR) and recovery of righting
reflex (RORR) were marked, and the recording was stopped
10 min after RORR. Isoflurane anesthesia between administration
and withdrawal of isoflurane was maintained for 25 min to
ensure that the isoflurane concentration had equilibrated in the
brain. Fiber photometry data were analyzed using MATLAB
2016a (MathWorks, Cambridge, United States). The values of
fluorescence change (AF/F) were calculated using the following
formula: (F — Fy)/Fy, where F is the test fluorescence signal and
Fy is the basal signal (Luo et al., 2018, 2020; Liu et al., 2020a;
Xu et al., 2020).

Behavioral Tests

Loss of righting reflex and RORR time in mice is considered
a standardized index of the general anesthesia induction and
emergence times, respectively. Usually, the anesthesia induction
time is regarded as the time to LORR in mice. For this reason,
mice were placed into an anesthesia chamber (10 x 20 x 15 cm)
that had been allowed to equilibrate for 10 min. Subsequently,
the mice were induced and maintained by 1.4% isoflurane with
100% O3 at 1 I/min. An anesthesia monitor (Vamos; Drager
Company, Germany) was connected to detect the concentration
of isoflurane in the anesthesia chamber and an electric blanket
with a rectal temperature probe was used to the bottom of the
anesthesia chamber and was controlled at 37.5°C in the whole
experiment. The mice were then removed from the chamber
and allowed to emerge from anesthesia in an electric blanket.
The period from the start of isoflurane treatment to LORR was
deemed the LORR time, while the duration from the end of
isoflurane infusion to RORR was defined as the RORR time.

For selective depletion of glutamatergic neurons in the LHb,
Vglut2-IRES-Cre mice were bilaterally injected with AAV-CAG-
DIO-DTA into the LHb area using an aseptic technique. For
chemogenetic experiments, the mice in control, M3 and M4
group were injected either CNO (1 mg/ml, 1 mg/kg, i.p.) or
saline (0.9%, equal volume, i.p.) 1 h before the behavioral test
and EEG recording. There was at least 5-days rest between CNO
and saline in the same mouse. For optogenetic experiments,
we applied optical stimulation, which was performed by using
a laser of 473 nm at 10 Hz for a duration of 10 ms,
before the onset of induction and emergence in anesthesia
(Figure 5A). The intensity of laser was tested with an optical
power meter (PM100D, Thorlabs) and calibrated to 10 mW
at the fiber tip. LORR, RORR, and EEG were recorded under
isoflurane anesthesia. All mice were sacrificed and subjected to
immunofluorescence to verify the virus expression and specific
transfection after the experiments were performed.

EEG Recording and Spectral Analysis

Electroencephalograms were recorded at least 5 days after
the behavioral test to allow recovery from anesthesia. The
multichannel signal acquisition system (Appolo, Bio-Signal,
Technologies, United States) was used to acquire EEG signals.
The EEG signals were collected and filtered between 0.1 and
300 Hz. Before induction, the EEG signals were recorded for

10 min. Then, the EEG signals were continuously recorded from
the 10 min before administration to recovery from isoflurane
anesthesia, including anesthesia was maintained for 30 min.
For lesion experiments, power spectrum analysis was conducted
on data from the period of anesthesia maintenance (10 min
before cessation of isoflurane) and the recovery period (10 min
after cessation of isoflurane, Figure 2H). For chemogenetic
experiments, we selected data from the period of anesthesia
maintenance (10 min before cessation of isoflurane) for analysis
(Figure 3C). Relative powers in the different frequency bands
were computed by averaging the signal power across the
frequency range of each band (3: 1-4 Hz, 0: 4-8 Hz, a: 8-
12 Hz, p: 12-25 Hz, and y: 25-60 Hz) and then dividing by
the total power from 1 to 60 Hz as previous studies (Luo et al.,
2018; Liu et al., 2020a). Spectrogram was bandpass filtered at
0.1 to 50 Hz. Spectrograms were constructed using multitaper
methods implemented using the Chronux toolbox in MATLAB
2016a (MathWorks, Cambridge, United States). An improved
method for burst suppression rate (BSR, 20 min before cessation
of isoflurane) was analysis in MATLAB 2016a (MathWorks,
Cambridge, United States) as previous studies (Li et al., 2019;
Wang et al., 2020).

Histological Localization of the Cannula
Position and Immunohistochemistry

Isoflurane (2%) was used to anesthetize the mice, and lidocaine
(2%) was injected subcutaneously to induce local anesthesia.
After deep anesthesia, the mice were transcranially infused with
300 ml of PBS, followed by 250 ml of 4% PFA in PBS. Their
brains were removed and fixed in 4% PFA in PBS overnight at
4°C. The brains were later transferred to 30% sucrose in PBS at
4°C until they sank. The brains of the microinjection groups were
coronally sectioned into 30-pm slices in a cryostat (CM1950;
Leica, Germany) to validate the microinjection sites according to
the mouse brain atlas (Paxinos and Franklin, 2013). For the lesion
experiment, the brains were sectioned into slices, as described
previously (Liu et al.,, 2020). The glutamatergic neurons of the
LHb were stained immunohistochemically using an anti-NeuN
antibody (MAB377, Millipore). The number of neuronal lesions
in the LHDb area was then calculated in a blinded manner by
comparing positively immunostained neurons in Image J. NeuN-
positive neurons were counted in a 0.5 x 0.5 mm box. Cell
counting was performed on three adjacent sections (separated by
90 pm) of the brain, the average counting per section was used to
represent the data.

For immunofluorescence, hM3Dq- and hM4Di-expressing
mice (n = 8) were injected with CNO (1 mg/ml, 1 mg/kg, i.p.) or
saline (0.9%, equal volume, i.p.) and then kept in their home cage
for 2 h before perfusion. The brain sections were first incubated
in blocking solution (PBS containing 2.5% normal goat serum,
1.5% bovine serum albumin and 0.1% Triton X-100) for 2 h at
room temperature. Then the sections were incubated with the
primary antibody (c-Fos staining, No. 226, Synaptic Systems) in
blocking solution overnight at 4°C, and washed with PBST (PBS
with 0.1% Triton X-100, vol/vol). Sections were then incubated
with the secondary antibody (goat anti-rabbit Alexa 594 and
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Alexa 488, 1:1,000, Invitrogen) at room temperature for 2 h.
After another wash with PBS, the sections were mounted on glass
slides and cover-slipped with mounting media (Gold antifade
reagent with DAPI, Life Technologies, United States). All images
were captured by Olympus BX63 virtual microscopy system. The
EYFP-positive neurons and c-Fos-positive cells were counted on
alternate sections on both sides of the brain in the LHb area
in a 0.5 x 0.5 mm box (approximately from bregma —1.06 to
—196 mm, as per the mouse atlas of Paxinos and Franklin, 2013,
n =6, 1-2 sections per mouse).

Data Analysis

All statistical analyses were performed by the GraphPad Prism
software package, version 6.0 (GraphPad Software Inc., San
Diego, CA, United States). All data were subject to tests for
normality. The differences in cell count, LORR and RORR time
were also detected using the independent-samples t-tests between
the lesion and sham groups. Furthermore, paired Students ¢-tests
were used to analyse differences in calcium signals between
the pre- and post-events periods, as well as the change in
LORR and RORR times for chemogenetic and optogenetic
experiments within group (CNO vs NS or light-on vs light-off).
Independent-samples t-test were applied in the analysis of c-Fos
expression and neuron numbers between groups. Moreover,
Independent-samples ¢-test were also used to the comparison of
LORR times and RORR times in optogenetic or chemogenetic
experiments between groups (EYFP-CNO vs M3/M4-CNO or
EYFP-NS vs M3/M4-NS) in isoflurane anesthesia. For the
changes of EEG power bands, two-way ANOVA followed by
Bonferroni post hoc test was used to analyse BSR in the
lesion or chemogenetic experiments. Data are presented as the
mean £ SD or mean £ SEM. In all cases, P-values < 0.05 were
considered significant.

RESULTS

Population Activities of LHb
Glutamatergic Neurons Increased in the

Isoflurane Anesthesia
To investigate the real-time activity of the LHb glutamatergic
neurons during isoflurane anesthesia, we injected Cre-dependent
AAV-hSyn-DIO-Gcampé6s into LHb neurons of Vglut2-IRES-Cre
mice (Figure 1B) and used fiber photometry to record changes in
Ca’* signals in vivo during isoflurane anesthesia (Figure 1A).
During isoflurane anesthesia induction, we analyzed calcium
signals in four sections: baseline (wake: —200 to —100 s),
induction period (—100 to 0 s), early anesthesia period (0 to 100 s)
and anesthesia period (100 to 200 s). As shown in Figures 1C-E,
the Ca™ signals exhibited almost no change during the induction
period. The average Ca** signals of LHb glutamatergic neurons
showed an active tendency during the early anesthesia period
but not statistical significance compared to the baseline. During
anesthesia-maintenance period, the average Ca®* signals of LHb
were highly active, suggesting that LHb glutamatergic neurons
were activated during isoflurane anesthesia (Figure 1E). Four

sections were analyzed during the recovery process, including
baseline (anesthesia: —200 to —150 s), recovery period (—150
to 0 s), early emergence period (0 to 100 s) and emergence
period (100 to 200 s). In the recovery process, the Ca** signals
of LHb glutamatergic neurons began to decrease related to the
moment of RORR (Figures 1F-H). Generally, our results indicate
that LHb glutamatergic neurons are activated after LORR and
inhibited during the emergence process, hinting that isoflurane
activated the activity of LHb in state-dependent manner.

Lesion of LHb Glutamatergic Neurons in
Isoflurane Anesthesia Slowed Down

Isoflurane-Induced Anesthesia

To explore the role of the LHb in isoflurane anesthesia, we
injected AAV-CAG-DIO-DTA virus vector into Vglut2-Cre mice
to selectively ablate LHb glutamatergic neurons. As shown in
Figure 2A, after 4 weeks of virus injection, the neuron number
in the LHb was lower after lesion treatment than in the normal
group. For lesion group, a longer LORR time (Figure 2B) and a
shorter RORR time were found (Figure 2C) compared with that
in control group. Meanwhile, cortical EEG of the sham and lesion
groups were recorded during isoflurane anesthesia (Figure 2H).
During isoflurane anesthesia, the power ratio of the 8 wave
was notably lower in the lesion group than in the sham group,
whereas the power ratio of the a and B waves were higher in
the lesion group than in the sham group (Figures 2D,E). During
the recovery period, the 3 wave of the lesion group significantly
decreased compared to that of sham group (Figures 2F,G), while
the other bands were not significantly different. Additionally,
lesion of the LHb glutamatergic neurons reduces BSR during
isoflurane anesthesia (Figure 2I). These results suggest that LHb
lesion reduced the hypnotic effect of isoflurane anesthesia.

Chemogenetic Activation of
Glutamatergic LHb Neurons Promoted

Isoflurane-Induced Anesthesia

To specifically activate glutamatergic neurons, we injected AAV-
Efla-DIO-hM3Dq-EYFP and AAV-Efla-DIO-EYFP vectors into
the LHb of Vglut2-Cre mice (Figure 3A). Immunofluorescence
images validated the virus transfection in LHb glutamatergic
neurons (Figure 3B). CNO pretreatment significantly promoted
c-fos expression in LHb glutamatergic neurons (Figures 3D,E).
During isoflurane anesthesia, chemogenetic activation of LHb
glutamatergic neurons significantly reduced the induction time
between the hM3Dq-CNO group and the hM3Dgq-saline group,
as well as between the hM3Dq-CNO group and the EGFP-
CNO group (Figure 4A). A longer time to recovery was
also found between the hM3Dq-CNO group and the hM3Dq-
saline group, as well as between the hM3Dq-CNO group
and the EGFP-CNO group (Figure 4B). EEG recordings were
employed to further assess how LHb glutamatergic neurons
affect the processes of isoflurane anesthesia. The simultaneous
cortical EEG also altered in LHb glutamatergic neurons activated
group (Figure 4J). In hM3Dg-expressing animals, chemogenetic
activation of LHb glutamatergic neurons induced the augment
of total power percentages of the 8§ wave (1-4 Hz) and the

Frontiers in Molecular Neuroscience | www.frontiersin.org

March 2021 | Volume 14 | Article 628996


https://www.frontiersin.org/journals/molecular-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/molecular-neuroscience#articles

Liu et al. LHb Modulate Isoflurane Anesthesia

A 1.4%ISO onLORR 1.4%ISO off RORR C LORR

) .
T [«<—25 (min)—] T ! |
<—Calcium fiber photometry recording —> 2 H‘
-10(min) 3 ” |
et . 1
Ll L—
T

Laser
. L |
9
Isoflurane 10 ‘I

g
Trial #

oo 5

Lens

T() Jaq |\

£

-200 -1 100 150 200

Optical fiber -200 -150 -10{ 50 p 50 150 200 -100 -50 ? 50
D /1,4°/n|$°°l1| G 1.4%ISO off |
15 | Isoflurane 4 / Isoflurane
inhalation I inhalation
I [
10 | |
|
g 5 I
w
=
w
<
0
|
| Baseline ~—— Induction—— - Earty anaesthesia-— Anaesthesia - . y amerge
5
-200 150 100 50 0 50 100 150 200 -200 -150 -100 -50 0 50 100 150 200
Time (s) H Time (s)
= E x
_g 10 . 51 kol
=
_—
©
S .
- —_ — 0
= ) S
O c L
% [y
< 5
10 T T T T
S & & S ) N
7 QQ/ Q/ ,f? < Q«
NS N NS
v
LORR(s) RORR(s)

FIGURE 1 | Phase-dependent calcium alterations in LHb glutamatergic neurons during isoflurane anesthesia. (A) Top: Timeline for quantifying the LORR and RORR
with isoflurane. Bottom: Schematic diagram depicting fiber photometry recording during isoflurane anesthesia in freely moving mice. (B) Schematic of establishing
calcium signal recording model into the LHb in Vglut2-Cre mice, and representative image of the LHb expressing GCaMP6s and optical fiber implanting sites (scale
bar = 50 um). (C) Fluorescence calcium signals aligned to isoflurane-induced loss of righting reflex [LORR were represented the moment of O, each row plots one
trial and a total of 10 trials are illustrated. Color scale at the right represents the value of AF/F(%)]. (D) Mean (red trace) + SEM (gray shading) indicating the average
calcium transients during isoflurane induced LORR (n = 10). (E) The fluorescence calcium signals increased after isoflurane-induced unconsciousness [The baseline
(wake: —200 to —100 s) vs anesthesia period (100 to 200 s), P = 0.0475, n = 10, Dunnett’s multiple comparisons test after one-way ANOVA]. (F) Fluorescence
calcium signals aligned to isoflurane-induced recovery of righting reflex [RORR were represented the moment of O, each row plots one trial and a total of 10 trials are
illustrated. Color scale at the right represents the value of AF/F (%)]. (G) Mean (red trace) + SEM (gray shading) showing the transients of average calcium signals
during isoflurane-induced RORR (n = 10). (H) The fluorescence calcium signals sharply decreased during the transition from isoflurane-induced anesthesia to arousal
[The baseline (anesthesia: —200 to =150 s) vs early emergence period (0 to 100 s); P = 0.0055; The baseline: (anesthesia: —200 to —150s) vs emergence period (100
to 200 s), P = 0.0026; assessed by one-way ANOVA with Dunnett’s multiple comparisons test; n = 10, *P < 0.05, **P < 0.01].

into Vglut2-Cre mice (Figure 3A). Functional expression of
hM4Di mice was verified by staining for c-fos expression in
LHb glutamatergic neurons. We found that c-fos expression

reduction of total power percentages of the y wave (25-60 Hz)
(Figure 4C), relative to the hM3Dq-saline group. Averaged BSR
increased during the last 20 min of chemogenetic activation,

compared with the hM3Dg-saline group (Figure 4D). These
results indicated that activation of LHb glutamatergic neurons
promotes isoflurane anesthesia.

Chemogenetic Inactivation of
Glutamatergic LHb Neurons Increased

Tolerance to Isoflurane
We next inactivated LHb glutamatergic neurons by injecting
AAV-Efla-DIO-hM4Di-EYFP and AAV-Efla-DIO-EYFP virus

was decreased in the LHb after CNO injection in hM4Di mice
(Figures 3D,E). Chemogenetic inactivation of LHb glutamatergic
neurons induced a longer duration to produce general anesthesia
between the hM4Di -CNO group and the hM4Di-saline group,
as well as between the hM4Di-CNO group and the control-CNO
group (Figure 4F), and led to a faster emergence from isoflurane
anesthesia (Figure 4G). Chemogenetic inhibition of LHb
glutamatergic neurons reduced the total power percentages of 8
band (1-4 Hz) and augmented the power ratio in 6 band (4-8 Hz)
and B band (12-25 Hz) during isoflurane anesthesia, without
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FIGURE 2 | Bilateral lesion of LHb glutamatergic neurons on LORR and RORR time of isoflurane anesthesia. (A) Schematic representation of bilateral AAV injections
into the LHb. Image showing NeuN (neuron-specific nuclear protein) staining from a mouse with specific LHb lesion using AAV-CAG-DIO-DTA (scale bar, 100 pwm).
The lesion group animals were selectively ablated LHb glutamatergic neurons. (B) Induction time and (C) recovery time in the lesion and sham groups (LORR: control
group vs lesion group, n = 8; P = 0.000001 by independent-samples t-test; RORR: control group vs lesion group, n = 8; P = 0.00001 by independent-samples t-test
n = 8 per group). (D) Spectrograms of EEG power during the isoflurane anesthesia period in the control group. (E) In the isoflurane anesthesia period, the power
ratios of the § band (1-4 Hz), « band (8-12 Hz) and B (12-25 Hz) in the lesion group were significantly changed (8 band: lesion group vs control group; P = 0.002 by
independent-samples t-test; o band: lesion group vs control group; P = 0.045 by independent-samples t-test; B band: lesion group vs control group; P = 0.020 by
independent-samples t-test, n = 8 per group). (F) Lesion of LHb glutamatergic neurons displaying a significant decrease in the § band (1-4 Hz) between the two
groups (lesion group vs control group; P = 0.03 by independent-samples t-test). (G) Spectrograms of EEG power during the isoflurane anaesthesia period in the
lesion group. (H) Protocol for behavioral and electroencephalogram (EEG) recording of induction and emergence times. (I) BSR at 20 min before cessation of
isoflurane in M3-NS or M3-CNO. BSR is plotted at each minute (n = 8), using two-way analysis of variance (ANOVA) followed by post hoc Bonferroni’s multiple
comparisons: F(1, 14) = 15.06, P = 0. 0017 (n = 8 per group; mean + SD; *P < 0.05, **P < 0.01, and ***P < 0.001).

affecting another band (Figure 4H). As shown in Figure 4I,
BSR during deep anesthesia (the last 20 min before cessation
of isoflurane) was decreased by chemogenetic inactivation of

LHb glutamatergic neurons compared with hM4Di-saline group.
Consequently, chemogenetic inactivation of glutamatergic LHb
neurons showed an increasing tolerance to isoflurane.
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FIGURE 3 | Activation/inactivation of LHb glutamatergic neurons induced LHb c-Fos expression during isoflurane anesthesia. (A) Surgical manipulations and
experimental schematic for chemogenetic stimulation of LHb glutamatergic neurons. (B) Representative images of chemogenetic virus expression in LHb (scale bar,
1 mm). (C) Timelines of isoflurane anesthesia-related behavioral and EEG tests measuring induction time (LORR) and emergence time (RORR). (D) Representative
images of c-Fos expression (red) and EYFP (green) in control (EYFP), hM3Dg-CNO and hM4Di-CNO mice groups after treatment with CNO (scale bar, 100 pum).

(E) CNO administration decreased c-Fos expression in mCherry + neurons by 74%. Quantification of CNO administration induced the number of c-fos-positive
neurons, the number of EYFP-positive neurons, and the percent of c-Fos expressing in EYFP-positive neurons after CNO administration (CNO administration
significantly increased c-Fos expression in EYFP + neurons, P < 0.001 by Bonferroni’s post hoc test after one-way ANOVA; CNO administration decreased c-Fos
expression in EYFP + neurons, P = 0.002 by Bonferroni’s post hoc test after one-way ANOVA; n = 6 per group; mean + SD; **P < 0.01 and **P < 0.001).

Optogenetic Activation of Glutamatergic
LHb Neurons or Glutamatergic LHb
Neuron Axons in the RMTg Promotes

Isoflurane Induced-Anesthesia

We also used optogenetic methods to examine the causal role
of the LHD, finding that optical activation of LHb glutamatergic
neurons (Figure 6C) at the onset of induction and emergence
in anesthesia prominently accelerated the induction process
(Figure 5B) with an increase in total power percentages of
3 waves and a decrease in total power percentages of f and
y waves (Figures 6A,D), and delayed the recovery time with
a complementary increase of total power percentages of 3§
waves and the decrease in total power percentages of y waves
relative to the EYFP control (Figures 6B,E). Moreover, ChR2-
EYFP expression indicated that LHb glutamatergic neurons send
excitatory projections to multiple midbrain regions, including the

VTA and RMTg (Figures 5C,E, Supplementary Figure 1), which
have been reported to participate in sleep-wakefulness control.
To further identify the anatomic interaction between the
LHb glutamatergic neurons and their downstream targets of
projection, we separately performed rAAV-retro-hSyn-CRE-
mCherry-WPRE-hGH retrograde tracing in the RMTg and VTA
and found that the RMTg and VTA received direct inputs from
the LHb (Supplementary Figure 2). Based on these results,
we concluded that the LHb sends dense projections to the
VTA and RMTg. Then, to test the functional role of this
projection in isoflurane-induced anesthesia, we injected AAV-
EF1a-DIO-ChR2-eYFP into the LHb of Vglut2-cre mice and
implanted an optic fiber into the VTA and RMTg. Optical
stimulation of LHb glutamatergic axonal terminals in the VTA
had no obvious effects on induction and emergence during
isoflurane anesthesia (Figure 5D). However, optical stimulation
of the LHb-RMTg projections caused an acceleration from
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FIGURE 4 | Chemogenetic manipulation of LHb glutamatergic neurons changed induction and arousal from isoflurane. (A) Chemogenetic activation of LHb
glutamatergic neurons shortened loss of righting reflex (LORR) time from 1.4% isoflurane anesthesia. (M3-NS vs M3-CNO, P = 0.000046, paired t-test; Control-CNO
vs. hM3Dg-CNO, P = 0.000003, independent-simples t-test; n = 8 per group). (B) Chemogenetic activation of LHb glutamatergic neurons prolonged the recovery of
righting reflex (RORR) time from 1.4% isoflurane anesthesia (M3-NS vs M3-CNO, P = 0.000002, paired t-test; EYFP-CNO vs M3-CNO, P = 0.000253,
independent-simples t-test; n = 8per group). (C) The power distribution of EEG frequency bands in M3-NS or M3-CNO group under 1.4% isoflurane anesthesia; (8
band: P = 0.000044, paired t-test; o band: P = 0.011, paired t-test). (D) BSR at 20 min before cessation of isoflurane in M3-NS or M3-CNO. BSR is plotted at each
minute (1 = 8), using two-way analysis of variance (ANOVA) followed by post hoc Bonferroni’s multiple comparisons: F(1, 14) = 8.406, P = 0.0117. (E) Representative
EEG waveforms and spectrograms EEG power of M3-CNO and M3-NS under 1.4% isoflurane anesthesia. (F) Chemogenetic inactivation of LHb glutamatergic
neurons prolonged the induction time from 1.4% isoflurane anesthesia (M4-NS vs M4-CNO, P = 0.000052, paired t-test; EYFP-CNO vs M4-CNO, P = 0.000002,
independent-simples t-test). (G) Chemogenetic inactivation of LHb glutamatergic neurons shortened the recovery time from 1.4% isoflurane anesthesia (M4-NS vs
M4-CNO, P = 0.000014, paired t-test; EYFP-CNO vs M4-CNO, P = 0.000003, independent-simples t-test). (H) The power distribution of EEG frequency bands
during chemogenetic inactivation of LHb glutamatergic neurons under 1.4% isoflurane anesthesia (M4-NS vs M4-CNO: § band, P = 0.000312, paired t-test; 6 band,
P =0.01, paired t-test; p band, P = 0.01, paired t-test). (I) BSR at 20 min before cessation of isoflurane in M4-NS or M4-CNO. BSR is plotted at each minute (n = 8),
using two-way analysis of variance (ANOVA) followed by post hoc Bonferroni’s multiple comparisons: F(1, 14) = 11.66, P = 0.0042. (J) Representative EEG
waveforms and spectrograms EEG power of M4-CNO and M4-NS under 1.4% isoflurane anesthesia (‘P < 0.05; **P < 0.01; ***P < 0.001; n = 8 per group).

wake to isoflurane-induced unconsciousness (Figures 5E,F), a-, p- and y-waves (Figures 6E,H), and a slower recovery
accompanied by an augmentation of the total power percentages from isoflurane anesthesia (Figures 5E,F) with the augment of
of 3 waves and a decrease in the total power percentages of total power percentages of § waves and the decrease of total
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FIGURE 5 | LHb glutamatergic neurons modulated isoflurane anesthesia through the LHb-RMTg pathway. (A) Left: Schematic of optogenetic stimulation of
ChR2-expressing LHb glutamatergic neurons with EEG recordings; Right: Protocol for optogenetic activation during isoflurane anesthesia (Top). Image of
ChR2-expressing LHb glutamatergic neurons (Bottom, scale bar, 400 wm). (B) Optical activation of LHb glutamatergic neurons shortened induction time (LORR:
EYFP-light-on vs ChR2-light-on, P = 0.000008, independent-simples t-test; ChR2-light-on vs ChR2-light-off, P = 0.000043, paired t-test) and prolonged emergence
time from 1.4% isoflurane anesthesia (RORR: EYFP-light-on vs ChR2-light-on, P = 0.000363, independent-simples t-test; ChR2-light-on vs ChR2-light-off,

P =0.000074, paired t-test). (C) Schematic of optogenetic stimulation of ChR2-expressing glutamatergic terminals in the ventral tegmental area (VTA) with EEG
recordings (left); image of ChR2 expression in the VTA (right, scale bar, 400 um). (D) Optical stimulation of glutamatergic terminals in the VTA had no impact on the
induction and emergence time during isoflurane anesthesia. (E) Schematic of optogenetic stimulation of ChR2-expressing glutamatergic terminals in the rostromedial
tegmental nucleus (RMTg) with EEG recordings (left); image of ChR2 expression in the RMTg (right, scale bar, 400 wm). (F) Optical activation of glutamatergic
terminals in the RMTg accelerated the induction (LORR: EYFP-light-on vs ChR2-light-on, P = 0.000154, independent-simples t-test; ChR2-light-on vs
ChR2-light-off, P = 0.000049, paired t-test) and slacked the emergence from 1.4% isoflurane anesthesia (RORR: EYFP-light-on vs ChR2-light-on, P = 0.0218,
independent-simples t-test; ChR2-light-on vs ChR2-light-off, P = 0.0007, paired t-test; *P < 0.05; **P < 0.001; n = 8 per group).

power percentages of B and y waves (Figures 6EI), which is
similar to the effects of optical activation of LHb glutamatergic
neurons. These findings suggest that selective activation of LHb
glutamatergic neurons or LHb to RMTg glutamatergic neurons is
important to isoflurane anesthesia (Figure 6G).

DISCUSSION

In this study, we manipulated LHb glutamatergic neurons to
elucidate the regulatory role of LHb in isoflurane anesthesia
using calcium fiber photometry recordings, specific lesions,
chemogenetics and optogenetics. The results revealed that
neural activity in LHb glutamatergic neurons is positively
correlated with isoflurane-anesthetized states. Specific lesions
of LHb glutamatergic neurons led to a slower induction and

promoted cortical arousal during isoflurane anesthesia. Similar
results were observed after chemogenetic inhibition of LHb
glutamatergic neurons. Compared to control mice, chemogenetic
activation of LHb glutamatergic neurons resulted in a shorter
induction time, and longer emergence time associated with
isoflurane anesthesia. Moreover, using an optogenetic approach,
instantaneous activation of LHb glutamatergic neurons or
LHb glutamatergic axonal terminals in the RMTg but not
the VTA produced both behavioral and simultaneous EEG
changes under isoflurane anesthesia. Our results demonstrate
that LHb glutamatergic transmission is sufficient to modulate the
anesthetic state of isoflurane.

Calcium fiber photometry recording, one of the most sensitive
and fastest methods to detect neuronal activities, revealed
that LHb glutamatergic neurons were activated in isoflurane
anesthesia and inhibited in the transition from anesthesia
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FIGURE 6 | Optical activation of LHb glutamatergic neurons or the LHb-RMTg pathway affected the cortical EEG. (A) Optical activation of LHb glutamatergic
neurons changed the cortical EEG during induction (EYFP-light-on vs ChR2-light-on, § band: P = 0.0002, independent-simples t-test; g band: P = 0.00043,
independent-simples t-test; y band: P = 0.000161, independent-simples t-test). (B) Power percentage changes in cortical EEG during arousal from isoflurane with
(EYFP-light-on vs ChR2-light-on, 8 band: P = 0.000121, independent-simples t-test; y band: P = 0.006, independent-simples t-test). (C,D) Representative EEG
waveforms and spectrograms EEG power of LHb-EYFP and LHb-ChR2 group under 1.4% isoflurane anesthesia during isoflurane-induced process (C) and recovery
process (D). (E) Optogenetic activation of the LHb-RMTg pathway altered the power distribution of EEG frequency bands during the isoflurane-induced process
(EYFP-light-on vs ChR2-light-on, § band: P = 0.00002, independent-simples t-test; « band: P = 0.05, independent-simples t-test; g band: P = 0.001,
independent-simples t-test; y band: P = 0.000022, independent-simples t-test). (F) Optogenetic activation of the LHb-RMTg pathway altered the power distribution
of EEG frequency bands during recovery process (EYFP-light-on vs ChR2-light-on, § band: P = 0.0000037, independent-simples t-test; g band: P = 0.0001,
independent-simples t-test; y band: P = 0.0183, independent-simples t-test). (G) One mechanism for LHb modulate isoflurane anesthesia in mice through RMTg
neurons. (H,l) Representative EEG waveforms and spectrograms EEG power in the LHb-RMTg-EYFP and LHb-RMTg-ChR2 during isoflurane-induced process (H)
and recovery process (I) (P < 0.05; **P < 0.01; **P < 0.001; n = 8 per group).

Frontiers in Molecular Neuroscience | www.frontiersin.org 10 March 2021 | Volume 14 | Article 628996


https://www.frontiersin.org/journals/molecular-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/molecular-neuroscience#articles

Liu et al.

LHb Modulate Isoflurane Anesthesia

to arousal, implying that isoflurane-induced anesthesia may
require excitation of the LHb. This finding is in agreement
with a recent study in propofol which sedative doses of
propofol — induced an increase of c-Fos expression in the LHDb,
although propofol had no impact on the resting membrane
potential of LHb neurons in acute slices (Gelegen et al., 2018).
Both in vivo and in vitro electrophysiological experiments
demonstrated that the extracellular activity of LHb neurons
had a higher firing rate during the day than at night
(Zhao and Rusak, 2005; Sakhi et al., 2014). Consistent with
the electrophysiological experiments, c-Fos protein expression
displays a day-night activity difference in various rodent species
such as hamsters, mice and rats (Tavakoli-Nezhad and Schwartz,
2006). A previous study also found that the c-Fos expression
of stressful stimuli during sleep was an evident enhancement
in the LHb compared to wake in rats (Chastrette et al., 1991).
Moreover, specific ablation of the LHb resulted in a decrease
in the duration in the rapid eye movement (REM) sleep phase
(Aizawa et al., 2013b). The above studies show that the LHb
has a modulatory impact on the sleep-wake cycle to some
extent. Owing to its role in sleep-wake regulation, as well as
isoflurane and propofol-induced activation of LHb neurons,
LHb is proposed to be a convenient node on modulating
general anesthesia.

To explore the contribution of LHb glutamatergic neurons in
isoflurane anesthesia, we further manipulated LHb glutamatergic
neurons by using chemogenetics and optogenetics. Interestingly,
our results found that selective ablation or inhibition of LHb
glutamatergic neurons caused a delay of induction accompanying
by the reduction of slow wave activity and an acceleration
of reanimation with cortical arousal in isoflurane anesthesia;
On the contrary, chemogenetic or optogenetic activation of
LHb glutamatergic neurons accelerated isoflurane anesthesia
induction and delayed arousal, implying an effective role of
the LHb in the promotion of isoflurane anesthesia. It is well
accepted that glutamatergic neurons are the main excitatory
neurons in the brain. Previous studies have shown that activation
of glutamatergic neurons in LPO, BF or paraventricular nucleus
(PVN) also induced an increase in wakefulness (Xu et al., 2015;
Liu et al., 2020; Vanini et al., 2020). Moreover, Wang and our
previous study found that activation of parabrachial nucleus
(PB) glutamatergic neurons not only promotes continuous
wakefulness the natural sleep wake cycles but also accelerated
emergence from anesthesia (Luo et al., 2018). Unlike previous
studies on glutamatergic neurons involved in arousal promotion,
some studies on the contribution of LHb presented a hypnosis-
promoting effect in general anesthesia and sleep (Aizawa et al.,
2013b; Zhang et al., 2016; Mendoza, 2017; Gelegen et al., 2018).
It has been widely reported that patients with depression with
hyperactivation of the habenula presented shorter latency to the
onset of REM sleep, longer duration of REM sleep and enhanced
eye movement frequency during REM sleep (Aizawa et al,
2013a; Mendoza, 2017; Gold and Kadriu, 2019). Previous studies
have suggested that lesions of the habenular output, fascicular
retroflexus (fr) fibers, in rats decreased the amount of time spent
in REM sleep (Valjakka et al., 1998). In sleep deprived rats, LHb
lesions increased wake time and decreased NREM sleep time

compared to before LHb lesion (Zhang et al., 2016). Additionally,
several studies have shown that melatonin, a naturally occurring
circadian hormone, mediated control of glutamatergic inputs to
the LHD playing a key role in the modulation of various behaviors
(Evely et al., 2016). It is reasonable to conceive the idea that LHb
participates in the regulation of the normal sleep-wake cycle.
Recently, Gelegen et al. (2018) specifically blocked output from
the LHb induced an obvious fragmentation of NREM sleep and
greatly lessened the sedative effects of propofol. Based on the
above studies and our results, we speculate that LHb plays a vital
role in the control of the sleep-wake cycle and general anesthesia,
providing the correlative evidence for a mechanistic overlap of
sleep and anesthesia.

How does the excitatory glutamatergic neurons in LHb play
the hypnosis-promoting effect? As one of the major targets of
LHb - VTA and GABAergic RMTg in our study (Supplementary
Figure 2) - is intensively studied for its regulation of the sleep-
wake cycle and general anesthesia. Plenty researches showed
that LHb send a major projection to the GABAergic RMTg, a
modulator of midbrain dopamine systems (Jhou et al., 2009;
Stamatakis and Stuber, 2012; Stephenson-Jones et al., 2012;
Brown et al,, 2017; Mendoza, 2017; Hu et al., 2020). Studies
also showed that negative signals in the LHb are inverted and
transmitted by the GABAergic RMTg relay nucleus or local
interneurons within the VTA and SN, regulating positive and
negative reward-based decision and motor activity (Matsumoto
and Hikosaka, 2007; Huff and LaLumiere, 2015; Hu et al,
2020). So, we speculated that the excitatory input from the
lateral habenula may play an important role in determining the
activity of VTA dopamine neurons through GABAergic RMTg in
isoflurane anesthesia.

Studies have shown that VTA dopaminergic neurons are
involved in the sleep-wake transition and emergence from
isoflurane anesthesia (Taylor et al, 2013; Oishi and Lazarus,
2017; Yang et al., 2018). Several remarkable observations in this
found that optogenetic, chemogenetic or electrical stimulation
dopamine neurons in the VTA could induce wakefulness from
either natural sleep (Oishi and Lazarus, 2017) or isoflurane
anesthesia (Taylor et al., 2013). In our study, optical stimulation
of LHb or LHb glutamatergic terminals in the RMTg but
not the VTA significantly decreased the induction time with
the augmentation of delta wave. Huang and colleagues found
that pharmacogenetic activation the RMTg increased NREM
sleep time with an augment of slow-wave activity, and optical
stimulation of the RMTg neurons’ terminals in VTA caused
direct inhibitory regulation of VTA dopaminergic neurons using
a whole-cell patch clamp approach (Yang et al, 2018). Many
researches also showed that excitatory glutamatergic outputs
from the LHb predominately inhibit VTA dopamine neuronal
firing through an RMTg inhibitory mechanism (Jhou et al,
2009; Stamatakis and Stuber, 2012; Stephenson-Jones et al., 2012;
Brown et al., 2017; Mendoza, 2017; Hu et al., 2020). In our study,
the effects of direct activation of LHb on isoflurane anesthesia
were mimicked by modulation of the LHb-RMTg pathway
using an optogenetic approach. Considering the regulatory role
of LHb in the dopaminergic system, we inferred that the
hypnosis-promoting effect of LHb glutamatergic neurons is
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partly mediated by their projection to the RMTg, where the
excited GABAergic neurons restrain the arousal effect of VTA
dopamine neurons. Our results delineate a novel pathway for
general anesthesia.

Although abundant excitatory glutamatergic projections from
the LHb to the RMTg exist (Jhou et al, 2009; Proulx et al,
2018), an evident limitation of our study is that we did not
use electrophysiological technology to directly assess the axonal
effects of LHb neurons on the activity of the RMTg. In addition,
we should further observe the role of RMTg in general anesthesia
using Vgat-Cre (vesicular GABA transporter) mice to specifically
target GABAergic neurons to expand on our results.

Collectively, our data provide experimental evidence that
supports LHDb glutamatergic neurons playing as a critical
node in modulating isoflurane anesthesia via the LHb-RMTg
glutamatergic pathway.
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