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Background: The precise mechanisms underlying the modulation and transformation of consciousness during propofol anesthesia
remain inadequately understood. Both the paraventricular thalamus (PVT)-medial prefrontal cortex (mPFC) pathway and the para-
brachial nucleus (PB) are implicated in the regulation of sleep-wake cycles. Consequently, this study aimed to explore whether
projections from the PB to the PVT-mPFC pathway are involved in the effects of propofol anesthesia.

Methods: Anterograde and retrograde viral tracing techniques were employed to map the projections from the PB to the PVT and
from the PVT to the mPFC. The activity within this pathway was monitored using fiber photometry during propofol anesthesia. The
study further examined the role of this pathway during the induction and emergence phases of propofol anesthesia through optogenetic
modulation in conjunction with cortical electroencephalography (EEG) recordings.

Results: Glutamatergic neurons in the PB exhibit dense projections to the PVT, and in turn, PVT glutamatergic neurons project
densely to the mPFC. Administration of propofol resulted in a reduction of calcium signals in the parabrachial glutamatergic nucleus to
paraventricular thalamus (PBg;,-PVT) pathway. Moreover, it has been observed that optogenetic activation of the PBg,-PVT pathway
significantly enhances cortical activation during propofol anesthesia, whereas optogenetic inhibition of this pathway yields the
opposite effect. Additionally, optogenetic stimulation of the PVTg,-mPFC pathway accelerates the induction of propofol anesthesia
but prolongs the emergence time. Conversely, inhibition of the PVTg,,-mPFC pathway facilitates cortical activation under propofol
anesthesia.

Conclusion: Collectively, this study provides supportive evidence for the involvement of a brainstem-thalamic-cortical glutamatergic
circuit in propofol anesthesia. The findings offer a preliminary perspective on how propofol may modulate consciousness and highlight
potential pathways worthy of further investigation.
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Introduction

Propofol, an intravenous anesthetic, has been extensively utilized in clinical surgery and intensive care unit (ICU)
sedation for numerous years. Despite its widespread use, the precise mechanisms underlying the modulation of
consciousness during propofol anesthesia remain inadequately understood. Recent research has indicated that propofol
exerts its anesthetic effects by influencing sleep-wake circuit nuclei, such as the paraventricular thalamus (PVT) and
basal forebrain (BF), which are shared with general anesthesia pathways.'*> Additionally, in terms of neural network
transmission, propofol-induced loss of consciousness is closely associated with the enhancement of inhibitory synaptic
transmission mediated by gamma-aminobutyric acid type A receptors (GABAAR).> Nevertheless, the GABAergic
mechanism alone does not fully elucidate the complex transitions of conscious states observed during propofol
anesthesia.® Emerging studies have highlighted that the activation of glutamatergic neurons in the lateral habenula can
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potentiate isoflurane anesthesia and augment the sedative effects of propofol.”* Consequently, the glutamatergic neural
network may constitute an additional critical mechanism underlying the loss of consciousness induced by propofol.

Previous studies have demonstrated intricate interactions and significant synchronization between the cortex and
thalamus during propofol-induced unconsciousness.” "' However, this synchrony is not consistent between the induction
and emergence phases of propofol anesthesia, with thalamocortical synchronization being anatomically dissociated
during the emergence phase.'> The PVT, located in the midline thalamus beneath the medial aspect of the third ventricle,
plays a crucial role in behavioral modulation, including fear modulation, arousal, and feeding.">™'> Among the
thalamocortical pathways, the PVT-prefrontal cortex (PFC) pathway is functionally associated with arousal, visceral
pain, and behavioral modulation.'®™'® Nevertheless, its specific contribution to consciousness modulation during propofol
administration remains undetermined.

The parabrachial nucleus (PB), located in the dorsolateral region of the pons and encircling the cerebellar peduncle,
extends nerve fibers to multiple brain regions, including the cerebral cortex, thalamus, hypothalamus, and basal forebrain.
It is integral to the regulation of various physiological functions, such as sleep-wake cycles, pain perception, feeding
behavior, and sensory transmission.'”?® Prior research has indicated that the PB is implicated in the anesthetic
mechanisms of propofol.”'** Nonetheless, as an essential component of the ascending arousal system, the PB may
exert influence on propofol anesthesia via its projections to the PVT and the subsequent PVT-PFC pathway. This
potential mechanism remains to be elucidated. Consequently, we hypothesize the existence of a brainstem-thalamic-
cortex circuit capable of modulating consciousness transitions during propofol anesthesia. To investigate this hypothesis,
the present study aims to elucidate the central role of this pathway in propofol anesthesia by integrating anterograde and
retrograde virus tracing techniques, optogenetic modulation, in vivo calcium signaling recordings, and electroencephalo-
graphy. This approach seeks to establish a novel framework for understanding the neural loop mechanisms that underlie
consciousness modulation during anesthesia.

Methods

Animals

Healthy male C57BL/6J mice, aged 812 weeks, weighing about 20-25g, were purchased from Hunan Slake Kingda
Laboratory Animal Company of China. Healthy male Vglut2-cre mice, aged 8—12 weeks, weighing about 20-25g, were
provided by Wuhan Yudu Biotechnology Company of China. They were bred in the Experimental Animal Centre of
Zunyi Medical University, and the offspring were taken out at 8 weeks of age and used for experiments after genetic
identification. All experiments were carried out in the Zunyi Medical University Key Laboratory of Anesthesia and
Organ Protection of the Ministry of Education of Guizhou Province. Mice were allowed free access to water, food, and
activities, and the animal house was maintained under a 12-hour light and 12-hour dark cycle, with temperature and
humidity levels set to 23 £ 2 °C and 55 £ 5%, respectively. All male mice were randomly assigned to each experimental
group. All experimental procedures complied with the regulations of the Ethics Committee of the Affiliated Hospital of
Zunyi Medical University, Ethical Review No. KLLY (A)-2020-070.

Sample Size Justification

Sample sizes were justified using the Resource Equation Method (REM), targeting an E range of 10-20 to balance
statistical error minimization with the 3Rs principle of reduction, with the animal treated as the independent experimental
unit. For between-subject designs, E was calculated as EEN—k, where N is the total number of experimental units and k is
the number of groups; for within-subject repeated-measures designs, residual degrees of freedom were calculated as (a
—1)(b—1) for a one-way repeated-measures ANOVA with a animals and b conditions. In the behavioral experiments using
a two-group independent design (Light-off vs. Light-on), N=12 and k=2, yielding E=10. For the arousal scores analyzed
with a Friedman test, the within-subjects design included 6 animals and 3 conditions, providing residual degrees of
freedom of (6—1)(3—1)=10. The calcium signal analysis, performed with one-way repeated-measures ANOVA
(Greenhouse-Geisser correction), involved 9 animals and 3 conditions, giving residual degrees of freedom of (9—1)(3
—1)=16. For the EEG data analyzed with Welch’s t-tests and Holm-Siddk correction, a two-group between-subjects
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design was used (N=12 animals, 6 per group, k=2), resulting in E=10. Across all analyses, the achieved sample sizes
align with the target E-range or are supported by adequate residual degrees of freedom from the respective statistical
models; repeated observations were treated as nested within animals and do not replace biological replicates.

Surgical Operation

The mice were anesthetized and sustained under isoflurane inhalation. After the loss of righting reflex (LORR), the mice
were secured within a stereotactic apparatus (RWD Life Science, China). Erythromycin ointment was administered to the
ocular surface and subsequently covered with cotton balls. The cranial fur was excised, and the skin was meticulously
disinfected with iodophor. After the administration of a subcutaneous injection of 1% lidocaine, the skin was incised in
order to fully expose both lambda and bregma points of the skull. The meninges on the surface of the mouse skull were
wiped clean with hydrogen peroxide to clearly expose the cranial sutures. The skull was leveled based on the lambda and
bregma points, and the corresponding nucleus positions were located using a stereotactic apparatus according to the
fourth edition of the mouse brain atlas (PVT injection site: AP = —1.50 mm, ML = 0.00 mm, DV = -3.00 mm; PB
injection site: AP = 5.20 mm, ML = £1.25 mm, DV = —3.45 mm). A small perforation was made on the surface of the
skull above the corresponding site. A microinjection pump (RWD Life Science, China) was used to inject the appropriate
viral solution through a glass electrode (PVT: 80 nL, PB: 200 nL for each side) at a speed of 50 nL/min into the brain
region (Details about the virus injected are presented in Table 1). The glass electrode was slowly withdrawn after
10 minutes. An optical fiber (Inper Ltd, Hangzhou, China, diameter: 200 um) was inserted 0.05 mm above the injection
site. Four small holes were precisely drilled at coordinates AP: +1.00 mm, ML: +1.50 mm, and AP: —3.50 mm, ML:
+1.00 mm utilizing a cranial drill. Subsequently, four cranial screws were inserted to secure the electrodes in place.
Dental cement was employed to coat the surface of the skull in order to secure the optical fiber and electrodes.
Subsequent to the surgical procedure, mice were individually housed in a sanitized, temperature-controlled cage

Table | Details About the Virus Injection

Experiment Virus Name Virus Injection Site Virus Mouse Optical
Dose Strain Fiber Site
PB to PVT anterograde virus tracing rAAV-EF | a-DIO-EYFP PB 200nl Vglut2-Cre -
(Figure I) Male mice
PVT to PB retrograde virus tracing rAAV-hSyn-EYFP-WPRE- AP = —1.0mm/ 80nl C57BL/6 -
(Figure 1) hGHpA, Retro AP= —1.40mm, ML=0.00mm, Male mice
DV=-2.98mm

PVT to PFC anterograde virus tracing | rAAv-CaMKlla-EYFP-WPRE- PVT 80nl C57BL/6 -
(Figure 2) pA Male mice
Fiber photometry recording (Figure 3) | rAAV-EFla-DIO-GCaMpés- PB 200nl Vglut2-Cre PVT

WPRE-hGH pA Male mice
Optogenetic stimulation PBg),-PVT rAAV-EF | 0-DIO-ChR2-EYFP PB 200nl Vglut2-Cre PVT
pathway (Figure 4) Male mice
Optogenetic inhibition PBg,-PVT rAAV-EF | 0-DIO-eNpHR- PB 200nl Vglut2-Cre PVT
pathway (Figure 5) EYFP Male mice
Optogenetic stimulation PVTg,-PFC rAAv-CaMKlla-hChR2-EYFP- PVT 80nl C57BL/6 mPFC
pathway (Figure 6) WPRE-pA Male mice
Optogenetic inhibition PVTg),-PFC rAAv-CaMKlla-eNpHR-EYFP PVT 80nl C57BL/6 mPFC
pathway (Figure 6) -WPRE-pA Male mice

Abbreviations: PB, parabrachial nucleus; PVT, paraventricular thalamus; mPFC, medial prefrontal cortex.
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positioned on a heating pad until they fully recovered from anesthesia. During this period, the mice were closely
monitored until they regained consciousness, exhibited purposeful movement, and were able to maintain sternal
recumbency. For the initial 72 hours post-surgery, monitoring occurred at a minimum interval of every 12 hours. The
primary parameters assessed included activity level, posture, wound appearance, and food and water intake. The mice

were allowed to recover for 3 weeks for stable viral expression before subsequent experiments.

Propofol Administration and Behavioral Test

The mice were positioned in a tail vein fixator, and their tail veins were punctured with a 31G needle utilizing a mouse
tail injection vein visualizer (Calvin Biotechnology, Nanjing, China). Subsequently, after being placed in an induction
chamber, the mice received continuous tail vein perfusion delivered through a micro-injection pump (RWD Life Science,
China).

In all experiments, the impact of general anesthesia caused by intravenous propofol (10 mg/kg/min) administered
through the tail was examined using behavioral tests of the righting reflex. The loss of righting reflex (LORR) is the
behavioral surrogate for loss of consciousness in rodents. Similarly, recovery of righting reflex (RORR) represents the
recovery of consciousness. After commencing propofol infusion, the induction box was carefully rotated every 15 sec-
onds to evaluate its ability to right itself. The LORR time point was defined as the moment when mice completely failed
to right themselves spontaneously. The time interval from the initiation of propofol infusion to the onset of LORR was
designated as the LORR time and induction analysis time window. The RORR time (emergence analysis time window)
was defined as the time interval from the termination of propofol infusion to the spontaneous righting of mice (all four
paws on the floor).! By observing a stable burst of inhibitory brain wave patterns as the beginning of stopping pumping
propofol, we avoided potential interference with the RORR in mice due to environmental noise, individual differences,
and other factors.

Fiber Photometry Recording

After the mice had adapted to the experimental environment, the implanted optical fiber was coupled to an input cable
(200 um o.d., NA: 0.37, 1.5 m length) and the laser output at the fiber tip was adjusted to 2040 uW. A two-colour fibre
optic recording device (Inper Ltd, Hangzhou, China) was utilised to record the calcium signals under propofol anesthesia
in the mice. Fiber photometry data were analyzed and processed using InperDataProcess (Inper Ltd, Hangzhou, China)
software. Z-score calculation: Z=[F(t)—p]/c. Z is the Z-score value; F(t) is the value of the original fluorescence signal; p
is the average of all the data, and o is its standard deviation. For each mouse, three predefined epochs were selected based
on the propofol administration protocol: pre-anesthesia (baseline, —150 s to 0's), during anesthesia (100 s to 200 s), and
post-anesthesia (500 s to 600s). Within each epoch, the Z-score values were averaged to obtain a single summary
measure per mouse per epoch. A one-way repeated-measures ANOVA with Greenhouse—Geisser correction was then
performed on these summary measures, with epoch as the within-subject factor and each mouse treated as an independent
experimental unit. Post hoc comparisons were performed using Tukey’s test for multiple comparisons.

Optogenetic Modulation

After the mice were acclimatised, the baseline of the EEG was recorded for 5 min in the awake state. Propofol tail vein
injection induced LORR while blue light (473nm, 5ms, 10 Hz, 3 to 7mW) or yellow light (589nm, 5ms, 10Hz, 3 to
7mW) optogenetic stimulation was delivered using a wired laser stimulator (Inper Ltd, Hangzhou, China). The blue light
or yellow light optogenetic stimulation was stopped after the appearance of LORR. We stopped pumping propofol when
stable burst suppression occurred. The blue light or yellow light optogenetic stimulation was also applied during the
period when the pumping of propofol was stopped until the occurrence of RORR. To observe burst suppression during
propofol-induced deep anesthesia, blue light optogenetic stimulation (473 nm, 20 Hz, 5 ms, 5 mW) was delivered
one minute after the burst suppression pattern had stabilized.
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EEG Recordings and Analysis

EEG recordings were time-locked to behavioral tests. The EEG recording sampling rate was 1000 Hz. The amplification
of EEG signals was conducted using a Model-3000 amplifier (A-M Systems, United States), with the subsequent
collection of signals being facilitated by an Apollo system (Bio-Signal Technologies, U.S.A). The data were then
subjected to digitalisation and analysis using the Spike2 software (Cambridge Electronic Design, Cambridge, United
Kingdom) with band-pass filtering (0.1-60 Hz). Then converted to frequency-domain data via FFT with a Hanning
window to calculate the absolute power of 6 (1-4 Hz), 6 (4-8 Hz), a (8—12 Hz), B (12-25 Hz), and y (25-60 Hz) bands
by integrating power spectral density, followed by computation of power ratios (band power/total power x100%).'>*
During the course of the study, the final sample size for EEG analysis differed from the initial cohort in two instances. In
the EEG analysis of the part involving optogenetic inhibition of the PBg,,-PVT pathway, one mouse was excluded due to
electrode failure. For the experiments involving optogenetic activation of the PVTg,-mPFC pathway, the cohort was
supplemented with an additional six mice to rule out the possibility that a lack of statistically significant findings in the
EEG analysis was due to an undersized sample.

Arousal Scoring

The scoring criteria refer to previous studies:***> 1. respiratory rate (mice with increased respiratory rate, 2 scores; no, 0
scores); 2. limb movement (limbs shaking intensely, 2 scores; limbs shaking slightly, 1 score; no, 0 scores); 3. neck
movement (lifting the head for 5s, 2 scores; no, 0 scores); 4. righting (can be righted, 2 scores; no, 0 scores); 5. walking
(righting the abdomen and walking off the ground, 2 scores; righting the abdomen and unable to walk off the ground, 1

score; no, 0 scores).

Fluorescent Histological Localization Validation

Fluorescent histological localization validation was performed to confirm the accuracy of viral injection sites. After the
experimental recordings were completed, mice were anesthetized using isoflurane. The limbs of the mice were fixed, and
the hearts of the mice were fully exposed. A vacuum centrifugal pump was used to perfuse Phosphate Buffered Saline
(PBS) through the heart, which was then replaced by 4% paraformaldehyde perfusion for fixation of brain tissues. Brain
tissues were stripped and stored in 4% paraformaldehyde solution for 12 h, and then replaced with 30% sucrose for
dehydration. After sufficient dehydration, frozen sections were made at a thickness of 30 um, and the brain slices were
attached to slides and placed in a humidor. Slices were blocked with DAPI (4°, 6-diamidino-2-phenylindole dihy-
drochloride) blocking agent to ensure that the fluorescence was not quenched. Finally, a fluorescence microscope

(Olympus, Japan) was used for observation, and photographs were taken.

Statistical Analysis

Statistical analysis and graphical representation were conducted with GraphPad Prism software (v9.0, GraphPad
Software, Inc). Data are expressed as mean (standard deviation) [Mean (SD)]. Normality was evaluated using the
Shapiro—Wilk test and Q—Q plots. Given the small sample size (n < 10), to avoid low power bias from homogeneity tests,
robust variance methods (Welch’s #-test) were used for normally distributed data, treating the light-off and light-on
groups as independent groups for these comparisons, while non-parametric tests were applied to non-normal data.
Behavioural differences were analyzed using a two-tailed unpaired Welch’s #-test. To examine differences in EEG across
multiple frequency bands, unpaired t-tests with Welch’s correction were applied, followed by Holm—Sidék correction for
multiple comparisons to control Type I error. Arousal scores were analyzed using Dunn’s multiple comparisons test after
the Friedman test. Fiber photometry data were assessed using one-way repeated-measures ANOVA with Greenhouse—
Geisser correction, followed by Tukey post hoc tests for multiple comparisons. Statistical significance was defined as P <
0.05 (two-tailed).
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Results
Neural Tracings of the PBg,-PVT Pathway

To determine whether projections exist from PB glutamatergic neurons to the PVT, we employed retrograde neural
tracing combined with a Cre-dependent anterograde tracing strategy. A retrograde tracing virus with the broad-spectrum
promoter hSyn was injected into the PVT of C57BL/6J mice (Figure 1A and B). Due to the substantial size of the PVT,
viral injections were delivered at two stereotaxic coordinates (1.0 mm and 1.4 mm posterior to bregma) to ensure
comprehensive coverage of the nucleus. Abundant green fluorescence was observed retrogradely labeled in the neuronal
cytosol within the PB, predominantly in its lateral division (Figure 1C).

To further validate this projection, a Cre-dependent anterograde tracing virus was injected into the PB of Vglut2-cre
mice (Figure 1D and E). The results show dense nerve terminal fluorescence in the PVT (Figure 1F).
Immunofluorescence staining with the NeuN antigen in the PVT revealed green fluorescent nerve terminals densely
surrounding red fluorescent neurons, further supporting the presence of neural projections from PB glutamatergic neurons
to the PVT (Figure 1G). These findings collectively indicate that PB glutamatergic neurons have extensive projections to
the PVT.

Neural Tracing of the PVTg,-mPFC Pathway
To verify the projection of PVT glutamatergic neurons to the mPFC, anterograde tracer viruses were injected into the
PVT (Figure 2A and B). As a result, dense EYFP fluorescence of the nerve terminals of PVT glutamatergic neurons

was found in the mPFC. At the same time, fewer projections can be seen in the dorsolateral orbital cortex (DLO)
(Figure 2C).

The PBg,-PVT Pathway is Involved in Propofol Anesthesia

To determine the involvement of the PBg,-PVT pathway in propofol anesthesia, we injected rAAV-EF1-DIO-GCaMP6s-
WPRE-pA into the PB of Vglut2-cre mice and implanted an optical fiber in the PVT (Figures 3A—-C). After a 4-week
recovery, in vivo fiber photometry recording was employed to record calcium signals of PBg,-PVT pathway under
propofol anesthesia. Following propofol infusion, a significant decrease in calcium signaling was observed in the PBg;,-
PVT neurons. Furthermore, this inhibitory state persisted for some time after the discontinuation of propofol anesthesia.
These dynamic changes were also visually represented in the corresponding heatmaps (Figure 3D-F). These preliminary
results suggest that the PBg;,-PVT pathway may be involved in modulating propofol anesthesia.

Optogenetic Activation of the PBg,-PVT Pathway Promotes Cortical Arousal During

Propofol Anesthesia

In order to explore the regulatory function of the PBg,-PVT pathway during propofol anesthesia, we bilaterally
injected an adeno-associated virus (rAAV-EF1a-DIO-ChR2-EYFP) encoding the light-sensitive protein
Channelrhodopsin-2 (ChR2) into the PB of Vglut2-cre mice and implanted an optical fiber in the PVT (Figure 4A—
C). Experiments were conducted 4 weeks post-viral transduction. Behavioral changes and EEG recordings were
assessed during continuous propofol infusion. Compared to the ChR2-light-off control group, optogenetic activation
(ChR2-light-on) significantly prolonged the time to LORR during the induction period [148 (8.99) s vs. 131.33 (9.65)
s;n=6; P=0.0114; Figure 4D]. EEG analysis revealed that during LORR, optogenetic activation decreased the power
of & wave (14 Hz) (P = 0.0094; Figure 4E). Conversely, activation shortened the time to RORR following propofol
cessation [196.67 (10.8) s vs. 249.33 (21.35) s; n = 6; P = 0.0008; Figure 4F]. However, no significant difference was
observed in EEG activity during RORR.

To assess burst suppression during deep anesthesia, one minute of blue light stimulation was delivered after the burst
suppression waveform had stabilised for one minute. The EEG traces and spectrograms showed that burst suppression
was significantly reduced and recovered after stimulation ceased (Figure 4H). Video recordings of the behavioural
changes of mice in the deep anesthesia stage were made for one minute each before, during, and after the blue light
stimulation. These were then scored. The final score was calculated, with a maximum score of 10. During activation,
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D rAAV-EF1a-DIO-EYFP E

Vglut2-cre

Figure | Retrograde and anterograde tracing in mice reveals that PB provides dense input to PVT. (A) Sketch of retrograde tracer virus injection strategy of C57BL/6 mice.
(B) Fluorescence of in situ viral injections in PVT. (C) Retrograde EYFP fluorescence derived from PVT to PB. The white dashed box in the lower-right corner marks an
enlarged view. (D) Sketch of the strategy for the injection of anterograde tracer virus of Vglut2-Cre mice. (E) Fluorescence of in situ viral injection in PB. (F) Representative
image of fluorescence of nerve terminals of PB glutamatergic neurons projecting to the PVT. (G) Demonstration of the position relationship between NeuN fluorescence
staining in the PVT and EYFP fluorescence from PB glutamatergic neuron projections. The white arrows pointing to PVT neurons. Scale bars: (B), 500um; (C) 500 um,
bottom right, 250 um; (E and F), 500 um; (G) 125 um.

scores increased significantly compared to before [stimulation: 3.67 (0.52) vs. before: 0.33 (0.52), n = 6, P = 0.0183,
Figure 41], suggesting behavioural arousal in mice. Cessation of stimulation resulted in a decline in scores [after: 0.5
(0.55) vs. stimulation: 3.67 (0.52), n = 6, P = 0.0424, Figure 41], suggesting that arousal behaviours disappeared. As can
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rAAv-CaMKIla-EYFP-WPRE-pA

PVT &“’/ |

‘ \ ‘ | 4
& _

C57 BL/6J

Figure 2 Anterograde tracing in mice reveals that PVT provides dense input to mPFC. (A) Sketch of the retrograde tracer virus injection strategy of C57BL/6 mice.
(B) Fluorescence of in situ viral injection in PVT. (C) Representative images of fluorescence of nerve terminals of PVT glutamatergic neurons projecting to the mPFC. Scale
bars: (B and C) 200 um.

be seen from the scores, arousal behaviour was mainly focused on changes in respiratory rate and limb movement. This

partially demonstrates that activation of the PBg,-PVT pathway promotes cortical arousal during propofol anaesthesia.

Optogenetic Suppression of the PBg,-PVT Pathway Attenuates Cortical Arousal

During Propofol Anesthesia
A further exploration was conducted to ascertain the effects of the inhibition of the PBg;,-PVT pathway on behavioural
and cortical EEG in mice during propofol anesthesia. The injection of rAAV-EF1a-DIO-eNpHR-EYFP viruses was
conducted into the PB of Vglut2-cre mice, with the fibre optics subsequently placed at the PVT (Figures SA—C).
Analysis of EEG spectrograms during the induction and emergence phase showed that compared with the eNpHR-
light-off group, the eNpHR-light-on group had increased power density in the low-frequency band (Figures 5D and E).
The findings demonstrated that, in comparison with the eNpHR-light-off group, the LORR time was significantly reduced
in the eNpHR-light-on group during induction [101.3 (16.95) s vs. 135 (11.68) s, n= 6, P = 0.0032; Figure 5F], and EEG
analysis revealed increased & (1-4 Hz) power during LORR (P = 0.0064, Figure 5G). The RORR time was prolonged in
the eNpHR-light-on group during emergence [420.5 (123.9) s vs. 251.5 (44.55) s, n =6, P = 0.0188; Figure SH]. And we
observed elevated 6 (14 Hz) power and 0 (4-8 Hz) power, alongside reduced B (8—12 Hz) and vy (25-60 Hz) power (P =
0.0104, P = 0.0336, and P = 0.0212, P = 0.0104 respectively; Figure 5I). These findings suggest that suppressing the
PBG,-PVT pathway inhibits cortical arousal during propofol anesthesia.

Optogenetic Activation of the PVTg,,-mPFC Pathway Suppresses Behavioral Arousal
During Propofol Anesthesia

Building upon the established role of the PBg,-PVT pathway in regulating consciousness transitions during propofol
anesthesia, this study further investigated the contribution of the PVTg,,-mPFC pathway. Wild-type mice received viral
injections (rAAv-CaMKIla-hChR2-EYFP-WPRE-pA) into the PVT and optic fiber implantation targeting the mPFC
(Figures 6A—C), followed by EEG electrode placement.
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Figure 3 Changes in the activity of the PBg),-PVT pathway during propofol anaesthesia. (A) Schematic diagram of virus injection and optic fibre implantation. (B) Fluorescence
of in situ viral injection in PB. (C) Fluorescence of the PB nerve terminal at PVT and optic fibre position (white dashed box) is shown. The white dashed box in the top-right
corner marks an enlarged view. (D) Heatmap of calcium signalling changes in the PBg,-PVT pathway corresponding to (E). (E) Changes in calcium signalling of the PBg,-PVT
pathway under propofol anesthesia. (F) Quantification of fibre photometry signals during the three predefined epochs: pre-anesthesia (baseline, =150 s to 0's), during anesthesia
(100's to 200 s), and post-anesthesia (500 s to 600 s). Data are presented as the average Z-score per epoch for each mouse (n = 9). One-way repeated-measures ANOVA with
Greenhouse—Geisser correction followed by Tukey post hoc tests. Error bars indicate SD. Scale bars: (B) 500 um; (C) 500 um, top right, 100 um.

Analysis of EEG spectrograms during the induction phase showed that compared with the ChR2-light-off group, the
ChR2-light-on group had increased power density in the low-frequency band and a slight decrease in power in the high-
frequency band. Observation of EEG spectrograms during the recovery phase revealed that the low-frequency band
power density of the ChR2-light-on group was slightly higher than that of the ChR2-light-off group (Figure 6D and E).

During anesthesia induction, optogenetic activation of PVTg;,-mPFC neurons significantly shortened the LORR time
[122.3 (9.730) s vs. 168.0 (8.764) s, n = 6, P < 0.0001; Figure 6F]. Analysis of frequency band power indicated an
increase in 6 wave (1-4 Hz) power and a decrease in y wave (25—60 Hz) power; however, these changes did not reach
statistical significance (P > 0.05) (Figure 6F). During the emergence phase, optogenetic activation of PVTg;,-mPFC
neurons prolonged the recovery time [434.7 (52.51) s vs. 358.0 (47.43) s, n = 6, P = 0.0241; Figure 6G]. There was no
significant change in high-frequency band power; the power of low-frequency 6 waves (1-4 Hz) increased slightly, but
this difference was also not statistically significant (P > 0.05) (Figure 6G). These findings indicate that optogenetic
activation of the PVTg,,-mPFC pathway suppressed behavioral arousal during the induction and recovery phase of
propofol anesthesia.
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Figure 4 Optogenetic activation of the PBg,-PVT pathway promotes propofol anesthesia cortical arousal. (A) Schematic diagram of virus injection and optic fibre
implantation. (B) Fluorescence of in situ viral injection in PB. (C) Fluorescence of the PB nerve terminal at PVT and optic fibre position (white dashed box) is shown.
(D) LORR time of ChR2-light-off and ChR2-light-on group mice, n = 6 for each group. (E) Relative EEG total power in ChR2-light-off and ChR2-light-on group mice during
the induction period, n = 6 for each group. (F) RORR time of ChR2-light-off and ChR2-light-on group mice, n = 6 for each group. (G) Relative EEG total power in ChR2-light
-off and ChR2-light-on group mice during the emergence period, n = 6 for each group. (H) Representative image showing EEG trace and EEG spectrograms of blue light
optogenetic stimulation (473nm, 5ms, 20Hz) during propofol-induced burst suppression of deep anesthesia. (I) Statistical plot showing arousal scores before, during, and
after blue light stimulation, n = 6. (E and G) Welch’s t-tests with multiple comparison correction using the Holm-Sidak method; (D and F) two-tailed unpair Welch’s t-test;
(I) Dunn’s multiple comparisons test after Friedman test. Error bars indicate SD. Scale bars: (B) 500 um; (C) 500 um.

10 https: Drug Design, Development and Therapy 2026:20



Wang et al

A B

rAAV-EF10-DIO-eNpHR-EYFP

Optic fiber
Optic fiber
f
\/,’ g ‘
Vglut2-cre
D E
Proon LORR ProI off RORR Pro (I)n LORR Pro]off RORR
S - & :
E )
Q Q
o el
E 2
= =
Z Z
40
N N 30 ~
s n T )
(= = c
> Z =
15 —- Q 20 =
= 5 = o
15} o z
e : = 5
2 A~ 2 10
= =
0
Time (min) Time (min)
F 200 G 05 NpHR-light-off
_ P=0.0064 = eNpHR-lght-o
P =0.0032 =3 eNpHR-light-on
150 . 0.4 . .
E —+ 3 £ 03 B .
~ 100 0N ~ .
& . 202 g .
= £
50
0.1 ’}‘ |‘;F|
.
0 0.0
Light-off Light-on 1-4HZ 4-8HZ 8-12HZ  12-25HZ 25-60HZ
H 800 ! 0.4
“T1P=0.0104 _ =3 eNpHR-light-off
P=0.0188 — P=0.0336 =3 eNpHR-light-on
500 . ol % P=0.0212
@ S J :
£ 2 |m :
= < g
§ 400 ~0.21|* P=0.0104
t 5 -
8 _.l-_ E . ...
ole
200 e 0.1
. " 0.0 F]
Light-off Light-on 1-4HZ 4-8HZ 8-12HZ 12-25HZ  25-60HZ

Figure 5 Optogenetic suppression of the PBg,,-PVT pathway attenuates cortical arousal during propofol anesthesia. (A) Schematic diagram of virus injection and optic fibre
implantation. (B) Fluorescence of in situ viral injection in PB. (C) Fluorescence of the PB nerve terminal at PVT and optic fibre position (white dashed box) is shown. (D and
E) Representative image showing EEG trace and EEG spectrograms of eNpHR-light-off and eNpHR-light-on group mouse during propofol anesthesia. The yellow transparent
column represents yellow light optogenetic stimulation (589nm, 5ms, 10Hz) during the induction period and emergence period. (F) LORR time of eNpHR-light-off and
eNpHR-light-on group mice, n = 6 for each group. (G) Relative EEG total power in eNpHR-light-off and eNpHR-light-on group mice during the induction period, n = 5 for
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Abbreviation: Pro, propofol.
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Figure 6 Optogenetic modulation of the PVTg,,-mPFC pathway regulates propofol anesthesia. (A) Schematic diagram of virus injection and optic fibre implantation. (B)
Fluorescence of in situ viral injection in PVT. (C) Fluorescence of the PVT nerve terminal at mPFC and optic fibre position (white dashed box) is shown. (D and E)
Representative image showing EEG trace and EEG spectrograms of ChR2-light-off and ChR2-light-on group mouse during propofol anesthesia. The blue transparent column
represents blue light optogenetic stimulation (473nm, 5ms, |0Hz) during the induction period and emergence period. (F) The left graph represents LORR time of ChR2-light
-off and ChR2-light-on group mice, n = 6 for each group. The right graph represents EEG total power during the induction period, n = |2 for each group. (G) The left graph
represents RORR time of ChR2-light-off and ChR2-light-on group mice, n = 6 for each group. The right graph represents EEG total power during the emergence period, n =
12 for each group. (H and ), Representative image showing EEG trace and EEG spectrograms of eNpHR-light-off and eNpHR-light-on group mouse during propofol
anesthesia. The yellow transparent column represents yellow light optogenetic stimulation (589nm, 5ms, 10Hz) during the induction period and emergence period. (J) The
left graph represents LORR time of eNpHR-light-off and eNpHR-light-on group mice, n = 6 for each group. The right graph represents EEG total power during the induction
period, n = 6 for each group. (K) The left graph represents RORR time of eNpHR-light-off and eNpHR-light-on group mice, n = 6 for each group. The right graph represents
EEG total power during the emergence period, n = 6 for each group. Right panel of (F, G, J and K): Welch’s t-tests with multiple comparison correction using the Holm-
Sidak method; Left panel of (F, G, J and K): two-tailed unpair Welch's t-test. Error bars indicate SD. Scale bars: (B and C) 500 um.

Abbreviation: Pro, propofol.
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Optogenetic Inhibition of the PVTg,,-mPFC Pathway Promotes Cortical Arousal

During Propofol Anesthesia

To further investigate the effects of inhibiting the PVTg,,-mPFC pathway on behavioral and cortical EEG responses
during propofol anesthesia, wild-type mice underwent viral injection into the PVT (rAAV-CaMKlIla-eNpHR-EYFP-
WPRE-pA) and optical fiber implantation targeting the mPFC (Figures 6A—C). Analysis of EEG spectrograms showed
that during the anesthesia induction phase, compared with the eNpHR-light-off group, the eNpHR-light-on group had
lower power density in the low-frequency band; in the late induction phase, however, the power density of its high-
frequency band increased. During the anesthesia emergence phase, the low-frequency band power density of the eNpHR-
light-on group was significantly lower than that of the eNpHR-light-off group (Figure 6H and I).

Compared with the eNpHR-light-off group, the eNpHR-light-on group had a significantly shorter LORR time during
the induction phase [159.5 (14.60) s vs. 247.3 (24.59) s, n = 6, P < 0.0001; Figure 6J]. Simultaneous EEG recordings
revealed that during the LORR period, inhibition of the PVTg;,-mPFC pathway resulted in a decrease in the power of
low-frequency & waves (1-4 Hz) and an increase in the power of high-frequency B waves (12-25 Hz) and y waves
(25-60 Hz) (P < 0.0006, P = 0.0045, P = 0.026, respectively; Figure 6J). During the emergence phase, the RORR time
was prolonged [530.7 (80.48) s vs. 233.2 (37.06) s, n =6, P <0.0001; Figure 6K]. EEG analysis during the RORR period
similarly showed a significant decrease in the power of 6 waves (14 Hz) (P = 0.0453, Figure 6K). These results suggest
that optogenetic inhibition of the PVTg,-mPFC pathway promotes cortical arousal during both induction and emergence
from propofol anesthesia, indicating an important role of the PVTg,,-mPFC pathway in regulating the consciousness
transitions for propofol anaesthesia.

Discussion

In this study, we explored the potential role of the PB-PVT-PFC circuit and its glutamatergic components under propofol
anesthesia. Initially, viral tracing and in vivo fiber photometry recording revealed the presence of neural pathways linking
the PB to the PVT, as well as the PVT to the mPFC, and suggested that this neural circuit may be involved in propofol
anesthesia. Subsequently, through bidirectional optogenetic modulation of this pathway, it was indicated that activation of
the PBg,-PVT pathway enhances cortical arousal during propofol anesthesia, whereas its inhibition yields the opposite
effect. Conversely, optogenetic stimulation of the PVTg,,,-mPFC pathway was found to suppress cortical arousal, while
inhibition of the PBg;,-PVT pathway seemed to facilitate cortical arousal during propofol anesthesia. This study thus
elucidates the role of a glutamatergic neural pathway extending from the brainstem through the thalamus to the cortex in
the anesthetic process of propofol.

Previous research has identified increased 6 wave power and suppressed high-frequency wave activity as character-
istic EEG spectral features during anesthesia.”®*’ Our findings corroborate these observations, demonstrating that
inhibition of the PBg,-PVT pathway increases & and 6 wave power while decreasing  and y wave power, thereby
suppressing cortical arousal. Conversely, activation of the PBg,-PVT pathway and inhibition of the PVTg;,-mPFC
pathway resulted in reduced & wave power, enhanced high-frequency wave power, and promoted cortical arousal.

The prevailing consensus suggests that the disruption of dynamic stability in neural activity across different brain
regions constitutes a fundamental neural mechanism underlying the loss of consciousness during anesthesia.'?*"%
Moreover, research suggests that the onset of burst suppression on the EEG serves as a reliable marker for determining
whether experimental subjects have entered a state of unconsciousness or deep anesthesia.”’*° Although our EEG
recordings confirmed that mice achieved a stable burst suppression state during the experiment, optogenetic stimulation
of the PVTg,,-mPFC pathway suppressed behavioral awakening during propofol anesthesia, without accompanying
changes in cortical EEG activity. This discrepancy between cortical arousal and behavioral awakening levels may
indicate a disruption in neural dynamic stability. Another plausible explanation is that activation of this specific pathway
inhibits behavioral responsiveness without directly interfering with the core mechanisms underlying propofol anesthesia.
However, in the current research on general anesthesia mechanisms, relying solely on the righting reflex as a behavioral
assessment is insufficient. Additional behavioral tests, such as the auditory startle response and tactile stimulation, should
be incorporated to more accurately evaluate the state of consciousness in mice.
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In light of recent studies on propofol-induced transitions of consciousness, the prevailing perspective predominantly
emphasizes the role of inhibitory synaptic transmission mediated by GABA 4 receptors and their subsequent effects on
other neurons, including glutamatergic neurons. For example, propofol reduces glutamatergic neuron excitability through
GABA 4 receptors, enhancing anesthesia.®' > It also acts on GABAergic neurons in the ventrolateral preoptic area and
indirectly on glutamatergic afferents to increase glutamate release, producing sedation.** However, activating
GABAergic neurons in the ventral pallidum and hypothalamic tuberomammillary nucleus can weaken propofol’s
anesthetic effect.’>*® This indicates that its action is not solely due to the GABAergic system. Propofol influences
various brain regions and neurotransmitter interactions.”’ >° By specifically focusing on glutamatergic neurons, our
research contributes to expanding the scope of investigation into the effect of the glutamate system on propofol
anesthesia mechanisms.

Under propofol anesthesia, phosphorylation of ionotropic glutamate receptors in the frontal cortex decreases,
inhibiting normal glutamatergic synaptic transmission.*® However, Gao-Lin Qiu et al found that mPFC glutamate levels
increase dose-dependently during propofol anesthesia.*' Propofol also affects NMDA and AMPA receptor subunit

phosphorylation in hippocampal neurons,***

suggesting that glutamatergic transmission inhibition might be due to
indirect modulation of these receptors. It is unclear if the rise in mPFC glutamate levels is partly due to increased PVT
input. Our study showed that optogenetic stimulation of the PVTg,-mPFC pathway delayed anesthetic awakening in
mice, indicating that high PFC glutamate levels might contribute to the delayed awakening caused by high propofol
doses. Additionally, activating the PBg,-PVT and PVTg,-mPFC pathways had opposite effects. This suggests that
axonal terminals from the PB likely connect with local inhibitory interneurons in the PVT, rather than directly with PVT-
PFC glutamatergic projection neurons. These inhibitory neurons then suppress the PVT-PFC projection neurons,
explaining our behavioral observations. Therefore, the mechanism by which PB glutamatergic neurons indirectly
modulate the PFC by driving local inhibition in the PVT provides a compelling interpretation of our findings.
However, the involvement of glutamatergic neural pathways in propofol anesthesia is certain, and their function cannot
be ignored.

The anesthetic state induced by propofol is likely a result of its concurrent action on various receptor systems across
different brain regions, collectively mediating effects such as unconsciousness and immobility. For example, continuous
infusion of propofol enhances the activation of GABAergic neurons in the pre-Botzinger complex (PrBo), a core
component of the respiratory rhythmogenesis nucleus, leading to respiratory inhibition.** Additionally, propofol may
contribute to cerebellar dysfunction through its interaction with NMDA receptors.*> Specifically, the lateral PB and the
Kolliker-Fuse nucleus (KF) play crucial roles in the regulation of respiration.*® Experimental evidence shows that the
administration of NBQX (an AMPA receptor antagonist) and AP5 (an NMDA receptor antagonist) into the PB and KF,
respectively, results in a decreased respiratory rate, with this effect persisting even when the order of drug administration
is altered.*” Although the critical roles of the Botzinger and KF complexes in respiratory regulation have been
characterized, current data are insufficient to precisely identify the specific neuronal subtypes within these nuclei that
are primarily responsible for mediating the respiratory depression associated with propofol anesthesia. To accurately
identify the specific neurons involved in this process, future research could employ a robust methodology that integrates
TRAP technology with immunofluorescent co-staining. However, the absence of detailed recordings of respiratory,
circulatory, and other physiological parameters in mice during propofol anesthesia in this experiment precludes further
investigation into whether modulation of the PB-PVT pathway may influence both the state of consciousness and
respiratory drive. Moreover, the potential role of sex differences in regulating anesthesia via this pathway merits further

exploration.

Conclusion

This study contributes a systematic analysis of the dynamic integration of the PB-PVT-mPFC loop in propofol
anesthesia, complementing existing research that predominantly focuses on individual brain regions. These preliminary
findings may offer novel insights and inform potential therapeutic strategies for addressing delayed recovery of
consciousness following propofol anesthesia.
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