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Abstract

Background: Obstructive sleep apnea (OSA) is characterized by chronic intermittent
hypoxia (CIH), which drives neurodegeneration through oxidative and inflammatory
stress and heightened synaptic vulnerability. However, the molecular circuitry linking
CIH to hippocampal dysfunction remains incompletely defined.

Methods: In this study, Sprague—Dawley rats were exposed to CIH for 28

consecutive days, achieved by repeated hypoxia—reoxygenation cycles in a
normobaric chamber. Hematoxylin—eosin (HE) staining was used to assess

hippocampal histopathology. Hippocampal protein abundance of total STAT3 (t-



STAT3), phosphorylated STAT3 (p-STAT3), and the MImAChR was quantified by
immunoblotting. Immunohistochemistry was performed to determine the regional and
cellular localization of t-STAT3, p-STAT3, and MImAChR within the hippocampus.
Results: The present study demonstrated that exposure to CIH produces marked
hippocampal-dependent spatial learning and memory deficits, together with reduced
hippocampal neuronal density and lower expression of the MImAChR and STAT3.
Notably, AG490, a selective JAK2 inhibitor, did not improve behavioral performance
in CIH-exposed rats. By contrast, the selective MImAChR agonist VU0364572
partially rescued the CIH-induced deficits, consistent with a neuroprotective role for
MI1mAChR activation in CIH-related dysfunction.

Conclusion: Taken together, CIH induces hippocampal-dependent spatial learning and
memory deficits accompanied by downregulation of hippocampal STAT3 and
MImAChR. The selective MImAChR agonist VU0364572 partially reversed these
deficits; however, this benefit required intact JAK2/STAT3 signaling (abolished by
AG490). These findings support functional crosstalk between MImAChR and
JAK2/STAT3 in CIH-related hippocampal dysfunction, thereby contributing to
improved learning and meniory in rats.

Key words: Obstiuctive sleep apnea syndrome, Chronic intermittent hypoxia,
MImACHhHR, Janus kinase 2/signal transducer and activator of transcription 3
Highlights

CIH impairs hippocampal-dependent spatial learning and memory in rats.

CIH is associated with reduced hippocampal STAT3 and M1ImAChR expression.

The selective M1 agonist VU0364572 partially rescues CIH-induced deficits.

1| INTRODUCTION

OSAS is a common sleep-disordered breathing condition marked by recurrent upper-
airway collapse during sleep®. Nocturnal sleep modulates brain activity and
preserves structural integrity through multiple interacting complex mechanisms.

Substantial evidence indicates that OSAS adversely affects cognition—most notably



attention, vigilance, memory, visuospatial abilities, and executive function—although
the precise mechanisms remain incompletely defined® A growing body of evidence
indicates that OSAS is associated with cognitive impairment—particularly in
attention, vigilance, memory, visuospatial processing, and executive function—
although the underlying mechanisms remain incompletely defined®. As a central
pathophysiological hallmark of OSAS, CIH—recurrent hypoxia—reoxygenation
exposure—elicits heightened oxidative stress, systemic inflammation, endothelial
dysfunction, and sympathetic overactivation, thereby contributing to excessive
daytime sleepiness, memory decline, and executive dysfunction ®. Experimental and
neuroimaging studies have linked intermittent hypoxia (IH) to reduced neuronal
density and altered neuronal signaling within the hippocampus and frontal cortex. ©
7)_

The JAK2/STAT3 signaling axis is a critical mediator of diverse physiological and
pathological processes and has garnered increasing attention in obstructive sleep
apnea (OSA) research. It participates in cell proliferation, differentiation, immune
regulation, and apoptosis, and is notabiy active in neural tissue® %, JAKs are non-
receptor tyrosine kinases activated downstream of cytokine and growth-factor
receptors; upon activation, JAK2 phosphorylates STAT3 (Tyr705), promoting STAT3
dimerization, nuclear translocation, and transcriptional regulation of target genes®?.
Once activated, JAK2 phosphorylates STAT3 at Tyr705, triggering STAT3
dimerization, nuclear translocation, and transcriptional regulation of target genes®%.
Recent studies suggest crosstalk between JAK2/STAT3 signaling and the MImAChR,
a key modulator of hippocampal plasticity and memory. Acetylcholine, acting
predominantly through M1 receptors in the cortex and hippocampus, is indispensable
for learning and memory and supports normal cognitive function®® . Damage to
cholinergic neurons or disruption of postsynaptic acetylcholine receptor signaling has
been linked to cognitive deficits across multiple neuropsychiatric disorders, including

Alzheimer’s disease (AD) ¥ and schizophrenia ¥, MAChRs are G protein—



coupled receptors (GPCRs) comprising five subtypes (M1-M5) distinguished by their
G-protein coupling and downstream signaling. Among these, the M1 subtype
(M1mAChHR) is most abundant in the cerebral cortex and hippocampus. Genetic
ablation of MImAChHR in mice produces pronounced memory deficits. In addition,
elevating acetylcholine levels increases pyramidal-cell excitability® and selective
M1 agonists enhance hippocampal synaptic plasticity, in part by potentiating N-
methyl-D-aspartate receptor (NMDAR) signaling 9. Prior studies indicate that
pharmacological activation of MImAChRs can alleviate cognitive deficits in mouse
models of AD mice™®. Moreover, Chiba et al. suggested that JAK2/STAT3
activation may upregulate cell-surface M1 mAChR and augment NMDAR-dependent
LTP, which could contribute to improved cognitive performance in AD mouse models
(17)_

To investigate this relationship, we established a rat modei of CIH to recapitulate key
pathophysiological features of OSAS. We then empioyed two pharmacological
probes: AG490, a selective JAK2 inhibitor, and VU0364572, a selective MImAChR
agonist. By integrating behavioral assays with quantification of hippocampal STAT3
and M1mAChRexpression, this study delineates their contribution to CIH-induced
hippocampal-dependent spatial learning and memory deficits. The findings are
expected to provide novel mechanistic insights and identify potential molecular
targets for the prevention and treatment of OSAS-associated neurocognitive

dysfunction.

2 | Materials and methods

2.1 | Animals and Grouping

Specific-pathogen-free (SPF) grade healthy adult male SD rats, weighing 150-180 g,
were used in this study. The animals were obtained from the Experimental Animal
Center of the Third Military Medical University (License No. SCXK 2012-0005,

Chongging, China). Rats were housed individually in a temperature-controlled room



(22-24 °C) on a 12:12 h light—dark cycle with ad libitum access to food and water.
Animals were acclimated for 7 days before experimentation. At study completion, all
rats were euthanized in accordance with institutional and national ethical guidelines to
minimize suffering. All animal procedures conformed to institutional guidelines and
were approved by the Animal Ethics Committee of Zunyi Medical University
(approval No. [2020]1-318). This study complied with the ARRIVE guidelines
(https://arriveguidelines.org) for reporting animal research. All efforts were made to
minimize the number of animals used and to alleviate suffering. At the end of the
study, rats were euthanized by intraperitoneal injection of sodium pentobarbital (3%,
50 mg/kg), in accordance with institutional and national guidelines.

2.2 | Establishment of CIH model and drugs treatments

54 rats were randomly assigned to six groups: control (CON), CIH, AG490
pretreatment, VU0364572 pretreatment, AG490 + VU0364572 combined
pretreatment, and dimethyl sulfoxide (DMSQ) vehicle control. The CIH paradigm
was established according to published protocols with minor modifications®®, Rats
were subjected to intermittent hypoxia in a normobaric chamber 8 h/day for 28 days.
Oxygen concentration within the chamber was maintained at 8.0 £ 0.5% by controlled
nitrogen infusion, and the hypoxia-normoxia cycle was repeated every 90 seconds. O-
levels were continuously monitored and regulated by an automated controller.

For pharmacological interventions, rats in the treatment groups received intraperitoneal
injections of the JAK2 inhibitor AG490 (4 mg/kg/day) and/or the M1mAChR agonist
VU0364572 (0.1 mg/kg/day) 30 minutes prior to CIH exposure. The DMSO vehicle
group was given an equivalent volume of 2% DMSO, whereas the CON group received
normal saline and was maintained under normoxia. AG490 (Selleck, USA) and
VU0364572 (Cayman, USA) were prepared as DMSO stocks (10 uM) and diluted

immediately prior to injection to a final DMSO concentration of 0.1%.

2.3 | Morris water maze (MWM) behavioral tests



Spatial learning and memory performance were assessed using the Morris water maze
(MWM) test, as previously described®® . The protocol comprised acquisition
(navigation) trials followed by a probe trial. Behavioral endpoints—escape latency
during acquisition and platform-crossing frequency during the probe—were recorded

and analyzed to quantify performance.

2.4 | Tissue preparation

At study termination, rats were deeply anesthetized with sodium pentobarbital (3%,
50 mg/kg, i.p.) prior to tissue collection. Organ harvest was performed in accordance
with the approved Animal Care and Use Protocols of Zunyi Medical University. After
confirming deep anesthesia, transcardial perfusion was performed using sterile 0.9%
normal saline to clear the blood and preserve tissue morphology. Following perfusion,
the brain was harvested. Hippocampal tissues or whoie brairis were collected and
processed for subsequent histological and biochiemical analyses.

2.5 | Western blotting

Hippocampal tissues were lysed, and total protein was extracted, quantified, and
denatured. Equal amounts of protein were loaded onto SDS-PAGE gels, followed by
electrophoresis and transfer onto PVDF membranes (IPVH00010, Millipore, USA)
using a constant current of 250 mA for 110 minutes. After blocking, membranes were
incubated overnight at 4°C with primary antibodies: total STAT3 (1:1000, #30835,
CST, USA), p-STAT3 (p-STAT3; 1:1000, #9145, CST, USA), MImAChR (1:500,
#9808, Sigma, USA), and p-tubulin (1:1500, #10068, Proteintech, USA). The next
day, membranes were incubated with HRP-conjugated secondary antibodies (1:5000,
ZB-2305, ZSGB-BIO, China) at room temperature for 1 hour. Immunoreactive bands
were visualized using enhanced chemiluminescence (ECL), and densitometric

analysis was performed using ImageJ software.

2.5 | HE staining



Fixed brain tissues were embedded in paraffin and sectioned. The sections were
deparaffinized, rehydrated through graded ethanol, and stained with hematoxylin and
eosin. After dehydration and clearing, the sections were mounted using neutral resin.
Histological changes in hippocampal tissue were observed and imaged using an

inverted light microscope (Olympus, Tokyo, Japan).

2.6 | Immunochemistry

Paraffin-embedded brain sections (4um) were prepared and processed using standard
immunohistochemical protocols. After deparaffinization, antigen retrieval was
performed in citrate buffer, followed by quenching of endogenous peroxidase activity
with 3% H20- at 37°C for 15 minutes. Sections were blocked with goat serum and
incubated overnight at 4°C with primary antibodies against STAT3 (1:50), p-STAT3
(1:50), and M1mAChHR (1:40). The next day, slides were rewarmed at 37°C,
incubated with an enhancer solution (Zhongshanjingiao, China), followed by HRP-
conjugated goat anti-rabbit 1gG. Detection was carried out using DAB substrate, and
counterstaining was performed with hematoxylin. After dehydration and clearing with
ethanol and xylene, the slides were sealed with neutral resin and examined under a

microscope (Olympus, Tokyo, Japan).

2.7| Statistical analysis

Data were analyzed using SPSS version 29.0 (IBM Corp., Armonk, NY, USA).
Results are expressed as mean = standard deviation (SD). Blood oxygen saturation
measurements were analyzed using paired t-tests. MWM navigation data were
assessed using repeated measures ANOVA. One-way ANOVA was used to compare
data across multiple groups, followed by LSD post hoc tests for pairwise

comparisons. A p-value of <0.05 was considered statistically significant.

3| RESULTS



3.1 | Establishment of the CIH rat model
In this study, a rat model of OSAS was established by CIH. During the hypoxic phase,
rats exhibited characteristic behavioral responses, including frequent arousals, upward
head extension to facilitate breathing, and a marked increase in respiratory rate,
accompanied by signs of agitation and restlessness. In contrast, during the
reoxygenation phase, the animals demonstrated decreased locomotor activity,
lethargy, and diminished responsiveness. To validate the CIH model, arterial oxygen
saturation (SpO-) in the rat tail was continuously monitored throughout hypoxia and
reoxygenation cycles using a blood oxygen saturation detector. The mean SpO-
(MSp0:2) during hypoxia was significantly reduced to 68.27 + 2.43%, while it
increased to 96.74 + 1.58% during reoxygenation. The observed >4% decrease in
oxygen saturation between hypoxia and reoxygenation phases was statistically
significant (p < 0.05), confirming the successful induction of intermittent hypoxic
conditions consistent with the pathophysiological features of OSAS. Collectively, the
behavioral observations and oxygen saturation data indicate that the CIH model was
effectively established and replicates the hallmark features of OSAS in rats

(Tablel) .

Table 1 Changes in rat tail SpO2 during hypoxia and reoxygenation in CIH model rats

(x1s)
Group n Sp02 (%)
reoxygenation interval 45 96.74+1.58
Hypoxic interval 45 68.27+2.434

Note: 4 Compared with the reoxygenation interval p <0.05.

3.2 | Changes in MWM learning and memory of CIH rats.

The MWM was used to assess spatial learning and memory in CIH-exposed rats.
(Figure 1). During the acquisition phase, the escape latency of all groups
progressively decreased over the course of training, indicating the establishment of

learning behavior. On the third day of training, rats in the VU0364572 group



exhibited escape latency comparable to that of the CON group (p > 0.05), while rats
in the CIH, DMSO, AG490, and AG490 + VU0364572 groups demonstrated
significantly prolonged escape latencies compared to the CON group (p< 0.05).
Furthermore, compared to the VU0364572 group, escape latency was significantly
longer in the DMSO, AG490, and AG490 + VU0364572 groups (p< 0.05), whereas
no significant difference was observed between the CIH and DMSO groups (p >0.05).
Twenty-four hours after the final training session, the hidden platform was removed,
and a probe trial was conducted to evaluate spatial memory retention. In this test, rats
in the CON group crossed the former platform location and time spent in the target
quadrant significantly more times within 120 seconds compared to the CIH, DMSO,
AG490, and AG490 + VU0364572 groups (p < 0.05). Similarly, the VU0364572
group exhibited a significantly higher number of platform crossings and time spent in
the target quadrant than the CIH, DMSO, AG490, and AG490 + VU0364572 groups
(p < 0.05), further confirming its cognitive-enhancing effect. Again, there was no
statistically significant difference between the CIH and DMSO groups (p > 0.05).
Collectively, these findings indicate that CIH induces substantial impairments in
learning and memory in rats. Treatment with the JAK2 inhibitor AG490 exacerbates
this cognitive dysfunction, while activation of the MImAChR via VU0364572
markedly improves spatial learning and memory performance in CIH-exposed

animals.
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Figurel Changes in MWM !earning and memory of CIH rats in each group. (A)
Changes in escape latencies in CIH model rats with AG490 or VU0364572 treatment.
The CIH, DMSO, AG490, and AG490 + VVU0364572 groups versus the CON group.
The VU0364572 group compared with the CIH, DMSO, AG490, and AG490 +
VU0364572. F (5,150) =33.17. All data are presented as mean £SD (n = 6). Statistical
analysis was performed by one-way ANOVA. *p <0.05, Ap< 0.05. (B)
Representative swimming trajectories illustrating search strategies in each group
(day 6) . (C. D) Changes in the number of platforms crossing and time spent in the
target quadrant in CIH model rats with AG490 or VU0364572 treatment (day6). The
CIH, DMSO, AG490, and AG490 + VU0364572 groups versus the CON group. CIH,
DMSO, AG490, and AG490 + VU0364572 group versus the VU0364572 group. All
data are presented as mean +SD (n = 6). Statistical analysis was performed by one-

way ANOVA. *p <0.05, Ap <0.05. (D) Changes in the number of platforms crossing



in CIH model rats with AG490 or VU0364572 treatment. The CIH, DMSO, AG490,
and AG490 + VU0364572 groups versus the CON group. CIH, DMSO, AG490, and
AG490 + VVU0364572 group versus the VU0364572 group. F (s.30) = 24.62. All data
are presented as mean £SD (n = 6). Statistical analysis was performed by one-way

ANOVA. *p <0.05, Ap <0.05.

3.3 | Histopathological Changes in the Hippocampus Revealed by HE Staining
HE staining was performed on hippocampal tissue samples collected from rats in the
CON, CIH, DMSO, AG490, AG490 + VU0364572, and VU0364572 groups to assess
morphological alterations in neuronal structure. In the CON group, hippocampal
neurons were densely and orderly arranged, exhibiting well-defined cell bodies, intact
nucleoplasm, and prominent nucleoli. In contrast, tissue sections from the CIH,
DMSO, AG490, and AG490 + VUO0364572 groups showed inarked histopathological
changes, including disorganized neuronal arrangement, blurred cellular boundaries,
reduced neuronal density, and increased eosinophilic staining, indicative of neuronal
degeneration. In some regions, neurons exhibited morphological features suggestive
of necrosis. Statistical analysis confirmed a significant reduction in neuronal cell
counts in these groups compared to the CON group (p < 0.05). Notably, the
VU0364572-treated group exhibited attenuated histopathological damage, with more
preserved neuronal architecture, higher cell density, and improved cellular
organization relative to the CIH and AG490-treated groups. These findings suggest
that CIH induces substantial hippocampal neuronal damage, while activation of
M1mAChR with VU0364572 exerts a neuroprotective effect, mitigating CIH-induced

neuronal loss and structural disruption in the hippocampus. (Figure2).
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Figure 2 Observation of pathological changes in hippocampus of CIH rats (40 x).
Note: the picture shows hippocampal neurons in each group of experimental rats. (A)
CON group. (B)CIH group. (C) CIH+DMSO group. (D) CIH+AG490 group. (E)
CIH+AG490 + VU0364572 group. (F) CIH+ VU0364572 group. (G) The CIH rat
hippocampal CA1 area the number of neurons, *p<0.05, compared with the CON
group, 4p<0.05, compared with the VU0364572 group, Ali the data are expressed in

mean + SD.

3.4 | Western Blot Analysis of t-STAT3 and p-STAT3 Expression in the
Hippocampus

Western blotting was employed to evaluate the expression levels of total STAT3 (t-
STAT3) and phosphorylated STAT3 (p-STAT3) in the hippocampal tissues of rats
from each experimental group. Densitometric analysis was performed using ImageJ
software to quantify the integrated optical density (I0D) of the immunoreactive
bands, and expression levels were normalized to B-tubulin. Compared to the CON
group, the 10D ratios of p-STAT3/B-tubulin and t-STAT3/B-tubulin were
significantly decreased in the CIH group (p < 0.05), indicating a reduction in both
total and phosphorylated STAT3 protein expression following chronic intermittent
hypoxia. Notably, the expression levels of p-STAT3 and t-STAT3 in the AG490,
AG490 + VVU0364572, and VUO0364572 treatment groups showed no statistically

significant difference compared to the CIH group (p > 0.05). Similarly, there was no



significant difference between the DMSO group and the CIH group for either p-
STAT3 or t-STAT3 expression. Overall, these results suggest that CIH markedly
suppresses STAT3 signaling activity in the hippocampus, as evidenced by the
downregulation of both total and phosphorylated STAT3. Neither AG490 nor
VU0364572 administration significantly restored STAT3 expression under CIH
conditions, indicating that the observed cognitive and structural changes may involve

STAT3-independent mechanisms or require additional regulatory factors. (Figure 3).
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Figure 3 Changes of t-STAT3 and p-STATS3 protein expression in hippocampus of
CIH rats. (A) Representative Western blots of p-STAT3, t-STATS3 proteins. (B)

Relative p-STAT3 protein expression levels. (C) Relative t-STAT3 protein expression



levels. (D)Relative p-STAT3 /t-STATS3 protein expression levels. *p<0.05, compared

with the CON group. All the data are expressed in mean £ SD.

3.5 Western Blot Analysis of MImAChR Expression in the Hippocampus of
CIH Rats

To evaluate alterations in M1ImAChHR expression in the hippocampus under CIH,
Western blot analysis was performed, and band intensities were quantified using
ImagelJ software. The expression of MImAChR was normalized to B-tubulin, and the
IOD ratio (MImAChR/B-tubulin) was calculated for each group. Compared to the
CON group, the CIH group exhibited a significant reduction in M1ImAChR
expression (p < 0.05), indicating that CIH suppresses MImAChHR levels in
hippocampal tissue. No statistically significant differences were observed between the
CIH group and either the CIH+AG490 or CIH+AG490+V 0364572 groups (p >
0.05), suggesting that AG490, alone or in combination with VU0364572, did not
effectively restore MImAChHR expression urider CIH conditions. In contrast, the
CIH+VUO0364572 group showed a significant increase in MImAChR expression
compared to the CIH group (p < 0.05), highlighting the potential of MImAChR
agonist treatment in reversing CIH-induced receptor downregulation. Additionally, no
significant differences were detected among the CIH+DMSO, CIH+AG490, and
CIH+AG490+VU0364572 groups (p > 0.05). These findings suggest that activation
of MImAChHR with VU0364572, but not inhibition of the JAK2/STAT3 pathway with

AG490, effectively restores MIMAChHR expression suppressed by CIH (Figure 4).
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Figure 4 Changes of MImAChR protein expression in hippocampus of CIH rats. (A)
Representative Western blots of MImMAChHR proteins. (B) Relative MImAChR
protein expression levels. *p<0.05, compared with the CON group, 4p<0.05,

compared with the VU0364572 group, all data are expressed in mean + SD.

3.6 | Immunohistochemical Localization of t-STAT3 in the Hippocampus
Following the assessment of t-STAT3expression by Western blotting,
immunohistochemical analysis was performed to determine the spatial distribution
and cellular localization of t-STATS3 in the hippocampal CAL region across different
experimental groups. The results demonstrated positive immunoreactivity for t-
STATS3, characterized by yellow to brown staining, predominantly localized in the
CAZ1 subregion of the hippocampus. The protein was primarily expressed in the
cytoplasm of hippocampal neurons, consistent with its known intracellular
distribution pattern. These findings corroborate the Western blot results, confirming
the presence and cytoplasmic localization of t-STAT3 in hippocampal neurons, and
provide further insight into the regional expression patterns of t-STAT3 under CIH

and treatment conditions. (Figureb).



Figure 5 Immunohistochemical analysis of t-STAT3 in hippocampus of CIH rats (40
x). (A) CON group. (B)CIH group. (C)CIH+DMSO group. (D)CIH+AG490 group.
(E)CIH+ AG490+ VUO0364572 group. (F)CIH+VUO0364572 group. (scale = 250 p m)

3.7| Immunohistochemical Localization of p-STAT3 in the Hippocampus
Following Western blot analysis of p-STAT3 expression across experimental groups,
immunohistochemical stairiing was performed to further evaluate the distribution and
localization of p-STAT3 within the CA1 region of the rat hippocampus. The results
showed positive immunoreactivity for p-STAT3, characterized by yellow to brown
staining predominantly observed in the cytoplasm of neurons located within the CA1
subregion. This spatial expression pattern was consistent across groups, providing
morphological validation of the protein’s presence and subcellular localization as
identified by Western blotting. Together, these findings confirm that p-STAT3 is
primarily localized in the cytoplasm of hippocampal neurons and support its potential

involvement in CIH-related hippocampal signaling alterations(Figure6).



Figure 6 Immunohistochemical analysis of p-STAT3 in hippocampus of CIH rats (40
x). (A)CON group. (B)CIH group. (C)CIH+DMSO group. (D)CiH+AG490 group.

(E)CIH+ AG490+ VU0364572 group. (F)CIH+VU0364572 group. (scale =250 pm)

3.8 | Immunohistochemical Localization of MUmAChHR in the Hippocampus
Immunohistochemical staining was performed to examine the expression pattern and
localization of MImACHR in the CAL1 region of the hippocampus across experimental
groups. The results demcnstrated positive MIMAChR immunoreactivity, indicated by
yellow to brown staining, predominantly localized in the CA1 subregion of the
hippocampus. Notably, MImAChR expression was primarily observed on the cell
membranes of hippocampal neurons, consistent with its known role as a membrane-
bound receptor (Figure 7). These findings provide morphological evidence of
M1mAChHR distribution in the hippocampus and support its potential involvement in

ClIH-related cognitive dysfunction and therapeutic modulation.
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Figure 7 Immunohistochemical analysis of MIMAChHR in hippocampus of CIH rats
(40 x). (A) CON group. (B)CIH group. (C)CIH+DMSO group. (D)CIH+AG490
group. (E)CIH+ AG490+ VU0364572 group. (F)CIH+VU0364572 group; (scale =

250 pm)

4| DISCUSSION

CIH, the core pathophysiologica! feature of OSAS, has been shown to induce
neuronal loss in the hippocampus and frontal cortex, accompanied by disruptions in
synaptic plasticity. Experimental evidence further suggests that CIH promotes
oxidative stress, systemic inflammation, endothelial dysfunction, and sympathetic
hyperactivation—factors that collectively impair neural function. Importantly,
alterations in synaptic structure, quantity, and function are closely associated with the
regulation of learning and memory and play a fundamental role in neuroplasticity.

In the present study, a CIH model was established to simulate the pathophysiological
features of OSAS in rats. Repetitive cycles of hypoxia and reoxygenation were
administered in a normobaric hypoxic chamber. Blood oxygen saturation monitoring
confirmed a significant reduction during hypoxic episodes compared to reoxygenation
phases (Figure 1). During hypoxic epochs, rats exhibited behavioral arousals, head-up
posturing to facilitate breathing, and agitation. HE staining of the CA1 region

revealed disorganized cytoarchitecture, nuclear pyknosis, widened intercellular



spaces, and reduced neuronal density in CIH-exposed rats relative to controls (Figure
2), consistent with successful model establishment.

Given the brain’s sensitivity to oxygen availability, intermittent hypoxia exerts
profound effects on cognitive functions such as learning, memory, and executive
processing @9 @D MWM test, a well-established method for assessing spatial learning
and memory in rodents®?, revealed that CIH-exposed rats showed significantly
prolonged escape latencies relative to controls, consistent with impaired spatial
learning and memory. Notably, pharmacological inhibition of JAK2/STAT3 with
AG490 did not ameliorate these deficits. By contrast, pretreatment with VU0364572,
a selective M1ImAChR agonist, significantly shortened escape latency and improved
performance toward control levels. These findings support a role for MImAChR
activation in modulating spatial learning and memory under CIH. Tnis suggests that
however, co-administration of AG490 and VU0364572 did ot yield additive or
synergistic behavioral benefits. We speculate that JAK2/STATS3 inhibition may
abrogate signaling requisite for MImAChR-mediated neuroprotection, thereby
attenuating the behavioral efficacy ¢f VU0364572 under CIH. Consistent with the
acquisition data, the probe trial showed increased platform crossings only in the
VU0364572-treated group, whereas AG490—alone or in combination—did not
improve probe performance. These findings support a role for MImAChHR activation
in mitigating CIH-related deficits in spatial learning and memory, whereas
JAK2/STAT3 inhibition conferred no behavioral benefit and abrogated the M1-
mediated improvement.

The JAK2/STATS3 pathway is known to mediate a wide range of cellular processes,
including cell proliferation, differentiation, apoptosis, and inflammation®3 24 |ts
activation is triggered by cytokines, reactive oxygen species, and chemokines@> 26),
STATS3 plays a versatile role in signal transduction and gene regulation. Upon JAK-
dependent phosphorylation at the Tyr705 residue, STAT3 dimerizes and translocates

to the nucleus, where it regulates transcription of genes implicated in neuronal



survival and synaptic plasticity®’-3? Previous studies have shown that sustained
hypoxia (24-48 h) alters STAT3 Tyr705 phosphorylation. We therefore focused on p-
STAT3 (Tyr705 ) as a key analytical endpoint®.

Immunoblotting revealed robust hippocampal expression of t-STAT3 and p-STAT3)
in controls, whereas CIH-exposed rats exhibited markedly reduced levels of both.
This pattern is consistent with attenuated JAK2/STAT3 pathway activation in the
hippocampus under CIH. Interestingly, administration of AG490, VU0364572, or the
combination produced nominal increases in hippocampal t-STAT3 and p-STATS3, but
these changes did not reach statistical significance relative to CIH controls, suggesting
that M1ImAChR stimulation may be insufficient to fully restore STAT3 signaling
under CIH. As expected for a selective JAK2 inhibitor, AG490 suppressed STAT3
phosphorylation without significantly altering total STAT3 abundarice in CIH-
exposed hippocampi. These findings are consistent with prior reports of declines in
learning and memory following intrathecal JAK2/STAT3 inhibition®?33) , and with
result from Wang et al. who demonstrated that activating this pathway improves
cognition in a cerebral small vessel disease model % The MImACHR is a key
modulator of cognition and has been proposed as a promising target for memory
enhancement® Park et al. reported that inhibition of JAK2/STAT3 may impair
memory and contribute to cholinergic dysfunction®®. Moreover, activation of the
JAK2/STAT3 pathway has been shown to enhance spatial learning and memory ©.In
parallel, the MImAChHR contributes to neuronal plasticity and cognitive
regulation®”. Prior research suggests that MImAChR may exert its memory-
enhancing effects, at least in part, through JAK2/STAT3 pathway activation.

In this study, the use of VU0364572, a specific MImACHR agonist®®,led to
improved learning and memory performance in CIH rats, confirming its therapeutic
potential. However, when co-administered with AG490, the cognitive benefits were
abolished, further indicating a functional interplay between M1mAChHR activation and

JAK2/STAT3 signaling. We therefore propose that MImAChR activation can



partially mitigates CIH-related deficits in spatial learning and memory, with
JAK2/STATS acting as a critical downstream mediator in this process. Our findings
indicate that M1mAChR—dependent benefits under CIH require intact JAK2/STAT3
signaling, M1mAChR—driven benefits depend on intact JAK2/STAT3, but the
direction of influence remains unresolved. Beyond JAK2/STAT3, M1ImAChHR likely
confers CIH resilience via several convergent, pro-synaptic pathways, Gq/PLCB-
IPs/Ca?>*—PKC and CaMKII/IV-ERK-CREB signaling enhance synaptic efficacy and
drive plasticity genes, supporting dendritic spine stability®® 49, PI3K/Akt-mTOR
sustains protein synthesis for long-term plasticity and may buffer CIH-related
catabolic stress“?; and Src-dependent NMDAR potentiation increases currents to
facilitate LTP“?. Additional crosstalk with survival programs (mitochondrial support,
anti-apoptotic transcription) could further limit hypoxic injury. To test this
framework, combine pathway-selective inhibitors and M1 antagonism with
electrophysiological readouts NMDAR-LTP and molecular assays®?. Integrated with
the directionality experiments above, these siudies will map how M1ImAChR-
JAK2/STATS interfaces with broader M1mAChR-coupled signaling to deliver
synaptic and structural neuroprotection in CIH. We will test this in our subsequent
experiments.

4| CONCLUSION

In summary, CIH produced spatial learning and memory deficits, accompanied by
reduced hippocampal neuronal density and downregulation of STAT3 and M1mAChR.
Pharmacological activation of MImAChRs with VU0364572 partially rescued these
deficits, whereas JAK?2 inhibition with AG490 conferred no benefit and abrogated the
M1-mediated improvement.
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