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1 | INTRODUCTION

Abstract

Aims: General anesthesia has been widely applied in surgical or nonsurgical medical
procedures, but the mechanism behind remains elusive. Because of shared neural cir-
cuits of sleep and anesthesia, whether serotonergic system, which is highly implicated
in modulation of sleep and wakefulness, regulates general anesthesia as well is worth
investigating.

Methods: Immunostaining and fiber photometry were used to assess the neuronal ac-
tivities. Electroencephalography spectra and burst-suppression ratio (BSR) were used
to measure anesthetic depth and loss or recovery of righting reflex to indicate the
induction or emergence time of general anesthesia. Regulation of serotonergic system
was achieved through optogenetic, chemogenetic, or pharmacological methods.
Results: We found that both Fos expression and calcium activity were significantly
decreased during general anesthesia. Activation of 5-HT neurons in the dorsal raphe
nucleus (DRN) decreased the depth of anesthesia and facilitated the emergence from
anesthesia, and inhibition deepened the anesthesia and prolonged the emergence
time. Furthermore, agonism or antagonism of 5-HT 1A or 2C receptors mimicked the
effect of manipulating DRN serotonergic neurons.

Conclusion: Our results demonstrate that 5-HT neurons in the DRN play a regula-
tive role of general anesthesia, and activation of serotonergic neurons could facilitate

emergence from general anesthesia partly through 5-HT 1A and 2C receptors.
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multiple diagnostic medical procedures, but the mechanisms be-

hind remain elusive.r™ Because of the similarity of the brain states

during general anesthesia and non-rapid eye movement (NREM)
56

General anesthesia, with the ability to cause reversible loss and

recovery of consciousness, has been widely applied in surgical or sleep,”® several neuromodulators involving in sleep regulation
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have been shown to play a role in general anesthesia, including
dopamine, norepinephrine, acetylcholine, and hypocretin.”**
Along with its broad participation in regulating multiple brain
functions like depression and cognition, 5-hydroxytryptamine
(5-HT, also known as serotonin) has long been implicated in the
regulation of sleep and wakefulness.'? In fact, several studies have
reported that 5-HT levels were fluctuating during anesthesia, indi-
cating a regulatory role of 5-HT system in general anesthesia.*>**
However, how 5-HT and serotonergic neurons regulate general
anesthesia has been poorly studied.

Serotonergic (5-HTergic) neurons in the dorsal raphe nucleus
(DRN) provide dominant projections to the midbrain and fore-
brain and are innervated by cerebral cortex, limbic systems, basal
forebrain, and hypothalamus.’>?” As a component of ascending
arousal systems, studies have shown that activation of 5-HT neu-
rons by optogenetics significantly prolonged the wakefulness and
decreased the NREM sleep.'® Recently, an elaborately performed
study demonstrated the bidirectional role of serotonergic system in
the maintenance of sleep homeostasis and the regulation of sleep/
wake cycle.r? We previously reported that orexin facilitated emer-
gence from isoflurane anesthesia partially through activating 5-HT
neurons in the DRN, but there is no direct evidence supporting the
casual effect of DRN 5-HT neurons themselves on the effect of
general anesthesia.?®

In the present study, we performed the immunostaining and
calcium indicators combined with fiber photometry to measure
the 5-HT neuronal activity in vitro and in vivo separately. Then,
optogenetics and chemogenetics were used to manipulate the
DRN 5-HT neurons and illustrate the effect of 5-HT neurons on
electroencephalographic or behavioral features of isoflurane an-
esthesia. Finally, the specific subtype of receptors through which
serotonin exerted their effect was identified by pharmacological

methods.

2 | METHODS

2.1 | Animals

All experiments were performed in accordance with the protocols
approved by the Ethics Committee for Animal Experimentation
and strictly followed the Guidelines for Animal Experimentation of
Fourth Military Medical University (Xi'an, China). Sprague Dawley
(SD) rats were purchased from Vital River Laboratory Animal
Technology Co. Ltd (Beijing, China). Sert-Cre mice were gener-
ously given by Prof. Minmin Luo (National Institute of Biological
Sciences, Beijing, China). Rats (2-3 animals per cage) and mice (3-5
animals per cage) were housed separately in cages before experi-
ments in a specific-pathogen-free environment with a constant
temperature of 23°C (22-24°C) and humidity of 40% (38%-42%)
on a 12/12-h light-dark cycle. All animals were provided with food
and water ad libitum.

2.2 | Virusand drugs

Viruses of rAAV2/9-EF1a-DIO-mCherry or rAAV2/9-EFla-
DIO-ChR2-mCherry were used for optogenetic experiments,
rAAV2/9-EF1a-DIO-hM3Dg-mCherry  or  rAAV2/9-EF1a-DIO-
hM4Di-mCherry were used for chemogenetic experiments, and
rAAV2/9-EF1a-DIO-GCaMPé s were constructed for in vivo fiber
photometry. All aforementioned viruses were provided by BrainVTA
Technology Co. Ltd. (Wuhan, China). Isoflurane (Aerrane) for anes-
thesia was purchased from Baxter Healthcare Corporation (USA).
For chemogenetic experiments, Clozapine N-Oxide (CNO, 3 mg/
kg in saline, Cayman Chemical, USA) or vehicle was injected intra-
peritoneally before the animal was anesthetized. For pharmacologi-
cal experiments, 5-HT (H9523), 8-OH DPAT (H8520), WAY100635
(W108), CP93129 (PZ0102), SB224289 (S201), DOI (D8308),
M100907 (M3324), RS102221 (R1658), m-CPBG (C144), MDL
72222 (T102), SB 399885 (SML0604), LP44 (L9793), and SB269970
(57389) were purchased from Sigma-Aldrich (USA), and WAY 208466
(633304-27-5) was purchased from Tractus Company (China).

2.3 | Stereotaxic surgery

Mice were induced to anesthetic states in an induction chamber
with 1.2% isoflurane (Baxter Healthcare, Puerto Rico) vapor-
ized by oxygen of 1.0 L/min and then transferred and fixed to a
stereotaxic frame while keeping anesthetized by 0.8% isoflurane
through a mask. Skull was exposed and cleaned by 10% hydrogen
peroxide. Then, viruses were injected into DRN (AP: -4.55 mm, ML:
-0.00 mm, DV: -2.55 mm) by Nanoject Ill (Drummond Scientific,
Broomall, PA) injector at a rate of 23 nl/min. For optogenetic and
fiber photometry experiments, an optical fiber (diameter: 200 pm,
Inper, Hangzhou, China) was implanted to the DRN (AP: -4.55 mm,
ML: -0.00 mm, DV: -2.50 mm, 15-degree angle to vertical axis).
Experiments were performed at least 3 weeks after surgery to en-
sure the expression of viruses. For drug treatments, SD male rats
were anesthetized and fixed to the stereotaxic apparatus, after
which a guide cannula (RWD, Inc., Shenzhen, China) was stereotaxi-
cally directed to the lateral cerebral ventricle (AP: =1.00 mm, ML:
-1.90 mm, DV: -2.70 mm). Rats were allowed to recover for at least
7 days after the surgery.

2.4 | Fiber photometry

For fiber photometry experiments, the implanted optical fiber
was attached to the fluorescence photometer (Thinker Tech,
Nanjing, China). The beam of 488 nm continuous LED light was
emitted and reflected by a dichromic mirror, and GCaMPé6 s fluo-
rescence was focused and recorded by the photometer. To re-
duce the bleaching of the calcium indicator, laser intensity at the

fiber tip was kept between 30 and 40 uW. Average AF/F values
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were calculated by a custom written MATLAB code, as (F
-F /F in which F
before the time zero.

duration

was the mean calcium signal

baseline) baseline’ baseline

2.5 | EEG recording

After EEG recording cable and the laser stimulator was connected
to the skulls of animals, mice were first habituated to a plexiglass
cuboid container (16 cm in length, 120 cm in width, 100 cm in
height) for 5 min. EEG signals were continuously recorded by
the PowerLab 16/35 amplifier system (PL3516, AD Instruments,
Dunedin, New Zealand) and LabChart Pro version 8.1.13 software
(MLU60/8, AD Instruments, Dunedin, New Zealand). The raw EEG
data were sampled at the frequency of 1000 Hz and were band-
pass filtered with 0.3 Hz to 50 Hz for further analysis. For the
burst-suppression ratio (BSR) calculation, 1.0% isoflurane was inlet
constantly for more than 30 min until the burst-suppression wave
appeared regularly. The 2-min blue laser (473 nm, 20 Hz, 20 ms,
15 mW from tips, Thinker Tech, Nanjing, China) was delivered to
activate neurons, whereas 2-min yellow laser (594 nm, 1 Hz, 1's,
10 mW from tips, Thinker Tech, Nanjing, China) was applied for
inhibition. For spectral analysis, mice were exposed to 0.8% isoflu-
rane anesthesia for about 30 min. After the EEG signals were sta-
bilized, optical manipulation was applied as previously mentioned.
Burst-suppression ratio (BSR) and spectral analysis were accom-
plished by MATLAB (R2018a; MathWorks, Natick, MA, USA) and
custom written MATLAB codes as previously reported.21 The
frequency bands were composed of delta (5: 0.3-4 Hz), theta (0:
4-10 Hz), alpha (a: 10-15 Hz), beta (p: 15-25 Hz), and gammal(y:
25-50 Hz) waves.

2.6 | Behavioral tests

Behavioral tests to examine the induction and emergence times
were adopted from methods described before.?? Mice were freely
placed in a horizontal transparent Plexiglas cylinder (45 cm in
length, 12 cm in diameter) for 30 min for habituation. Then, anes-
thesia was induced by 1.4% isoflurane with 100% O, at a flow rate
of 1.5 L/min. The cylinder was rotated 180-degree every 15 s until
the mice behaved as loss of righting reflex (LORR) and could not
turn itself prone onto all four limbs. The time from the initiation
of isoflurane inhalation to LORR was considered as induction time.
After 30 min of continuous anesthesia, the delivery of isoflurane
was interrupted and the cylinder was rotated as described above
to evaluate the time when mice could independently turn from
the supine position with at least three paws reaching the bottom
of the cylinder. The moment from the cessation of anesthesia to
the recovery of righting reflex (RORR) was defined as emergence
time. During the whole experiment, a heating pad was taped to the
bottom of the cage so as to keep the body temperature of mice
around 37.5°C.

2.7 | Immunohistochemistry

Mice were deeply anesthetized with isoflurane and cardially per-
fused with 4% paraformaldehyde (PFA) followed by 0.9% saline.
Brains were post-fixed for 2 hours in 4% PFA at 4°C temperature
and then dehydrated by 30% sucrose in PBS serially. Brains were
coronally sectioned at 40 um using a cryostat microtome (CM1200,
Leica). The brain sections were washed in phosphate-buffered sa-
line (PBS, pH = 7.4) and then blocked with 5% normal donkey serum
in PBS with 0.3% Triton X-100 for 2 hours at room temperature.
Primary antibodies, including mouse anti-c-Fos (1:1000, Abcam)
and rabbit anti-Tph2 (1:200, Synaptic Systems), were incubated at
4°C overnight, respectively, followed by incubation of secondary
antibodies, including donkey anti-rabbit Alexa 488 (1:400, Jackson
ImmunoResearch) or donkey anti-mouse Cy3 (1:400, Jackson
ImmunoResearch) for 2 hours at room temperature. And then, the
brain slices were mounted in Fluoromount-G (Millipore) and im-
aged by laser confocal microscopes (FV1200, Olympus).

2.8 | Slicerecording

After viral expression, acute coronal brain slices containing DRN
were obtained at 300 um thickness in a vibratome (Leica VT1200S)
while being submerged in an ice-cold 95.0% 0O,/5.0% CO, satu-
rated solution containing 124 mM NaCl, 25 mM NaHCO,, 2.5 mM
KCl, 1 mM NaH,PO,, 2 mM CaCl,, 2 mM MgSO,, and 37 mM
glucose, and incubated for 60 min at 35°C in 95.0% 02/5.0%
CO2 saturated artificial cerebrospinal fluid (ACSF) containing
124 mM NaCl, 24 mM NaHCO,, 3.8 mM KCl, 1.2 mM NaH,PO,,
1 mM MgCl,, 2.5 mM CaCl,, and 10 mM glucose. In the recording
chamber continuously perfused with oxygenated ACSF (1.5-2 ml/
min) at room temperature, whole-cell recording was performed
with micropipettes (1.5 mm outer diameter [OD], 1.1 mm inner
diameter [ID]). The pipette inner solution contained 130 mM K-
gluconate, 4 mM KCI, 1 mM MgCl,, 10 mM HEPES, 0.3 mM EGTA,
4 mM Mg-ATP, and 0.3 mM Na-GTP (pH = 7.4). Current clamp was
used to measure the electrophysiological effects of genetical ma-
nipulation of 5-HT neurons in the DRN.

2.9 | Statistical analysis

All statistical analyses were performed with Prism 8.0.1 (GraphPad,
US) and MATLAB (MathWorks, US). Data were presented as
mean + SEM, and SEM was indicated by error bars in figures.
Normality of data distributions was tested by the Shapiro-Wilk tests.
Two-way ANOVA followed by Sidak's post hoc test was used to as-
sess the statistical difference for chemogenetic experiments, one-
way ANOVA followed by Tukey's post hoc test for pharmacological
experiments, and Student's t test for optogenetic and immunostain-
ing experiments. Statistical significance levels are indicated as fol-
lows: *P < 0.05, **P < 0.01, and ***P < 0.001.



944 LI .
_I_Wl LEY- CN'S Neuroscience & Therapeutics FTA
3 | RESULTS were anesthetized under 1.4% isoflurane vaporized by oxygen
at a flow rate of 1.0 L/min and then sacrificed for immunostain-
3.1 | Neuronal activity of DRN 5-HT neurons was ing. Co-staining of Fos and tryptophan hydroxylase (Tph2), a key
inhibited during isoflurane anesthesia enzyme for 5-HT synthesis,?* showed that the percentage of Fos-
positive 5-HT neurons in the DRN decreased after 2-h isoflurane
To investigate the activity of DRN 5-HT neurons, we first exam- anesthesia (6.883 + 0.9123%) in comparison with the control group
ined the expression of immediate early gene, c-fos, which is com- (16.82 + 2.158%), indicating that the 5-HT neuronal activities re-
monly accepted as a proxy of neuronal activity.?®> Wild-type mice duced (Figure 1A,B, P < 0.001).
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FIGURE 1 General anesthesia decreased the activities of 5-HT neurons in the DRN. A, Representative immunofluorescent images of
double staining of Tph2 and Fos in control and isoflurane anesthesia groups. B, Percentage of Fos-positive 5-HT neurons was significantly
decreased in the isoflurane anesthesia group (6.883 + 0.9123%), compared to the control group (16.82 + 2.158%). C, Schematic illustration
of virus injection. D, Verification of virus expression and track of optical fiber (red, anti-Tph2; green, GCaMPé s). E, Calcium signal decreased
after loss of consciousness induced by isoflurane anesthesia (mean = SEM, indicated by the full line and shaded area, and time to loss of
consciousness indicated by the pink shaded areas). F, Heatmaps of calcium signal before and after initiation of isoflurane. G, Calcium signal
was significantly reduced before and after loss of consciousness (-0.8843+0.5483 vs -12.28+2.059, P < 0.001). H, Calcium signal increases
after recovery of consciousness from isoflurane anesthesia (mean + SEM, indicated by the full line and shaded area, and time to recovery of
consciousness indicated by the pink shaded areas). |, Heatmaps of calcium signal before and after cessation of isoflurane. J. Calcium signal
was significantly increased before and after recovery of consciousness (0.5619 + 1.375 vs 17.42 + 1.917, P < 0.001) (*P < 0.05, **P < 0.01,
and ***P < 0.001, unpaired t test)
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To further assess the in vivo activity of DRN 5-HT neurons, we
injected the AAV-DIO-GCaMPé6 s into the DRN of Sert-Cre mice
which expressed Cre recombinase driven by the serotonin reuptake
transporter promoter to achieve Cre-dependent expression of cal-
cium indicator in the 5-HT neurons (Figure 1C,D). Calcium activ-
ity of DRN 5-HT neurons gradually decreased after the initiation
of isoflurane anesthesia at a concentration of 1.4% (Figure 1E-G),
and the activity recovered after termination of anesthetic inhala-
tion before the mice regained their consciousness (Figure 1H-J).
Collectively, these results showed that DRN 5-HT neurons were
suppressed by the isoflurane anesthesia and gradually reactivated
as the isoflurane anesthesia faded away, implying the involvement

of DRN 5-HT neurons in the regulation of general anesthesia.
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3.2 | Optogenetic manipulation of DRN 5-HT
neurons altered the burst-suppression pattern of EEG
during anesthesia maintenance

To testify the regulatory effect of 5-HT neurons in the DRN on the
general anesthesia, the light-sensitive channelrhodopsin (ChR2) or
halorhodopsin (NpHR) was specifically expressed on the DRN 5-HT
neurons by injecting AAV-DIO-ChR2/NpHR-mCherry virus into
the DRN of Sert-Cre mice (Figure 2A). Electrophysiological studies
showed that 5-HT neurons expressing ChR2 could effectively fire ac-
tion potentials following 473 nm blue light pulses at the frequencies
of 5 Hz, 10 Hz, and 20 Hz (Figure 2B, Figure S1), and those neurons

expressing NpHR were strongly inhibited by continuously delivery
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FIGURE 2 Optical stimulation of DRN 5-HT neurons affected the depth of isoflurane anesthesia. A, Left, schematic illustration of vius
injection. Right, verification of virus expression and track of optical fiber (red, ChR2-mCherry; green: Tph2). B,C, Confirmation of ChR2

or NpHR virus efficiency. D, Representative peri-stimulation raw EEG and EEG spectra of blue laser. E, Activation of DRN 5-HT neurons
significantly reduced the BSR during anesthesia maintenance (61.26 + 4.016% vs 38.26 + 3.638%, P = 0.0015). F, Representative peri-
stimulation raw EEG and EEG spectra of yellow laser. G, Inhibition of DRN 5-HT neurons significantly increased the BSR during anesthesia
maintenance (51.98 + 4.513% vs 62.53 + 3.686%, P = 0.0191) (*P < 0.05, **P < 0.01, and ***P < 0.001, paired t test)
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of 594 nm yellow light (Figure 2C). During 1.0% isoflurane anes-
thesia maintenance, activation of DRN 5-HT neurons by applying
20 Hz blue light pulses significantly reduced the burst-suppression
ratio (BSR) from 61.26 + 4.016% to 38.26 + 3.638% (Figure 2D,E,
P = 0.0015). In contrast, optical inhibition of DRN 5-HT neurons
increased BSR (Figure 2F,G, 51.98 + 4.513% vs 62.53 + 3.686%,
P = 0.0191). Overall, these changes of BSR suggested that DRN
5-HT neurons could reduce the anesthetic depth during anesthesia

maintenance.

3.3 | Chemogenetic modulation of DRN 5-HT
neurons only affected the emergence time of
isoflurane anesthesia

Behavioral tests were applied to further confirm the effect of
DRN 5-HT neurons on general anesthesia. By injecting AAV-DIO-
hM3Dqg/hM4Di-mCherry viruses into the DRN of Sert-Cre mice, two

(A) AAV-DIO-hM3Dg/hM4Di-mCherry
or ,'
AAV-DIO-mCherry ’/

Sert-Cre Mouse

CNO i.p. Iso Iso
ON Induction OFF Emergence
30min ] Time 30min 1 Time -
L |
LORR RORR
(D) (E)
800+ ns 900+ *
7004 oo @ 800+ oo °
w 00 o oy o [
kg £ 7004
= 600 i= o
= © o o 600 [© :
5= e & 500
B 400- 4
.§ g 4004
— 300+ w 39g L
300
SINEEE § B imiey B B
@ O @ O @ O @ O
SRS NS R
b @' Q,@ %Qo: \\@ ’\,3’ & Q,QO:
$ & Q $ @ O
@c}\e @o“ \\& N @0& @c}\ &‘% N

different designer receptors exclusively activated by designer drugs
(DREADDs), hM3Dq or hM4Di, were expressed on the 5-HT neurons
(Figure 3A). Application of CNO onto the acute brain slices induced
robust activation of hM3Dg-expressing 5-HT neurons and inhibition
of hM4Di-expressing 5-HT neurons (Figure 3B,C). Vehicle or CNO
was injected intraperitoneally 30 minutes before the initiation of 1.4%
isoflurane to activate or inhibit DRN 5-HT neurons, and conscious
states of mice were measured by the righting reflex. Time to loss of
righting reflex (LORR) after inhalation of isoflurane was considered
as the induction time and time to recovery of righting reflex (RORR)
as the emergence time. Although activation of DRN 5-HT neurons
showed little influence on the induction time (Figure 3D, P=0.6460),
the emergence time was significantly shortened compared with con-
trol groups (Figure 3E, P=0.0217). On the contrary, inhibition of DRN
5-HT neurons prolonged the emergence time (Figure 3G, P=0.0135),
without affecting the induction time (Figure 3F, P=0.4252). Taken to-
gether, behavioral results demonstrate that DRN 5-HT neurons could
facilitate the emergence from general anesthesia.
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FIGURE 3 DRN 5-HT neurons facilitated the emergence from isoflurane anesthesia. A, Top, schematic illustration of virus injection

and verification of virus expression (red, hM3Dqg/hM4Di-mCherry; green: Tph2). Bottom, experimental protocol of assessment of time to
LORR and RORR. B, C, Confirmation of hM3Dq or hM4Di virus efficiency. D, Activation of DRN 5-HT neurons did not change the induction
time (P = 0.6460). E, Activation of DRN 5-HT neurons significantly shortened the emergence time (P = 0.0217). F, Inhibition of DRN 5-HT
neurons did not change the induction time (P = 0.4252). G, Inhibition of DRN 5-HT neurons significantly prolonged the emergence time
(P=0.0135) (*P < 0.05, **P < 0.01, and ***P < 0.001, two-way ANOVA followed by Sidak's post hoc test)
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3.4 | Serotonergic neurons exerted their effect
mainly through 5-HT 1A and 2C receptors

Above results have shown that DRN 5-HT neurons could facilitate
emergencefromgeneralanesthesia, but several studies hinted the pos-
sibility that 5-HT neurons might exert their functions by co-releasing
other neurotransmitters, like glutamate or gamma-aminobutyric acid

(GABA).?*?> We then performed the pharmacological experiments

-Wi LEYM

on the SD rats to investigate whether the effect of activating DRN
5-HT neurons was associated with the release of serotonin. By im-
plantation of cannula above the lateral cerebral ventricle, 5-HT was
delivered by intracerebroventricular injection 15 minutes before
cessation of isoflurane (Figure 4A,B). Although 0.25 umol 5-HT mi-
croinjection did not affect the emergence time (P=0.7788), rats took
significantly shorter time to regain the righting reflex with 0.5 umol
5-HT injected intracerebroventricularly (P=0.0043), mimicking the
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FIGURE 4 |Intracerebroventricular infusion of 5-HT and 5-HT 1A or 2C receptor agonists or antagonists changed the emergence time
of isoflurane anesthesia. A, Verification of cannula track for intracerebroventricular infusion. B, Experimental protocol of assessment of
time to RORR. C, Intracerebroventricular application of 5-HT shortened the emergence time in a dose-dependent manner (P = 0.0049). D,
Intracerebroventricular application of 5-HT 1A receptor agonist shortened the emergence time in a dose-dependent manner (P = 0.0053).
E, Intracerebroventricular application of 5-HT 1A receptor antagonist prolonged the emergence time in a dose-dependent manner

(P < 0.001). F, Intracerebroventricular application of 5-HT 2A/2C receptor agonist shortened the emergence time in a dose-dependent
manner (P = 0.0470). G, Intracerebroventricular application of 5-HT 2A receptor had no effect on the emergence time (P = 0.8154).

H, Intracerebroventricular application of 5-HT 2C receptor antagonist prolonged the emergence time in a dose-dependent manner

(P <0.001) (*P < 0.05, **P < 0.01, and ***P < 0.001, one-way ANOVA followed by Tukey's post hoc test)
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effect of activating DRN 5-HT neurons (Figure 4C). These results
indicate that DRN 5-HT neurons facilitate emergence from general
anesthesia partially through serotonin signaling.

Serotonin could bind to diverse receptors including both ion-
otropic and metabotropic receptors, classified into 5-HT 1-7 re-
ceptors, which endowed the serotonergic systems with complex
functions.?® To explore which receptors were involved in the emer-
gence promoting effect of DRN 5-HT neurons, agonists and antag-
onists of various serotonin receptors which have been implicated
in the regulation of sleep and wakefulness were used to measure
the behavioral effect on anesthesia.'? Intracerebroventricular ap-
plication of the selective 5-HT 1A receptor agonist, 8-OH DPAT,
significantly shortened the emergence time (P=0.0027, Figure 4D),
whereas WAY-100635, a selective 5-HT 1A receptor antagonist
prolonged the time to RORR (P=0.0005, Figure 4E), implying the
involvement of 5-HT 1A receptor in emergence. Moreover, intrace-
rebroventricular infusion of 5-HT 2A/2C receptor agonist, DOI, also
accelerated the emergence from isoflurane anesthesia (P=0.0321,
Figure 4F), and infusion of high selective 5-HT 2C receptor antag-
onist (RS-102221, P=0.006, Figure 4H) but not 5-HT 2A receptor
antagonist (M100907, P=0.8154, Figure 4G) achieved the opposite
effect, suggesting the importance of 5-HT 2C receptor. However,
agonists or antagonists of other 5-HT receptors, including 5-HT 1B,
3, 6, and 7 receptors, showed little regulatory effect on emergence
time of anesthesia (Figure S2). Overall, these results highlighted the
involvement of 5-HT 1A and 2C receptor signaling in the modulation

of isoflurane anesthesia.

4 | DISCUSSION

In this study, we combined the immunostaining with fiber photom-
etry of calcium indicator to illustrate the reduction of DRN 5-HT
neuronal activity during general anesthesia. Then, through optoge-
netic and chemogenetic methods, we found that activation of DRN
5-HT neurons could reduce the depth of anesthesia and facilitate
emergence from isoflurane anesthesia. Finally, intracerebroven-
tricular infusion of serotonin and agonists or antagonists of 5-HT
receptors implied the involvement of serotonin and 5-HT 1A and 2C
receptor signaling in the regulative effect of DRN 5-HT neurons on
general anesthesia.

Several studies reported that concentration of serotonin was de-
creased in the prefrontal cortex and hypothalamus during general
anesthesia.’® Indeed, we found that activity of DRN 5-HT neurons
was significantly decreased during isoflurane anesthesia, which was
consistent with the idea that brainstem activating systems were in-
hibited during anesthetic-induced consciousness.? Previous studies
using multi-channel recording found that putative DRN 5-HT neu-
ronal activity was correlated to the behavioral arousal levels and
significantly decreased during slow wave sleep (SWS).?”28 Recently,
fiber photometry of genetically identified 5-HT neurons yielded the
similar results that DRN 5-HT neurons increased their activity when
the mice transit from NREM sleep to wakefulness,” reminiscent of

the increase of calcium activity at emergence from anesthesia in
our studies. Volatile anesthetics, including isoflurane, act through a
wide array of molecular targets, in which the facilitation of GABA
receptor plays a major role.? DRN 5-HT neurons have been shown
to express GABA , receptors.?’ The reduction of neuronal activity
during general anesthesia might be attributed to the enhanced in-
hibitory inputs from local interneurons or forebrain nuclei such as
preoptic area (POA) through facilitation of GABA, receptor signal-
ing.30 As showed in the calcium imaging, the rapid recovery of DRN
5-HT neuronal activity occurred in ahead of mice recovering con-
sciousness after the cessation of isoflurane inhalation, indicating the
potential involvement of DRN 5-HT neurons in the emergence from
anesthesia. Indeed, activation of DRN 5-HT accelerated recovery to
consciousness, and inhibition delayed the emergence period. These
results further extended our findings that wake-promoting neuro-
peptide, orexin, could activate DRN 5-HT neurons to facilitate the
emergence from general anesthesia.?®

Based on in vitro slice recordings, we chose 20 Hz as the op-
timal photostimulation pattern for activating DRN 5-HT neurons.
However, it has been reported that DRN 5-HT neurons could
be fired at a broad range of stimulating frequency to accomplish
their complex functions, from 5 Hz during quiet waking states to
20-30 Hz while actively waking, rewarding or punishments.2>3132
Interestingly, optogenetic activation of DRN 5-HT neurons by 25 Hz
pulse induced a sudden increase of wakefulness probability at the
expense of NREM and rapid eye movement (REM) sleep, but stimu-
lation of DRN 5-HT neurons at 3 Hz tended to generate sleep pres-
sures and gradually led to NREM sleep.19 These studies combined
with our finding in general anesthesia implied a bidirectional regula-
tive effects of DRN 5-HT neurons and emphasized the importance
for further studies to measure the firing pattern transitions of these
neurons during wakefulness and sleep or anesthesia, using methods
of higher resolution, like the multi-channel recording of optogenetic
defined cell types, or the calcium photometry of single neurons.>334

Serotonin could bind to diverse receptors of distinct character-
istics which endowed the serotonergic system with the ability to
mediate a wide array of behavioral functions.?* The 5-HT 1A re-
ceptors are the metabotropic receptors which could hyperpolarize
the membrane potential through activation of G-protein-coupled
potassium channel.?® Previous studies have demonstrated that
systematic application of 5-HT 1A receptor agonists, flesinoxan
or 8-OH DPAT, increased the wakefulness and reduced the slow
wave sleep (SWS) and REM sleep.®® This wake-promoting effect
was likely produced by the inhibition of sleep active neurons in
the POA and facilitation of the wake-associated neurotransmitters
release, including acetylcholine (ACh) and noradrenaline (NA),'>%¢
which might also underline the mechanism of facilitating emer-
gence from general anesthesia. On the other hand, it has been re-
ported that subcutaneous administration of 5-HT 2A/2C receptor
agonists, DOI, prolonged the wakefulness, but shortened SWS
and REM sleep; however, this effect was proven to be mediated
by the 5-HT 2A receptors.37 Here, we demonstrated that antag-
onist of 5-HT 2C receptors but not 5-HT 2A receptors generated
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the opposite effect of DOI, which indicates a probably different
mechanism of serotonergic system in the regulation of general
anesthesia against sleep. Nevertheless, further studies should be
performed to interpret this difference in the future.

There are also some limitations of the present study. Although
5-HT 1A and 2C receptors were identified as possible mechanisms
of serotonergic facilitation of emergence from anesthesia, the two
receptors exerted opposite excitatory and inhibitory effect on the
downstream targets. DRN 5-HT neurons innervated the majority of
brain regions, previous studies demonstrated that there were sub-
groups of 5-HT neurons in the DRN with distinct projection regions.
DRN 5-HT neurons projecting to orbitofrontal cortex (OFC) tended
to have compensatory innervations with those projecting to central

amygdala (CeA).X

The divergent innervating properties and various
levels of downstream nuclei expressions of subtypes of 5-HT re-
ceptors implied possible mechanism of two receptors with opposite
characteristics to exert similar effects. Besides, intracerebroventric-
ular infusion of 5-HT indicated the involvement of serotoninergic
mechanism in the emergence promoting effect of DRN 5-HT neu-
rons, but the probability of co-releasing of other neurotransmitters
such as glutamate when DRN 5-HT neurons were activated could not

be excluded, and this possibility should also be tested in the future.

5 | CONCLUSION

In conclusion, the present studies provided several evidences for the
role of DRN 5-HT neurons to facilitate emergence from isoflurane
anesthesia, and this effect was at least partially mediated by the
5-HT 1A and 2C receptors. This study further expanded the brain-
stem ascending systems affecting general anesthesia, and because
serotonergic systems are highly associated with emotional behaviors,
our findings may give some hints for the perioperative psychiatric
disorders and anesthesia management of patients with neuropsychi-
atric diseases or under treatments targeting serotonergic systems.
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