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Activation of CaMKII™ neurons in the paramedian raphe
nucleus promotes general anesthesia in male mice
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Abstract General anesthesia (GA) is an essential
clinical and surgical adjunct, widely recognized as
the result of coordinated networks among numerous
brain regions. Anesthetic drugs with different char-
acteristics are associated with distinct networks of
brain regions involved in anesthesia. Ciprofol, a novel
intravenous anesthetic derived from structural modi-
fications of propofol, has shown promise in clinical

Supplementary Information The online version
contains supplementary material available at https://doi.
org/10.1007/s10565-025-10037-3.

X.Li-G. Duan - D. Ju (?<) - H. Huang (<)
Department of Anesthesiology, The Second Affiliated
Hospital, Chongqing Medical University, Chongqing,
China

e-mail: judapeng @cqmu.edu.cn

H. Huang

e-mail: huanghe@cqmu.edu.cn

Z.Ma (P4) - T. Wang
Chinese Institute for Brain Research, Beijing, China
e-mail: mazhixiong @cibr.ac.cn

X. Liu
Department of Neurosurgery, Xinqgiao Hospital, Third
Military Medical University, Chongqing, China

C.Chen-Z. Yu - D. Sang - E. E. Zhang
National Institute of Biological Sciences, Beijing, China

E. E. Zhang

Tsinghua Institute of Multidisciplinary Biomedical
Research, Tsinghua University, Beijing, China

Published online: 13 May 2025

applications. However, the specific neuronal circuits
and brain regions mediating their actions may dif-
fer. Moreover, the core brain regions that mediate
the common anesthetic effects of these drugs remain
unclear. In this research, we identified a central
ensemble of brainstem neurons within the paramed-
ian raphe nucleus (PMnR) using c-Fos staining in
mice subjected to GA induced by continuous intrave-
nous infusion of ciprofol and propofol. This neuronal
population, primarily composed of CaMKlla and
Gadl-expressing cells, demonstrated consistent acti-
vation in reaction to ciprofol. Optogenetic activation
of PMnREXKIa neyrons induced a GA state under
ciprofol pre-administration, while sole activation
of PMnR“XI pneyrons induced a motionless state
in mice. In addition, conditional inhibition of these
neurons resulted in resistance to GA. In summary,
we highlight the PMnR as a brain target for ciprofol
and propofol. Furthermore, CaMKIla* neurons in the
PMnR emerge as active promoters of the anesthesia
process, shedding light on a previously unrecognized
key player in the intricate neural network orchestrat-
ing GA.
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Introduction

General anesthesia (GA) is a cornerstone in clinical
surgical procedures, inducing an artificial physiologi-
cal state characterized by unconsciousness, immobi-
lization, analgesia, and amnesia (Arhem et al. 2003).
While c-Fos staining has unveiled multiple neural
nuclei implicated in promoting GA (Lanir-Azaria
et al. 2018; Jiang-Xie et al. 2019; Gelegen et al. 2018;
Nelson et al. 2002; Yi et al. 2023), our understanding
of the specific target and circuit mechanisms under-
lying GA remains incomplete (Bastos et al. 2021).
Current screening methods often rely on intersecting
regions associated with various anesthetic mecha-
nisms, including sleep-related ones (Zhang et al.
2022; Moody et al. 2021). Given that distinct drug
mechanisms act on different brain regions (Tian et al.
2023; Wang et al. 2023), there is a need to identify
the essential effects of anesthesia on brain regions
activated by diverse anesthetic types.

Ciprofol, a novel intravenous anesthetic derived
from structural modifications of propofol, designed
to enhance the anesthetic experience by addressing
some of the limitations associated with propofol (Qin
et al. 2017). Recent studies have underscored that cip-
rofol outperforms propofol in several aspects, such as
exerting less influence on breathing and blood circu-
lation, having stronger efficacy, causing less pain dur-
ing injection, and providing a larger safety range (Lu
et al. 2023). While ciprofol and propofol exert their
anesthetic effects primarily through interactions with
the y-aminobutyric acid subtype A (GABA,) recep-
tors, the specific neural circuits and brain regions
mediating their actions may differ. For instance, cip-
rofol has a higher affinity for the GABA, receptor
than propofol, which could influence its efficacy and
safety profile (Qin et al. 2017; Liu et al. 2022). These
results highlight the necessity for additional studies
to clarify the precise neural pathways and key brain
areas that underlie the fundamental anesthetic actions
of these drugs.

In the present study, we employed intravenous
injection for anesthesia induction, rapidly induc-
ing mice into an anesthetic state mimicking clini-
cal administration. Utilizing c-Fos staining, we
systematically screened the entire brain for regions
influenced by ciprofol and propofol (Liao et al.
2023). This unveiled the paramedian raphe nucleus
(PMnR) in the brainstem as a previously unexplored
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region. Subsequent fiber photometry recordings
confirmed PMnR neuron activation once it entered
the GA state. Molecular characterization identified
co-expression of both CaMKIla and Gadl in PMnR
c-Fos™ neurons. Optogenetic activation increased
8 wave power in electroencephalogram (EEG) and
induced motionlessness, while inhibition resulted in
resistance to transitioning into GA. Collectively, our
results uncover a previously unrecognized yet cru-
cial role of the PMnR in the ciprofol and propofol
anesthesia process, thereby expanding the known
neural substrates involved in the anesthetic network.

Method
Animals

Mice (3-5 animals per cage) were maintained sepa-
rately in cages before experiments. The housing
conditions were pathogen-free and maintained in a
temperature-controlled setting of 22-24 °C and a rela-
tive humidity level of 38%—42% on a 12-h light/12-
h dark cycle. All animals were given unrestricted
access to food and water. To limit the impact of the
circadian rhythm on the results, all experiments took
place between Zeitgeber Time (ZT) 6 and ZTI10.
All procedures were carried out with the consent
of the Institutional Animal Care and Use Commit-
tee (IACUC) at the National Institute of Biological
Sciences in Beijing, adhering to the relevant regula-
tions of the Chinese government. Adult male mice
(8-10 weeks) were utilized. Wildtype C57/BL6 J
mice were procured from Vital River and GemPhar-
matech. For targeted recombination in active popula-
tions, the Fos-Cre®®™? mice (FosCre®R, JAX#030323)
(Guenthner et al. 2013) were on a B6.129 background
and crossed with Ai6-zsGreen reporter mice (R26Ai6,
JAX#007906) (Madisen et al. 2010) to visualize the
ciprofol/propofol-active neurons, second-generation
of male FosCre®®+*R26"1%*+ mice within the age range
of 8 to 12 weeks were utilized for the experiments.
Experiments involving optogenetic behavior began 3
to 4 weeks following the injection of adeno-associated
virus, and were concluded within approximately 5 to
6 weeks. The mice were around 18 to 20 weeks old
when all experiments were finished (Table 1).
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Table 1 Key resources

Reagent or resource Source Identifier

Chemicals
4-Hydroxytamoxifen(4-OHT) MedChemExpress Cat # HY-16950 A; CAS: 268,392-35-8
DAPI MedChemExpress Cat # D9542; CAS: 28,718-90-3
Deschloroclozapine (DCZ) MedChemExpress Cat # HY-42110; CAS: 1977-07-7
Ciprofol (2.5 mg/mL) Haisco HSK3486

Propofol (10 mg/mL)
Ciprofol vehicle

Virus strains
AAV2/9-mCaMKIla-mCherry-WPRE-pA
AAV2/9-hEF1a-DIO-mCherry-WPRE-pA
AAV2/9-hVGAT-iCre-pA
AAV2/9-hSyn-GCaMP6f-WPRE-pA

pAAV-CaMKIIa-EGFP-P2 A-NLS-Cre-WPRE

rAAV2/9-EF1a-DIO-soul-mScarlet-WPRE-PA

AAV2/9-hEF1a-DIO-hM4D(Gi)-mCherry-ER2-WPRE-pA

AAV2/9-mCaMKIla-mCherry-WPRE-pA

AAV2/9-hEF1a-DIO-mCherry-WPRE-pA
Medications and medical devices

Denture Base Materials

Artifical Teeth Resin

Erythromycin eye ointment (0.5%)
Antibodies

Rabbit monoclonal anti-c-Fos

Donkey Anti-Rabbit IgG Antibody (Cy3®)

Fresenius Kabi
Haisco

Taitool
Taitool
Taitool
Taitool
Obiosh

Vector Core of CIBR (Chi-
nese Institute for Brain
Research)

Taitool
Taitool

Taitool

New century dental, China
New century dental, China
Chen xin, China

Cell Signaling (CST)

Jackson ImmunoResearch

J20171057
Batch Number: S20200301

$0242-9
S0197-9
S0430-9
S0536-9
CN870
BV02009(18)

S0863-9
50242-9
S0197-9

20,173,170,702
20,173,174,052
H37022025

Cat # 2250 s; RRID: AB_2247211
Cat # 711-165-152; RRID: AB_2307443

Donkey Anti-Rabbit IgG HL (Alexa Fluor 488) Abcam

Cat # ab150073; RRID: AB_2636877

Loss of righting reflex assay

Mice exhibiting loss of righting reflex (LORR) were
unable to roll over onto all four limbs from a supine
position. To assess their righting ability, they were
taken out of the tail vein fixtation chamber and posi-
tioned on their back (Wasilczuk et al. 2018). Testing
was conducted by an observer who knew which drug
had been administered, and it was performed between
ZT6 and ZT10.

Motionless assay
After laser stimulation, the timer started with the

mouse holding a stationary position for 5 s until the
mouse showed a combing motion or left the original

position. If there was no continuous rest for 5 s, the
timing was O s.

Surgical procedure

Mice were thoroughly anesthetized in a closed
chamber filled with the inhalation anesthetic isoflu-
rane (RWD, R510-22-10), and then fixed in a stere-
otaxic frame (RWD, Shenzhen, China); anesthesia
was maintained with isoflurane inhalation (1%—2.5%
via a tracheal). Their eyes were safeguarded using
erythromycin ophthalmic ointment (0.5%). The skull
was exposed and cleaned using 3% hydrogen per-
oxide. Then, two small holes in the skull above the
PMnR were drilled at precise coordinates guided by
the Mouse Brain in Stereotaxic Coordinates (George

@ Springer



83 Page 4 of 17

Cell Biol Toxicol (2025) 41:83

Paxinos 2001). Viruses were injected into the PMnR
(medial-lateral (ML) 0.25 mm, anterior—posterior
(AP) —4.16 mm, and dorsal-ventral (DV) —4.3 mm)
using a SMARTouch Controller (World Precision
Instruments, Inc, Sarasota, Florida) injector at a
speed of 46 nL/minute and 20 nL per side, bilaterally.
An optical fiber (200 um in diameter, N.A. =0.37)
housed in a ceramic ferrule was positioned with its
tip directly above the PMnR, outside the dura (Gong
et al. 2020) (ML: 0.25 mm. AP: —4.16 mm.) in pho-
togenetic activation test mice. Immediately after,
mice in the photogenetic activation test and the chem-
ogenetic inhibition test were equipped with three
screw electrodes for EEG recording (2 frontal [1 mm
frontal, 1 mm right-lateral from bregma] and 1 pari-
etal [mid-distance below lambda] electrodes. Electro-
myogram (EMG) signals were detected directly from
the neck muscle as previously described (Sang et al.
2023; Ma et al. 2022). Following the surgical proce-
dure, mice were retained in a warm setting until they
regained normal activity, as detailed earlier. Experi-
ments were conducted for at least 21 days following
surgery to ensure recovery and viral expression.

Fiber photometry

The AAV injection was administered first. Optical
fiber implantation was then performed 30 min later.
The ferrule containing an optical fiber (200 pm in
diameter, N.A. =0.37) was fixed to the skull using
dental cement, with the fiber tip positioned above the
PMnR (coordinates: ML: 0.25 mm, AP: —4.16 mm,
DV: —4.3 mm). The ferrule was secured on the skull
with dental cement (Denture Base Material mixed
with Artificial Teeth Resin at a 1:1 ratio). After the
optical fiber was implanted, the skin was stitched, and
erythromycin ophthalmic ointment (0.5%) was placed
on the surgical incisions. Optogenetic stimulation and
fiber photometry recording were carried out 3 weeks
after the fiber implantation procedure to ensure recov-
ery and viral expression.

Immunohistochemistry

Mice were thoroughly anesthetized using isoflu-
rane and then underwent cardiac perfusion with 4%
paraformaldehyde (PFA) in 1Xx Phosphate-Buffered
Saline (PBS). Brain tissues were post-fixed for four
to six hours in 4% PFA at ambient temperature and
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serially dehydrated using 30% sucrose in PBS. After
freezing the brain at —15 °C for 10 min, coronal
sections with a thickness of 20-30 pm were sliced
using a cryostat microtome (CM1200, Leica). The
brain sections were flushed using PBS (pH =7.4)
and incubated with 5% normal donkey serum in PBS
alongside 0.3% Triton X-100 for 2 h at ambient tem-
perature. Primary antibodies used included rabbit
anti-c-Fos (1:1000), were first incubated at 4 °C over-
night, and then incubated with secondary antibodies
(Donkey Anti-Rabbit IgG Antibody, 1:500, or Don-
key Anti-Rabbit IgG HL, 1:1000) for 2 h at room
temperature. Then, the brain sections were placed in
Fluoromount-G (Millipore) and imaged using fluores-
cence microscopes (VS120 or VS200, Olympus). The
quantity of c-Fos-labeled cells was evaluated utilizing
a custom Image J script.

In situ sequencing (ISS)

For preparing brain sections, Optimal Cutting
Temperature Compound (OCT)-embedded fresh
mouse brain tissues were coronally sectioned into
10 pum thick slices using a cryostat. These slices
were placed on glass slides and kept at —80 °C
until needed. Adjacent two brain slices to the tar-
get region were retained for control and formal
testing, respectively. The positive control genes
Ubc and Ppib and the negative control gene dapB
were selectively tested. Post-inspection, the slides
were immersed in 4% PFA dissolved in phosphate-
buffered saline treated with diethylpyrocarbonate
(DEPC-PBS) at ambient temperature for 5 min, fol-
lowed by rinses in DEPC-PBS twice. Subsequently,
the slices were treated with 0.1 M hydrochloric
acid (HC1) for 5 min and then rinsed in DEPC-
PBS containing 0.05% Tween-20 (DEPC-PBS-T)
for twice. Two sets of DNA ligation probes were
developed targeting the genes under investigation.
Excess probes were rinsed by DEPC-PBS-T and
an additional imaging step was conducted before
each round of sequencing to confirm the absence
of residual signals. The ligation reaction was car-
ried out in a mixture comprising 1 X SplintR buffer
(New England Biolabs), 10% glycerol, 0.2 pg/uL
bovine serum albumin (BSA), 2.5 U/uL SplintR
DNA ligase (New England Biolabs), and 1 U/uL
RiboLock RNase Inhibitor (Thermo Fisher Scien-
tific). The samples were incubated at 37 °C for 30
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min and then washed with DEPC-PBS-T for three
times. During the circularization process, 0.2 uM
splint oligonucleotides were hybridized to dual-
ligation probes in a solution containing 6 X SSC
and 10% formamide at room temperature for 30
min, simultaneously facilitating circularization
and rolling-circle amplification (RCA). After being
washed three times with DEPC-PBS-T, 1x Phi29
polymerase buffer (Thermo Fisher Scientific) and
the corresponding detection probes was applied to
the slides. These slides were dehydrated, placed
in a Vectashield mounting medium (VectorLabs),
and analyzed using an Axioplanll epifluorescence
microscope (Zeiss). The imaging procedure uti-
lized a 3D-Hitech Pannoramic® MIDI II sys-
tem, which was configured with a pco.edge 4.2bi
camera and a 20 Xobjective lens. DAPI-stained
images from one round were selected as the refer-
ence for subsequent analyses. The SIFI algorithm
was employed to extract features from these DAPI
images across multiple rounds. These extracted
features were then matched across rounds, and the
corresponding points were used to perform affine
transformations to align the images. Background
filtering was carried out using the tophat func-
tion from the OpenCV library. Finally, the spatial
localization and quantification of RNA were vali-
dated by identifying and decoding authentic signals
(Ke et al. 2013). RNA ISS Data analysis included
image registration, correcting images, finding sig-
nal points, decoding signal points, and segmenting
cells. The data analysis of RNA in situ sequencing
was performed by Dynamic Biosystems (Suzhou,
China). A gene-by-space matrix was generated
and used in downstream analyses. DAPI images
were used to detect nuclei using a Cellpose pack-
age (Stringer et al. 2021) for cellular segmenta-
tion. Then, each nucleus was expanded outwards
until either a 20-pixel max distance was reached or
the boundary of another cell was reached. Finally,
a gene-by-cell matrix was generated. The PMnR
region was delineated guided by the Mouse Brain
in Stereotaxic Coordinates (George Paxinos 2001),
with each cell encoded and the number of pixels in
each cell counted based on the matrix. Every four
pixels were recorded as one count, which was then
used to calculate the expression intensity of each
gene per cell.

Camk2a and Gadl expression

The mixture of AAV2/9-hEFla-DIO-mCherry-
WPRE-pA with AAV2/9-hVGAT-iCre-pA (1:1) or
CaMKIla-mCherry was injected into the PMnR (20
nL. per side, bilaterally). Three to four weeks later,
mice underwent Anesthesia Process 1 followed by
c-Fos immunohistochemistry.

Confocal microscopy

A confocal laser-scanning system attached to a Ti-E
inverted microscope was used to capture the image
stacks. The system was equipped with a 0.45 NA CFI
Super Plan Fluor ELWD 20XC Nikon objective lens
and operated using NIS-Elements AR 4.3 software.
Excitation was provided by an argon ion laser (457-514
nm, 40 mW), a yellow DPSS laser (561 nm, 20 mW), a
violet diode laser (405 nm, 50 mW), and a diode laser
system (647 nm, 100 mW), each equipped with suitable
filters. The z-stack images were taken with a spacing of
3 um between each slice. The orientation of each sec-
tion plane was determined with reference to the Mouse
Brain in Stereotaxic Coordinates (George Paxinos
2001). Pseudo-coloring was applied in Image J during
later processing stages where necessary.

Photogenetic activation and optical parameter
verification

The optogenetic activator rAAV2/9-EF1a-DIO-soul-
mScarlet-WPRE-PA  with  pAAV-CaMKIIa-EGFP-
P2 A-NLS-Cre-WPRE or CaMKIla-mCherry was
expressed in the PMnR. Three to four weeks later, mice
were anesthetized using ciprofol after an initial 5 min of
baseline recording, and 70 to 100 s later, a laser of 473
nm (Fiblaser Technology, China) at 1 Hz lasting for 1 s
was administered for 60 s to induce optical activation
with an intensity of 3040 mW (Zhou et al. 2023). For
the feature of step-function opsin with ultra-high light
sensitivity (SOUL) (rAAV2/9-EF1a-DIO-soul-mScarlet-
WPRE-PA) (Gong et al. 2020), laser off was not meant
to functionally opsin off. The anesthetic dose was estab-
lished at the anesthesia concentration at which 50% of the
population would not enter a state of anesthesia. For the
subsequent analysis, selection was limited to mice that
successfully received drug injections on their first try.
The duration of LORR in mice was measured
without any additional stimulation. Additionally,
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mice were re-anesthetized for the procedure to test
the response to noxious stimuli at least one week
later. Gentle pressure was applied to the terminal
end of the mouse’s tail, and the absence of a return
of the righting reflex (RORR) was observed as a
sign that the mouse was in a GA state.

Chemogenetic inhibition

The chemogenetic inhibitor AAV2/9-hEF1a-DIO-
hM4D(Gi)-mCherry-ER2-WPRE-pA mixed with
pAAV-CaMKIIa-EGFP-P2 A-NLS-Cre-WPRE was
expressed in the PMnR (20 nL per side, bilaterally).
DCZ treatment: DCZ (HY-42110, MedChemEx-
press) was prepared by dissolving it in 1-2% dime-
thyl sulfoxide (DMSO) in saline, resulting in a final
volume of 0.1 mL/kg (1 mg/kg), each mouse intra-
peritoneal injection of 1 mg/kg and back to the cage
30 min before the experiment. The saline treatment
was given 0.1 mL/kg of saline injected intraperito-
neally and back to the cage 30 min before the exper-
iment. All animals received two types of treatments,
and the experimental interval was at least one week.

EEG/EMG process

EEG/EMG signals underwent amplification and fil-
tering (0.5-35 Hz for EEG; 100-500 Hz for EMQG)
and digitized at 2000 Hz by signal conditioners
(EEG 100 C and EMG 100 C amplifiers-Biopac
MP160) (BIOPAC Systems, Inc). The signals were
captured using AcqKnowledge software (version
5.0, Biopac Systems) at a sample rate of 2000 Hz
and saved for offline analyses. Power spectrum
density was calculated by EEGlab (Delorme and
Makeig 2004), and the time-frequency spectrogram
was visualized by multitaper spectrogram (Prerau
et al. 2017). The limit frequencies range from 0 to
35 Hz. The time bandwidth is 15 s, and the number
of tapers is 30. The Window size is 30 s, with a step
size of 5 s. The data was not detrended or smoothed.
Power for every frequency range from O to 35 was
added as the total power, and the total sum of spe-
cific band ranges (delta [6 0-4 Hz], theta [0 4-8
Hz], alpha [ 8-12 Hz], and beta [} 13-30 Hz]) was
divided to the total power.
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Anesthesia process

1.

c-Fos staining for whole brain screen and co-
expression with Camk2a or Gadl: the mice
were domesticated under 12L:12D conditions
for one week, and the drugs were treated at
ZT6-ZT10. Connect the infusion needle to the
injection needle, fill it with propofol/cipro-
fol, and leave it at ambient temperature for 10
min. Experimental group: mice were placed in
a tail vein fixator tube, and a relatively thick
and straight side of the tail vein was found.
Alcohol cotton balls were applied to the root of
the mouse tail to the injection point and intra-
venous injection of 10 to 12 mg/kg propofol
or 4 to 5 mg/kg of ciprofol. The infusion nee-
dle was fixed with adhesive tape, and the mice
were removed from the tube and positioned
on a cushion. The infusion rate was main-
tained at 0.3 mL/h to 0.4 mL/h (Syringe Pump,
LPS02-2 A), and the respiratory rate of the
mice was controlled at 80—130 times/min. Stop
the medication after 2 h and euthanize the mice.
Untreated control group: euthanized at the same
time point as the experimental group.

Genetic capture of propofol/ciprofol labeled
neurons using  Fos-CreERV*R2641%*  mice:
FosCrePRM*R2641%+ mice domesticated under
12L.:12D conditions for one week, and the drugs
were treated at ZT6-ZT10. Propofol/ciprofol
overlay test: The schedule of drug treatment
was the same as mentioned above in Anesthe-
sia Process 1 and intraperitoneally injected with
50 mg/kg 4-OHT which was used for CreERT2
recombination in active cells. This process leads
to the transcription and translation of fluores-
cent proteins, thereby causing the activated cells
to express zsGreen fluorescent proteins in Fos-
CrePR*R264%*+ mice (Guenthner et al. 2013).
One week later, the above process was repeated
with the other drug, and mice were euthanized
for c-Fos immunofluorescence analysis. Ciprofol
specificity test: Experimental group: mice were
intravenously injected with 10 mg/kg (4 mL/kg)
of ciprofol to ensure a long enough LORR dura-
tion to visualize c-Fos. Vehicle control group:
intravenous injection of equal-dose volume (4
mL/kg) of ciprofol vehicle. Two groups of mice
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were given 50 mg/kg 4-OHT via intraperitoneal
injection.

3. Fiber photometry recording: mice were intrave-
nously injected with ciprofol vehicle (24 mL/
kg) for an initial 5 min of baseline recording, and
10 min later received an intravenous injection of
5-10 mg/kg (2—4 mL/kg) of ciprofol to ensure
that all mice enter an anesthetic state.

4. Exploration of Effect-Dose (ED) curve of cipro-
fol: mice were placed in a tail vein fixation cham-
ber and loaded onto the tail vein injector, and the
relatively thick and straight portion of the tail
vein was identified. The tail root of the mouse
was gently rubbed with an alcohol-soaked cot-
ton ball to prepare the injection site. Intravenous
injections of ciprofol were administered at vari-
ous doses (1.25, 2.5, 3, 3.125, 3.25, 3.75, 4.25,
and 6 mg/kg) (n= 10). After injection, the mouse
was removed from the chamber and placed in a
supine position. The rate of LORR was calcu-
lated for each dose. All experiments were con-
ducted between ZT6 and ZT10, with a one-week
interval between each dose administration. For
the subsequent analysis, selection was limited to
mice that successfully received drug injections
on their first try.

Statistical analysis

Data processing and analysis were conducted using
Excel and GraphPad Prism 9. Statistical methods
employed included unpaired and paired t-tests, one-
way ANOVA with parametric tests and Tukey’s mul-
tiple comparisons, one-way ANOVA with Dunn’s
test or the Benjamini-Krieger-Yekutieli correction
for multiple comparisons, and two-way ANOVA with
Holm-Sidak correction as needed. Nonlinear regres-
sion analysis using a Log (Agonist) vs. Response
model was employed to fit the Effect-Dose curve.
Unless specified otherwise, data are shown as mean
+SEM, with the n value indicated for each dataset.
Significant results are detailed in the figure legends.
The significance level was set at 0.05, two-tailed (not
significant, ns; p> 0.05; * p< 0.05; ** p< 0.01; ***
p< 0.001; **** p<0.0001). Mice from different lit-
ters were assigned to various treatment groups at
random, with no further specific randomization tech-
niques used in the animal experiments.

Results

PMnR in the brainstem is commonly activated in GA
state by propofol and ciprofol

To comprehensively investigate the brain regions
activated during anesthesia, we conducted a whole-
brain screen using c-Fos, which was visualized
after 2 h of anesthesia with ciprofol or propofol in
C57BL/6 ] mice (Fig. S1A). Strikingly, both cip-
rofol and propofol selectively activated the PMnR,
as evidenced by pronounced c-Fos expression
(Fig. 1A-E). Additionally, previously identified
responsive brain regions, such as lateral preoptic
area (LPO) (Gordon-Fennell et al. 2019), lateral
habenula (LHb) (Gelegen et al. 2018), supraoptic
nucleus (SON) (Jiang-Xie et al. 2019), and Edinger-
Westphal nucleus (EW) (Yi et al. 2023), exhibited
notable c-Fos expression during treatment with
either ciprofol or propofol (Fig. S1B-S1F). Nota-
bly, SON was not activated by ciprofol, while the
c-Fos* cell in LHb showed a statistically significant
difference between ciprofol and propofol treatment
(Fig. S1G).

For real-time recording of PMnR neuronal activ-
ity during the GA state, we employed photometry
recording during ciprofol administration. C57BL/6 J
mice were injected with hSyn-GCaMP6f virus in the
PMnR region (Fig. 1F). Real-time fiber photometry
assay was used to detect the Ca** activities of PMnR
neurons (Fig. 1G). The results revealed an immedi-
ate increase in Ca’* activities upon ciprofol-induced
LORR (Wasilczuk et al. 2018), coinciding with the
mice entering the GA state (Fig. 1H).

To further confirm the results, Fos-Cre
mice (Guenthner et al. 2013) sequentially treated with
the two drugs and labeled for c-Fos expression in
green and magenta colors separately (Fig. S2A), the
results demonstrated a similar pattern of PMnR neu-
ron activation for the two anesthetics (Fig. S2B-S2G).
Notably, ciprofol triggered a higher proportion of
activated neurons than propofol whether in propofol-
ciprofol order (ciprofol ratio: 64.29% =+2.72%; propo-
fol ratio: 51.31% +1.65%) or reversed order (cipro-
fol ratio: 58.74% +3.86%; propofol ratio: 40.85%
+3.42%). Consequently, ciprofol was prioritized for
subsequent experiments to detect and modulate neu-
rons in the PMnR brain area.

ER/+R26Ai6/+

@ Springer



83 Page 8 of 17

Cell Biol Toxicol (2025) 41:83

A

bregma - 4.16 mm

—
i)
p—
[0
-
=
(]
o
<
o
==
n
(o]
P
o
—
§e]
—
[0]
-
7]
Mn o
Qv
E . —— b - untreated con
ns .
ciprofol
E— 4 propofol
[}
(&)
+
(72}
o
U
o
416 mm -424mm -4.36 mm
) 7 S
PNnR |
G Amplifier Detector

AAV2 TR hsyn GCamP6f WPRE AAV2 ITR Pho%
T E o —

/ % 473 nm laser
.

vehicle/ciprofol

Foa——

Fig. 1 Neurons were activated by anesthesia unconsciousness
state, specifically in PMnR. A Schematic of associated regions
on the brain atlas. B-D Representative labeled c-Fos* cells
(Arrow direction: approximately —4.16 mm to —4.36 mm from
bregma) after 2 h of continuous intravenous ciprofol/propofol
injection from n= 5 to 6 mice are shown. E The graph shows
the number of c-Fos labeled neurons across the PMnR region
for mice (n= 3 sections from 6 mice in the control group and
propofol group, 5 mice in the ciprofol group). (—4.16 mm
slice: F (2, 14) =63.86, p< 0.0001; —4.24 mm slice: F (2,
14) =30.80, p< 0.0001; —4.36 mm slice: F (2, 14) =8.414,
p= 0.0040). See also Figure S1G. F Representative coro-
nal section of WT mice depicting the injection site of AAV-
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To exclude noise induced by the vehicle, an
equal-dose volume vehicle was injected into Fos-
CreFV*R264* mice (Fig. S2H, S2I). The dosage
was set according to LORR duration induced by sig-
nal drug injection that satisfied the c-Fos expression
requirement of Fos-Cre®¥+*R26"1* mice (Guenthner
et al. 2013) (Fig. S2H), while the dose of propofol
to reach this duration often causes severe respira-
tory suppression or even death. c-Fos expression was
rarely observed in PMnR, confirming the specific
activation of PMnR neurons by GA state rather than
procedural effects (Fig. S2J, S2K).

Ciprofol-activated PMnR neurons predominantly
exhibit CaMKIla" expression

To discern the specific subtype of neurons responsive to
ciprofol and propofol administration, we employed an
integrated Fos-Cre®®*R264%+ mice (Guenthner et al.
2013) and an in situ sequencing (ISS) (Ke et al. 2013)
strategy to screen for neuronal markers in the PMnR.
To distinguish neuron type through neurotransmitters
in neurons, the following candidate markers, includ-
ing Camk2a, Gadl, Slc17a6, Slc17a8, and Tph2, were
examined, with NeuN serving as the neuron marker
(Fig. 2A). Cellpose package was used to predict the
cell outline (Stringer et al. 2021). Our results revealed
that most (93.33%) of c-Fos-targeted cells expressed the
neuron marker NeuN (Fig. 2B). Among the candidate
markers, Gadl (encoding glutamate decarboxylase 1,
Gadl) and Camk2a (encoding calcium/calmodulin-
dependent protein kinase II alpha, CaMKIla) exhib-
ited a substantially higher ratio of c-Fos-targeted cells
(86.66%), indicating that the c-Fos-targeted neurons
highly express both Camk2a and Gadl (Fig. 2B). Other
makers, such as Tph2, Slc17a6, and Slci17a8 (Fig. 2B,
C), exhibited less abundant expressed mRNA reads.

To validate whether the Gadl and CaMKIlla are
highly expressed in neurons by ISS, immunostain-
ing of c-Fos and specific gene promoter driver
mCherry expression were performed (Fig. 2D).
Given expression patterns of Gadl and vesicular
GABA transporter (VGAT) are highly correlated
and often used as markers for GABAergic neurons,
CaMKIIa-mCherry and hVGAT-mCherry (combi-
nation of AAV2/9-hEF1a-DIO-mCherry-WPRE-pA
and AAV2/9-hVGAT-iCre-pA, 1:1) were injected
into the PMnR, induced with ciprofol, and subse-
quently underwent immunofluorescence staining of

c-Fos. The results demonstrated a significant over-
lap between CaMKIIa*/VGAT*' and c-Fos*™ cells
(Fig. 2E, F). No difference was found between the
CaMKIla® and VGAT" group for the probabil-
ity of c-Fos expression (CaMKIla*c-Fos*/c-Fos*:
89.60% +3.16%; VGAT*c-Fost)/c-Fos*: 90.71%
+2.73%, Fig. 2G). Given the features of PMnR (Sos
et al. 2017), our findings indicate that ciprofol and
propofol-activated neurons expressed multiple gene
markers.

CaMKIla™" neurons activation in PMnR promotes
transition to light anesthesia

To delve into the relationship between the neural
dynamics of PMnR neurons and the anesthesia state,
we employed optogenetic activation of this brain
region under pre-administration of ciprofol 3 mg/
kg, the ED50 concentration. DIO-SOUL (Gong et al.
2020) with Camk2a promoter-driven Cre recombi-
nase virus or CaMKIla-mCherry virus was injected
into the PMnR (Fig. 3A). Simultaneously, EEG
recording was applied to detect the activation effect
of neurons during the opto-activation procedure in
the PMnR.

After three to four weeks, mice received an intra-
venous injection of ciprofol (3 mg/kg), and the mice
who did not exhibit the loss of the righting reflex
(unLORR) transitioned into light GA state under-
went 473 nm laser opto-stimulation to activate neu-
rons in the PMnR (Figs. S3 and 3B). The behavio-
ral results also demonstrated that the activation of
PMnR“MKI peyrons markedly induced the transi-
tion of mice from a wake to a LORR state (Video
1.1 of Con mice and Video 1.2 of SOUL mice). And
the mice were unawakened by noxious stimulation
(Video 1.3). Muscle activity was substantially sup-
pressed (Fig. 3C), and LORR duration was substan-
tially induced by the activation of PMnRE™KI2 pey-
rons (Fig. 3D, t= 7.2510, df= 8). In addition, EEG
recordings from the cortex in mice suggested a prom-
inent interaction between optical PMnRMKI2 pey
ron activation and the low-frequency band (Fig. 3C,
E and F). Utilizing EEG brain wave range division
standards (delta [& 0—4 Hz], theta [0 4-8 Hz], alpha
[ 8-12 Hz], and beta [ 13-30 Hz]), power spectral
density (PSD) ratio analysis of the EEG signal sug-
gested PMnR activation greatly increased in 8 band
(Fig. 3G and H, PSD ratio""LORR Phase — () 25 + (.04,
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Fig. 2 Molecular signatures of c-Fos' neurons throughout
the PMnR. A Co-labeled candidate genes (Camk2a, Gadl,
Slc17a8, Tph2, Slc17a6, and NeuN) with c-Fos (green) labeled
neurons induced by ciprofol in PMnR. Arrow, c-Fos labeled
neurons. B Histogram chart of the ratio for candidate genes
over c-Fos labeled cells. C Violin Chart depicting the nor-
malized expression level of Camk2a, Gadl, Slci17a8, Tph2,
Slc17a6, and NeuN. D Virus injection and experimental strat-
egy flowchart. E-F Representative image of c-Fos-labeled
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neuron (Magenta) induced by ciprofol in CaMKIla-mCherry
(green) and VGAT-mCherry (green) expressing cells in PMnR.
Arrow, c-Fos-marked neurons. G Histogram of the ratio for
double-labeled CaMKIla*c-Fos* and VGAT*c-Fos* neurons
over the c-Fos* cell (n= 3, respectively). Statistical analysis
was performed using one-way ANOVA by Dunn’s multiple
comparisons test in C, and unpaired #-test (parametric) in G.
Data are presented as mean +SEM. *p< 0.05, **p< 0.01,
*##%p < 0.001, ns p> 0.05
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PSD ratio® Phas—= (040 +0.02, mean +SEM, p<
0.05), while greatly decreased in B band (Fig. 3G
and H, PSD ratio""ORR Phasc— (38 +0.03, PSD
ratio'™® P — 021 +0.01, mean +SEM, p< 0.05).
These data was in consistent with the normalized
APSD ratio (Fig. 3I). The results demonstrated that
the activation of PMnR“™X!2 neyrons markedly pro-
motes the transition from wakefulness to GA.

To explore the neural dynamics of PMnR neurons
corresponding to the behavior of mice, a 473 nm laser
opto-stimulation was applied to activate neurons in
the PMnR without ciprofol injection (Fig. S4A, S4B).
The results reveal that the activation of PMnR*MKIla
neurons induced the mice to stand motionlessly
(Video 2.1 of Con mice and Video 2.2 of SOUL
mice), and motionless duration was greatly induced
by the activation of PMnR MK neyrons (Fig. S4C,
S4D). Muscle activity was suppressed, notably, sup-
porting the behavioral changes, which was more than
a sedation state showing no locomotor speed or dis-
tance during the motionless duration (Gelegen et al.
2018; Xu et al. 2022). Activation of PMnRC*MKI2
induced EEG & wave accumulation compared with
control group during the motionless phase (Fig. S4C,
S4F-S4H, PSD ratio®™™= 042 +0.02, PSD
ratio'®e" Phase = (052 +0.02, mean +SEM, p< 0.05,
ts= 3.8830, df =4), which were in consistent with
previous data. Meanwhile, it also induced decrease
in o and B wave bands (Fig. S4G, S4H). These data
were in consistent with the normalized APSD ratio
(Fig. S41, p= 0.0051, t;= 3.8180, df= 8). Following
the experiment, brain sections were prepared, and the
injection site of the virus was examined (Fig. S5). In
summary, activation of PMnR X! neyrons without
ciprofol pre-administration also approaches GA, as
demonstrated in EEG and EMG.

In summary, the data showed activation of this
brain region increased the PSD ratio of the § band
wave and decreased the B band. Behaviorally, the
activation of PMnR™X! neyrons significantly facil-
itated the induction of mice transitioning from a wak-
ing state towards a loss-of-consciousness state.

Chemogenetic inhibition of CaMKIIa* neurons in
PMnR induces resistance to LORR

To further investigate how the CaMKIIa* neurons in
PMnR operate in the LORR, we sought to examine
the inhibitory effect of PMnR neurons. We employed

a chemogenetic inhibition method. DIO-hM4Di with
CaMKIla-driven Cre recombinase virus or CaM-
KIIa-mCherry was injected into the PMnR region
(Fig. 4A). EEG recording was also performed to
monitor the brain wave (Fig. 4B). Three to four weeks
later, the same volume of DCZ (1 mg/kg) (Nagai et al.
2020) or saline was administered intraperitoneally 30
min before ciprofol administration (Fig. 4C). A cam-
era recorded behavioral performance to determine the
LORR rate. As anticipated, inhibiting PMnR“MKIf2
neurons dramatically reduced the LORR rate com-
pared to saline treatment (Fig. 4D, DCZ: 0%; saline:
100%, p< 0.01, n=5) (Video 3.1 hM4Di mice of
saline and Video 3.2 hM4Di mice of DCZ). This
result highlights that the early inhibition of PMnR
neurons leads to resistance in transitioning into
the LORR state (Fig. 4D). We further observed the
EEG pattern which was applied by the chemogenetic
inhibition of PMnR“™X!I2 neyrons (Fig. 4E). Con-
versely, a decreased © PSD ratio and an increased f
PSD ratio were seen in the chemogenetic inhibition of
CaMKIIa* neurons in the PMnR (Fig. 4F and G). In
comparison, the other bands (6 and a bands) showed
no significant difference (Fig. 4G, t;= 1.9680, df= 4;
tp= 25070, df= 4; t,= 1.3550, df= 4; 1,= 3.6050,
df= 4). The mice were only included with correct
injection sites, and the EEG and EMG curves were
clear (Fig. S6A). Besides, the control group mice con-
sistently demonstrated similar behavioral performance
and EEG patterns, regardless of whether they received
saline or DCZ injections. (Figs. 4D, S6B, and S6C).

In summary, the data showed that this brain region
is inhibited during anesthesia by decreasing the power
density of the 8 band wave. Behaviorally, the inhibi-
tion of PMnR“™MKI2 neyrons significantly attenuated
the induction of mice transitioning from a waking
state to the LORR state.

Discussion

Given that c-Fos responds to sharp and rapid stimulation
(Hagihara et al. 2021), we employed tail vein adminis-
tration, ensuring a swift transition into the GA state, in
contrast to intraperitoneal injection (Wasilczuk et al.
2018). Through c-Fos staining for whole-brain screen-
ing, we initially identified the PMnR as a novel brain
region activated by ciprofol and propofol treatment
(Figs. 1 and S1). Intriguingly, our investigation also
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«Fig. 3 Optogenetic activation of CaMKIIa™ neurons in the
PMnR induced LORR and & wave band. A Viral-genetic
approach for the expression of SOUL in PMnREMKIa ey
rons. B The layout of optic fiber implantation and EEG/EMG
recording, and mice will receive 3 mg/kg ciprofol injection tail
intravenously and 473 nm laser stimulation. C Upper left: rep-
resentative traces of EEG and EMG of the phase 20 s before
and after laser stimulation corresponding to the lower part of
the control group. Lower left: time-frequency spectrogram of
EEG of 100 s before ciprofol injection and 350 s after laser.
Upper right: representative traces of EEG and EMG of the
phase 20 s before and after laser stimulation corresponding
to the lower part of the SOUL group. Lower right: time-fre-
quency spectrogram of EEG of 100 s before ciprofol injection
and 350 s after laser. The laser stimulation schedule is 1 Hz,
lasting for 1 s, 3040 mW, for 60 s. Period included in data
analysis: unLORR phase: from ciprofol injected timepoint to
laser (100 s to 200 s); laser phase: from 473 nm laser stimu-
lation to RORR (200 s to RORR). D LORR duration of the
SOUL injected mice was induced by laser stimulation com-
pared to the control group. (unpaired #-test: t= 7.2510, df=
8). E 473 nm laser shows no effect on the normalized global
EEG wavelet PSD ratio from control mice corresponding to
(C) (n=15). F 473 nm laser-induced changes in the normalized
global EEG wavelet PSD ratio from SOUL mice (n= 5). G
PSD ratio of 8/0/a/f} band before and after the optical activa-
tion in the control group corresponding to (E). (paired t-test:
ts= 0.1680, df= 4; t,= 0.1344, df= 4; t,= 0.4200, df= 4;
5= 0.0521, df= 4). H PSD ratio of 8/6/a/p band before and
after the optical activation in the SOUL group corresponding
to (F). (paired r-test: 5= 3.625, df= 4; t,= 1933, df=4; t,=
0.2596, df= 4; 1,=5.7030, df= 4). I Alterations in the 5/0/a/p
PSD ratio in control and SOUL group after laser. (unpaired
t-test: ty5= 2.5530, df= 4; t,y= 1.424, df= 4; t,,= 0.4901,
df=4; 1,5= 42770, df= 4). Three periods that interfere with
the EEG were removed when processing data: 1. the unstable
period of recording EEG at the beginning; 2. the period of
mice equipped with tail vein injection equipment; 3. the initial
unstable period of light activation. Also applicable to Fig. S3.
Statistical analysis was performed using a paired t-test (para-
metric) in G and H, and an unpaired #-test (parametric) in D
and I, Data are presented as mean +SEM. *p< 0.05, **p<
0.01, ***p< 0.001, ns p> 0.05. See also Figures S3, S4, and
S5. See also Video 1.1 and Video 1.2

implicated other areas previously reported to play a posi-
tive role in promoting GA function (Fig. S1) (Jiang-Xie
et al. 2019; Gelegen et al. 2018). Some regions that are
not involved in ciprofol but are involved in propofol also
play an essential role in promoting general anesthesia
(GA), such as SON (Jiang-Xie et al. 2019) (Fig. S1G).
The lack of involvement of the SON underscores the
distinct characteristics of the two drugs, which merit fur-
ther exploration.

The identification of the PMnR as a crucial node
governing arousal and motor brainstem nuclei, as
reported in human fMRI studies (Singh et al. 2022),

aligns with its established role in behavioral pheno-
types associated with arousal and motor functions
(Leiras et al. 2022; Caggiano et al. 2018; Wang
et al. 2021; Ao et al. 2021). Notably, previous stud-
ies in mice have not dissected the specific functions
of the PMnR from the broader medial raphe (MR)
area, leaving its solitary behavioral role unclear
(Sakurai et al. 2005; Hsu et al. 2013). Our work found
that activation for the region led to a fast transition
from waking toward the GA state, and inhibition of
these neurons led to the mice dramatically reduc-
ing the LORR rate, which supports that the PMnR
region works on inhibiting arousal and motor func-
tion. In our study, the Ca?* activity of PMnR neurons
increased precisely when mice entered the LORR
state; this result indicates that PMnR was essential to
the induction stage of general anesthesia. However,
whether the PMnR region works on general anesthe-
sia’s maintenance or emergence stages warrants fur-
ther investigation.

Previous studies employing in-situ hybridization
have indicated high expression levels of vesicular
GABA transporter (VGAT) in the PMnR region (Sos
et al. 2017). In our study, an expression rate exceed-
ing 50% for CaMKIla and VGAT in PMnR c-Fos*
cells suggests that these two neuronal markers may
coexist within the same cellular population (Fig. 2E,
F, and G). While there are reports of neurons co-
expressing markers of both excitatory and inhibitory
neurotransmitter systems in specific brain regions
(Root et al. 2018), the co-expression of CaMKIla
with GAD1 and VGAT in the same neurons is not a
common occurrence. However, due to the limitations
inherent in our study design, we could not estab-
lish the co-expression of these two markers within
the same neurons. Future research will be needed to
elucidate the precise molecular mechanisms of drug
action in the PMnR.

The conventional understanding of GA in mice
has centered on reduced movement and a shift in
PSD from f or y to 6 and 6 ranges in EEG (Jiang-Xie
et al. 2019; Xia et al. 2023), which corresponds to a
gradual deepening of anesthesia depth (Esteves et al.
2019). Additionally, 6 waves (4-8 Hz) dominated the
changes from baseline to unconsciousness during
slow propofol induction, while & waves (0.5-4 Hz)
have been implicated in an advanced depth of anes-
thesia after LORR (Lee et al. 2017; Hagihira 2015,
2017; Lin et al. 2023). Also, we proved that the 6
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waves act as a hallmark of a lighter, earlier stage of
GA, as chemogenetic inhibition decreased the 6 wave
power following pre-inhibition of the PMnR (Fig. 4).
It is widely recognized that propofol causes immo-
bility by depressing the excitability of spinal neurons
(Rudolph and Antkowiak 2004; Kubota et al. 2007;
Grasshoff and Antkowiak 2004). In our study, mice
had movement suppressed immediately by optoge-
netic activation of PMnR, implying that this state can
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be initiated from the brainstem and/or sequentially
reinforced by the inhibition of the superficial sensory
reflex arc in the spinal cord. It needs to be further dis-
tinguished whether the motionlessness is due to a lack
of movement intention, motor nervous system inhibi-
tion, or the combined effect of the two.

In conclusion, our data reveal that the PMnR in the
brainstem primarily consists of CaMKIlat or VGAT
* cells, commonly activated by propofol and ciprofol.



Cell Biol Toxicol (2025) 41:83

Page 150f17 83

«Fig. 4 Chemogenetic inhibition of CaMKIIa* neurons in the
PMnR region resist LORR and reduces the 6 wave band. A
Virus injection strategy and the representative coronal view
of the injection site. B The layout of EEG and EMG record-
ing, and experimental strategy for ciprofol injection and test-
ing. C Experimental procedure and saline/DCZ administra-
tion. D LORR rate of DCZ treatment and saline treatment
in control and hM4Di group (n= 5). E hM4Di group: Upper
left: representative traces of EEG and EMG of the phase 20 s
before and after 3 mg/kg ciprofol injection with saline treat-
ment corresponding to the lower part. Upper right: representa-
tive traces of EEG and EMG of the phase 20 s before and after
3 mg/kg ciprofol injection with DCZ treatment corresponding
to the lower part. Lower left: time—frequency spectrogram of
EEG of the phase 100 s before and 300 s after 3 mg/kg cip-
rofol injection with saline treatment. Lower right: time—fre-
quency spectrogram of EEG of the phase 100 s before and
300 s after 3 mg/kg ciprofol injection with DCZ treatment. F
DCZ induced changes in the normalized global EEG wavelet
PSD ratio from hm4di mice. Period included in data analysis:
hM4Di-saline: phase from LORR mice unloaded from tail
vein injection equipment to RORR; hM4Di-DCZ: 100-s period
after unLORR mice unloaded from tail vein injector (n= 5).
G PSD ratio changes of DCZ treatment compared with saline
treatment in &/0/a/f ranges. (unpaired r-test: 75= 1.968, df=
4; 1y=2.5070, df= 4; 1,= 1.3550, df= 4; 15= 3.6050, df= 4).
Two periods that interfere with EEG were removed when pro-
cessing data: 1. the unstable period of recording EEG at the
beginning; 2. the period of mice equipped with tail vein injec-
tion equipment. Also applicable to Fig. S6. Statistical analysis
was performed using a paired r-test (parametric) in D and an
unpaired #-test (parametric) in G. Data are presented as mean
+SEM. *p < 0.05, **p < 0.01, ns p> 0.05. Con, control group.
See also Figure S6A. See also Video 3.1 and Video 3.2

Activation of PMnR CaMKIla* neurons significantly
promoted the transition from a state of wakefulness to
anesthesia, as demonstrated by both behavioral obser-
vations and real-time EEG recordings. This finding
identifies a novel node in the anesthetic network,
enhancing our understanding of anesthesia efficacy.
Our study offers valuable insights into the neural
mechanisms underlying general anesthesia.
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