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Abstract

INTRODUCTION: Sleep-wake disturbances frequently occur at early stages of
Alzheimer’s disease (AD) and accelerate disease progression, but the underlying neural
mechanisms are not fully understood.

METHODS: We examined sleep-wake behavior and locus coeruleus (LC) activity in
young 5xFAD mice using electrophysiology and pharmacological approaches targeting
adrenergic signaling and potassium channels.

RESULTS: 5xFAD mice displayed dark phase-specific hyperarousal and impaired brain
state transitions by 2 months of age. LC neurons exhibited increased tonic firing due to
impaired Kv4 and Kv7 potassium channel conductance, resulting from soluble amyloid
beta (AB)-induced disruption of a2A adrenergic receptor regulation. Pharmacologi-
cal activation of a2A adrenergic receptors restored Kv4/7 function and normalized
LC excitability. Local administration of guanfacine (x2A agonist) or retigabine (Kv7
modulator) significantly rescued sleep-wake disturbances.

DISCUSSION: These findings identify LC hyperexcitability as a mechanistic driver
of early sleep disruption in AD and implicate «2A receptors and Kv7 channels as

promising therapeutic targets for early intervention.

KEYWORDS
guanfacine, hyperexcitability, Kv4, Kv7, locus coeruleus, retigabine, sleep, «2A adrenergic
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Highlights
* Sleep-wake rhythm disruption is an early hallmark of AD.
* The LC, one of the earliest AD-vulnerable regions, drives dark phase-specific

hyperarousal and impaired brain state transitions in young 5xFAD mice.
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1 | INTRODUCTION

Sleep-wake disturbances such as hyperarousal and shortened sleep
are commonly observed in patients with Alzheimer’s disease (AD).1 4
Notably, mounting evidence from longitudinal studies and meta-
analyses suggests that sleep disruption during the preclinical phase
of AD is not merely a symptom but may actively contribute to the
pathogenesis of the disease. Therefore, early sleep disturbances are
increasingly recognized as a modifiable risk factor for AD.23° How-
ever, the underlying mechanisms driving these early alterations in
sleep-wake regulation remain poorly understood.

The locus coeruleus (LC), a small pontine nucleus composed pre-
dominantly of tyrosine hydroxylase-positive (TH+) noradrenergic neu-
rons, plays a central role in regulating arousal, sleep-wake transitions,
and attention.®”? Optogenetic activation of LC neurons has been
shown to promote wakefulness and suppress non-rapid eye movement
(NREM) sleep in a frequency-dependent manner.'? Beyond its well-
established role in initiating arousal, recent studies have highlighted
the nuanced, state-dependent dynamics of LC neuronal activity that
gate transitions between brain states. Moreover, prolonged activation
of LC neurons leads to activity-dependent fatigue mediated by a2A-
adrenergic receptor (a2A-AR)-driven auto-inhibition, contributing to
the buildup of sleep pressure.!?

Importantly, the LC is also one of the earliest and most vulner-
able brain regions affected in AD. Post mortem and in vivo imaging
studies reveal extensive LC degeneration that correlates with both
disease severity and cognitive decline in AD patients.’2-1* Notably,
pathological changes in the LC can occur decades before the onset of

clinical symptoms,1°:1¢

raising the possibility that early LC dysfunction
contributes to the earliest stages of AD progression, including sleep
disturbances. However, how such early LC abnormalities arise - and
their precise consequences for behavior - remains largely unexplored.

In this study, we investigated the relationship between early LC dys-
function and sleep-wake disturbances using 2-month-old 5xFAD mice,
a widely used transgenic model of AD amyloidosis that exhibits early
AB accumulation but minimal neurodegeneration or cognitive decline
at this age. We found that young 5xFAD mice display marked hyper-
arousal and reduced brain state transitions, particularly during the dark
phase. Electrophysiological analyses revealed a dark phase-selective
hyperexcitability of LC neurons, driven by impaired a2A-AR-mediated
modulation of Kv4 and Kv7 potassium channel conductance down-

stream of accumulated soluble amyloid beta (Af) at this early stage.

* Soluble Ag-induced impairment of a2A adrenergic receptor regulation of the Kv4
and Kv7 potassium channels underlies LC hyperexcitability.

* Pharmacological restoration of a2A-Kv4/7 signaling normalizes LC activity ex vivo
and rescues sleep-wake disturbances in vivo.

* Targeting a2A receptors and Kv7 channels represents a potential strategy for early

intervention in AD-related sleep disruption.

Pharmacological enhancement of either «2A-AR or Kv7 activity locally
inthe LC was sufficient to restore normal sleep-wake patterns in these
mice.

Together, our findings identify a previously unrecognized mecha-
nism linking early LC hyperactivity to disrupted sleep architecture in
the preclinical phase of AD. These results underscore the critical role
of noradrenergic dysfunction in early disease-related behavioral phe-
notypes and suggest that targeting LC excitability may offer a novel

therapeutic strategy for early intervention in Alzheimer’s disease.

2 | METHODS
21 | Animals

All procedures were approved by the Institutional Animal Care
and Use Committees at the Interdisciplinary Research Center
on Biology and Chemistry, Chinese Academy of Sciences. Mice
were group-housed under a 12 h:12 h light/dark cycle with ad
libitum access to food and water. Male 5xFAD mice (B6.Cg-
Tg(APPSwFILon, PSEN1*M146L*L286V)6799Vas/Mmjax,
originally from Jackson Laboratory) with their wild-type (WT)
littermates were utilized in this study. For all experiments
except those in Figure S1A-F (12 months) and Figure S1G,H
(7 months), mice 2 to 3 months of age were used.

2.2 | Polysomnography recording

Polysomnography recording was carried out as described previously.!”
Briefly, mice were anesthetized by isoflurane vapor (1% to 2%) and
head-fixed. The skull was exposed and two epidural screws were
implanted (B: +1.5 to —3 mm, L: +1.5 mm). Two insulated stainless-steel
wires bared at the tip region were implanted into the dorsal right and
left neck muscles and sutured in place to record the electromyogram
(EMG). All electrodes were connected to a four-pin socket connector
that was cemented to the skull. Skin was sutured back, the wound was
treated with triple antibiotic ointment, and the mice were allowed to
recover in their home cage for at least 10 days prior to recordings.
During recording, mice were transferred to the customized cham-
ber a day before the recording for habituation. Electroencephalogram

(EEG) and EMG signals were recorded continuously depending on
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RESEARCH IN CONTEXT

1. Systematic review: We searched PubMed and Google
Scholar using terms including Alzheimer’s disease, sleep dis-
ruption, locus coeruleus, adrenergic signaling, and potassium
channels. Sleep-wake disturbances are established early
features of AD, and the LC is among the first regions
affected, yet the mechanisms underlying LC dysfunction
and its contribution to sleep pathology remain poorly
defined. While adrenergic modulation of LC excitability
has been implicated, the specific ion channel mechanisms
linking early amyloid pathology to LC hyperactivity have
not been systematically explored.

2. Interpretation: Our study demonstrates that early amy-
loid pathology in 5xFAD mice induces dark phase-
specific hyperarousal and impaired brain state transitions
through LC hyperexcitability. We identify impaired a2A-
adrenergic receptor activation - triggered by early amy-
loid accumulation - as a key mechanism that further
disrupts Kv4 and Kv7 channel regulation. Pharmaco-
logical restoration of this signaling pathway effectively
normalizes LC activity and rescues the associated sleep
disturbances.

3. Future directions: Future studies should assess whether
similar deficits in «2A-Kv signaling occur in humans and
explore whether targeting this pathway can prevent or

delay sleep and cognitive symptoms in prodromal AD.

experiments. Regular 12 h:12 h light/dark cycle was maintained with
ad libitum access to food and water. EEG and EMG signals were sam-
pled at 256 Hz with 1000 times preamplifier gain and bandpass filtered
at EEG: 0.3 to 1000 Hz, EMG: 1 to 5000 Hz. All signals were acquired
by Sirenia Acquisition NiDAQ 1.7.9 (Pinnacle Technology).

For sleep deprivation, mice were kept awake by gentle handling
during the first 4 h (ZT0-4) and allowed to sleep ad libitum during
the remaining 8 h of that light cycle. EEG/EMG signals were acquired
continuously.

To evaluate the effect of retigabine on sleep, 20 mg/kg of retiga-
bine was administered by intraperitoneal (IP) injection approximately
30 min before the onset of ZT12, followed by a complete 24h
EEG/EMG recording. The same volume of vehicle was IP injected and
the following EEG/EMG data from the same mouse was used as control.

2.3 | Cannulaimplant

To monitor sleep with LC local drug application, bilateral cannula tar-
geting the LC area together with EEG/EMG electrode were implanted.
A bilateral cannula was placed 200 um above the LC with the follow-
ing settings: Bregma, —5.45 mm; lateral, + 0.88 mm; depth, —2.6 mm.
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All mice returned to their home cages after surgery and were moni-
tored every day for a week. Further, 4 ug retigabine (2 pg/ul) or 5.6 ng
guanfacine (2.8 ng/ul) was infused into LC of each hemisphere approxi-
mately 30 minto 1 h prior to ZT12 slowly via a microsyringe (Hamilton).

2.4 | Slice electrophysiology
2.4.1 | Acute brain slice preparation

Acute brain slices for electrophysiology were prepared as described
previously'81? at ZT22 or ZT9. Briefly, all mice were anesthetized with
isoflurane vapor and transcardially perfused with approximately 10 mL
of ice-cold dissection buffer containing the following: 93 mM NMDG,
2.5 mM KCl, 1.2 mM NaH,P0O4-2H,0, 30 mM NaHCO3;, 20 mM
HEPES, 5 mM sodium ascorbate, 2 mM Thiourea, 3 mM sodium pyru-
vate, 25 mM D-Glucose, 12 mM NAc, 10 mM MgCl,, 0.5 mM CacCl,
bubbled with 95% O,/5% CO,. At the end of perfusion, mice were
rapidly decapitated and whole brain was removed. Acute coronal brain
slices 300 um thick containing the LC were sectioned by a vibratome
(12008, Leica) in ice-cold dissection buffer. Slices were incubated in
dissection buffer preheated to 30°C for 15 min and then transferred
to artificial cerebrospinal fluid (ACSF) containing 119 mM NaCl, 5 mM
KCl, 1.25 mM NaH,PQOg4, 1 mM MgCl,, 2 mM CaCl,, 26 mM NaHCO3,
and 10 mM Dextrose, saturated with 95% O, and 5% CO,). Slices were
then allowed to recover in ACSF at room temperature for at least 1 h

before recording.

2.4.2 | Whole-cell recording

For whole-cell recordings, slices were transferred to a recording
chamber continuously perfused with 30 + 0.5°C ACSF at 2 mL/min.
LC neurons were visualized by an upright fluorescence microscope
(XT640-W, Olympus) and identified based on their localization and
morphology. Borosilicate glass pipette recording electrodes with 3to 6
MQ tip resistance were filled with K*-based internal solution (130 mM
K-gluconate, 10 mM KCI, 10 mM HEPES, 0.2 mM EGTA, 0.5 mM
Na3zGTP,4 mM MgATP, 10 mM Na-phosphocreatine) adjusted to pH 7.2
to 7.4,285 to 300 mOsm. Cells with a membrane resistance (Rm) > 100
MQ and access resistance (Ra) < 25 MQ were recorded. For all whole-
cell recordings, cells were discarded if these values changed more than
25% during the experiment. Data were filtered at 2 kHz and digitized
at 10 kHz using Clampex (Axon).

a) Spontaneous firing

To measure spontaneous firing, cells were held at resting membrane
potential with no current injection, and spontaneous discharge was
recorded continuously for at least 30 s. Only cells with resting mem-
brane potential < —40 mV, Ra < 25 MQ, and Rm > 100 MQ were used

for analysis.
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b) Spontaneous excitatory postsynaptic currents (sEPSCs) and
neuronal excitability

Recordings were done as previously described.'?2° Both sEPSCs
and excitability were recorded with regular ACSF without additional
drugs. sEPSCs were recorded when cells were held at —60 mV in
voltage clamp mode. To measure neuronal excitability, cells were
current-clamped at —65 mV. Action potential threshold membrane
potential and rheobase were estimated by injecting 500-ms ramp cur-
rent from O to 400 pA. Maximal firing rate was measured by inject
500-ms current steps (0 to 1700 pA with 100 pA as step size). Only cells
with resting membrane potential < —45 mV, Ra < 25 MQ, and Rm > 100

MQ were used.
c) Miniature inhibitory postsynaptic currents (mIPSCs)

mIPSCs were recorded when cells were held at =70 mV in voltage
clamp mode with ACSF containing 1 uM TTX, 100 uM DL-APV, and
20 uM CNQX. Recording electrodes were filled with mIPSC internal
solution (130 mM CsCl, 8 mM NaCl, 0.2 mM CaCl2, 10 mM HEPES,
2 mM EGTA, 0.5 mM Na3GTP, 4 mM MgATP, 5 mM QX-314) adjusted
to pH 7.2 to 7.3 with CsOH, 285 to 300 mOsm.

d) Voltage-gated potassium conductance

LC neurons were recorded in voltage clamp mode with K*-based
internal solution. The following drugs were added to the perfused
ACSF to isolate Kv currents: 1 uM TTX, 100 uM DL-APV, 20 uM
gabazine, and 20 uM CNQX. Total Kv currents were recorded by
preholding cells at =120 mV for 750 ms followed by 400 ms step
depolarization from =100 mV to +90 mV with 10 mV as step size. High-
threshold Kv currents were estimated by preholding cells at —30 mV
for 750 ms prior to depolarization steps (Figure 3A). Low-threshold
Kv currents were calculated post hoc by subtracting high threshold Kv
current from the total Kv current. Acute Kv currents were the maxi-
mal amplitude within 15 ms after current onset, whereas persistent Kv
currents were measured as the plateau amplitude at the end of each
current step. For comparison, Kv current density was calculated by

normalizing I to the membrane capacitance (Cm) of individual cells.
e) Drug application

Perfusion buffer containing 20 uM XE991, 20 uM retigabine,
500 nM Phrixotoxin-1, 20 pM U0126, or 10 uM NS5806 was used to
evaluate the contribution of Kv7 or Kv4 channels to the Kv currents,
excitability, and spontaneous firing. In addition, 10 uM guanfacine and
clonidine or 300 nM BRL-44408 maleate was used to evaluate the con-
tribution of a2A adrenergic receptor to the Kv currents, excitability,
and spontaneous firing. Ramp infusion of O to 100 uM guanfacine was
used to assess a2A adrenergic receptor function. Acute brain slices
were pre-incubated in ACSF containing 50 nM AS oligomer at room

temperature for 30 min before recording.

2.4.3 | Total A8 measurement

Mice were anesthetized with isoflurane vapor and rapidly sacrificed.
Brains were immediately removed. Brain tissues containing target
regions were microdissected and weighed. Enzyme-linked immunosor-
bent assay (ELISA) kit specific for AB42 (Invitrogen, Catalog No.:
KHB3441) was used to quantify total AB42 according to the manufac-

turer’s instructions.

2.5 | Immunofluorescence staining and imaging
2.5.1 | Brain tissue preparation

Mice were anesthetized with isoflurane vapor and transcardially per-
fused with 5 mL PBS, followed by 10 mL 4% phosphate-buffered
paraformaldehyde (PFA) for immunofluorescence. Brains were then

removed and fixed overnight in PFA.

2.5.2 | Immunofluorescence (IF) staining

PFA-fixed brains were dehydrated in 20% phosphate-buffered sucrose
for 1 day and 30% phosphate-buffered sucrose for 2 days before
embedded in tissue freezing medium (Catalog No0.14020108926,
Leica) and rapidly frozen in liquid nitrogen. Twenty-micrometer-thick
coronal brain slices containing LC or hippocampus were section by
Cryostat (Leica, CM3050 S). For staining, the slices were first treated
with frozen slice antigen retrieval reagent (Beyotime, Catalog No.:
P0090). They were then blocked with PBS containing 3% Normal
Donkey Serum (NDS), 0.3% Triton X-100 at room temperature for
1 h before incubated with primary antibodies (TH, 1:3000; NeuN,
1:2000; Kv4.2, 1:500 Kv7.2, 1:500; Kv7.3, 1:500; GFAP, 1:10000;
Ibal, 1:1000, Adra2A, 1:1000) overnight at 4°C. After washing with
phosphate buffer saline with 0.1% Tween 20 (PBST), slices were
incubated with secondary antibodies at room temperature for 2 h.
Slices were washed with PBST and then mounted on glass slide
and allowed to air dry. Prolong Gold Antifade Mountant (Invitro-
gen, Catalog No.: P36930) was used to slow down bleaching of
fluorescence. Amyloid plaque was stained using Thioflavin S in com-
bination with a gradient ethanol treatment following the manual
instructions.

All antibodies and materials used are listed in Table S1.

2.6 | Confocal imaging

All fluorescence signals were acquired using a spinning disk micro-
scope (Dragonfly 200, Andor) connected to a camera (Zyla sCMQOS,
Andor) with a 20x air lens. The image resolution was x/y: 0.300903/
0.301040 pm/pixel. Stack images were acquired for all images. Step size

(um) and thickness (um) of all images were 0.5, 1.
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2.7 | Tissue preparation, RNA extraction and bulk
RNA sequencing

Mice were anesthetized with isoflurane vapor and rapidly sacrificed.
Brain slices containing the LC region were collected by a vibratome
(12008, Leica) in ice-cold dissection buffer. LC regions were microdis-
sected onice with sterile disposable biopsy punch (Integra Lifesciences,
Catalog No.: 33-31), then quickly frozen with liquid nitrogen and stored
at —80°C until use. TRIzol Reagent (Invitrogen Life Technologies)
was used to retrieve total RNA. RNA concentration and quality were
determined using a NanoDrop spectrophotometer (Thermo Fisher Sci-
entific). Only high-quality RNA samples (OD260/280 = 1.8 to 2.2,
0D260/230 > 1.9, RNA integrity number (RIN) > 9.0) were used for the
library and bulk RNA sequencing (Shanghai Personal Biotechnology
Cp. Ltd.).

2.7.1 | Quantitative real-time polymerase chain
reaction (qPCR)

For gPCR, after DNase treatment to remove genomic DNA, the reverse
transcription reactions were performed using Hifair Ill 1st Strand
cDNA Synthesis SuperMix kit (Yeason, Catalog No.: 11141ES60). The
cDNA was then used for real-time qPCR using TB Green Premix Ex
Taq Il (Takara, Catalog No.: RR820A) with the QuantStudio 6 Flex
Real-Time PCR system (Life Technologies). The gPCR data were cal-
culated using the 2-AACt method. The mRNA levels of actin were
used as an internal control to normalize the mRNA levels of genes of
interest.

The following qPCR  primers were used in this
study: mActin-F, 5'- GTGTGATGGTGGGAATGGGT-3;
mActin-R, 5'-GCTGGGGTGTTGAAGGTCTC-3; mTNFa-
F: 5’- CCCTCACACTCAGATCATCTTCT-3'; mTNFa-R:
5'- GCTACGACGTGGGCTACAG-3; miL1a-F, 5'-
CGAAGACTACAGTTCTGCCATT-3; mlLl1a-R, 5’- GACGTTTCA-
GAGGTTCTCAGAG'; mlIL1B-F, 5- GCAACTGTTCCTGAACTCAACT
-3’; mIL1B-R, 5’- ATCTTTTGGGGTCCGTCAACT -3’; mlL6-F, 5'-
TAGTCCTTCCTACCCCAATTTCC -3’; mIL6-R, 5'- TTGGTCCTTAGC-
CACTCCTTC -3’; mGfap-F, 5- CGGAGACGCATCACCTCTG-3’;

mGfap-R, 5'- AGGGAGTGGAGGAGTCATTCG-3'; mlbal-
F, 5'- ATCAACAAGCAATTCCTCGATGA-3; mlbal-R,
5'- CAGCATTCGCTTCAAGGACATA -3 mKcnd2-
F, 5'- GGGTGGATGCCTGTTGCTT-3; mKcnd2-R,
5'- GTCTTGCCATGTCTGGAAACG-3; mKcng2-F, 5'-
CTGCCTGGAGATTCTATGCTACT -3 mKcng2-R, 5'-

AGTGACTGTCCGCTCGTAGT-3’; mKcng3-F, 5'- GAGCCGACAAA-
GACGGGAC -3; mKcng2-R, 5’- TTGGCGTTGTTCCTCTTGACT
-3’; mAdra2a-F, 5- GTGACACTGACGCTGGTTTG -3’; mAdra2a-
R, 5'- CCAGTAACCCATAACCTCGTTG -3; mAdra2b-F, 5’-
TCTTCACCATTTTCGGCAATGC -3’; mAdra2b-R, 5'- AGAGTAGCCAC-
TAGGATGTCG -3’; mAdra2c-F, 5'- GACGCAAGCGGTAGAGTACA -3/;
mAdra2c-R, 5'- GTAGAACGAGACGAGAGGCG-3’

THE JOURNAL OF THE ALZHEIMER’'S ASSOCIATION

3 | QUANTIFICATION AND STATISTICAL
ANALYSIS

3.1 | Analysis of sleep-wake states

States of wakefulness, NREM, REM sleep, and microarousal were first
automatically analyzed in 5-s epoch by NeuroScore (Data Sciences
International) using the same criteria: slow wave ratio: 0.4, theta ratio:
3. The results were manually checked. Wake epochs shorter than 10 s

were defined as microarousals.

3.2 | EEG signal processing and analysis

EEG signals were bandpass filtered at 0.5 to 100 Hz and power line
filtered at 50 Hz before analyzed by Fourier Transform. The brain oscil-
lation bands were defined as Delta (5): 0.5-4 Hz, Theta (0): 4-8 Hz, Alpha
(o): 8-12 Hz, Beta (B): 12-30 Hz, Gammaygy, (Yiow): 30-50 Hz. The Uni-
tary power was defined as average power per 5-second epoch. Each
bout is defined as a continuous state of wake/ NREM/ REM with no

interruptions for sleep structure analysis.

3.2.1 | sEPSCs and mIPSCs analysis

sEPSCs and mIPSCs were analyzed using the MiniAnalysis program
(Synaptosoft, Decatur, GA, USA), as described previously.'? The event
detection threshold was set at three times over the root mean square
(RMS) noise. At least 300 events with rise time <3 ms were selected for
each cell to calculate sEPSC and mIPSC frequency and amplitude.

3.2.2 | Image analysis

Immunofluorescent images were batched analyzed by Fiji Image)
(NIH) and Imaris (Oxford Instruments). All images were projected
in the z-direction with maximum intensity followed by background
subtraction. For intensity signals, LC neurons were identified by
TH-positive signals and the positive region signals were measured.
For Ibal-positive puncta density measurements, Ibal-positive puncta
were automatically selected and counted by the Spot module of Imaris.
All images were analyzed in a double-blinded manner. To report the
IF results, the mean signal intensity was normalized to control groups.
For different batches of experiments, groups were normalized to their
own control before combination. The raw value of Ibal puncta density

was reported.

3.2.3 | Bulk RNA sequencing analysis

(https://github.com/emc2cube/

Bioinformatics) was used to process sequencing data. STAR2!

The Bioinformatics  pipeline
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was used to align reads to mm39 genome build, and RSEM was used
to quantify expression at the gene level.?2 Differential expression
analysis was conducted using DESeq2 with default parameters.??
Differential gene expression was identified using a statistical cut-off of

padj <0.05.

3.3 | Statistics

Sample size is indicated in all figures as mouse number or cell then
mouse number. Statistical analysis was performed by Prism version
6.0 software (GraphPad Software, Inc.). Wilcoxon signed-rank test was
used for paired data. Mann-Whitney U test was used for unpaired
data. Two-way ANOVAs with Sidak post hoc multiple-comparisons test
were used to compare current - voltage (I-V) curves and current -
spiking curves. Error bars in all figures indicate the standard error of
the mean (SEM). Significant comparisons were labeled in the figures.
The level of significance was set at p < 0.05. *p < 0.05; **p < 0.01;
***p < 0.001; ****p < 0.0001. P values (0.05 < p < 0.1) are labeled in
the graphs.

3.4 | Code availability

The customized MATLAB codes are available on GitHub.
https://github.com/KaiWen-Helab/Zhang_tau2024

4 | RESULT

4.1 | Early-onset sleep deficits in 5xFAD mice
characterized by hyperarousal and reduced brain
state transitions

Sleep disturbances are well documented in aged AD mouse
models.24"26 Consistent with these findings, we observed a sig-
nificant reduction in both NREM and rapid eye movement (REM)
sleep, along with increased wakefulness, in 12-month-old 5xFAD mice
(Figure S1A-F and Table S2). These results, in line with prior studies,
underscore the utility of transgenic AD models for studying the sleep
dysfunction commonly associated with the disease.27:28

To explore the early sleep abnormalities, we examined 5xFAD mice
at 2 months of age - an early disease stage marked by sparse amyloid
deposition (Figure S1G,H), but without reported cognitive deficits.2?
At this stage, the sleep-wake architecture remained relatively nor-
mal and intact (Figure 1A-C). However, compared to WT littermates,
5xFAD mice exhibited prolonged wakefulness and decreased NREM
sleep duration compared to their WT littermates, particularly during
the dark phase (Figure 1D-F). This was accompanied by a decreased
number of wake, NREM, and REM bouts (Figure 1G,l), as well as fewer
transitions between wake-NREM and NREM-REM states (Figure S1J
and Table S3) in the dark cycle, suggesting a state of hyperarousal and

impaired flexibility in sleep-wake regulation.

Furthermore, young 5xFAD mice showed reduced NREM delta (6,
0.5 to 4 Hz) power (Figures 1K-M and S1K), a phenotype observed
in both AD patients and aged AD mouse models,3? while maintaining
relatively preserved sleep homeostasis (Figure S1L-0O). Collectively,
these findings demonstrate the emergence of sleep deficits as early
as 2 months of age in 5XxFAD mice, characterized by dark phase-
selective hyperarousal, impaired state transitions, and decreased delta

power.

4.2 | Dark phase-selective hyperactivity of LC
neurons in young 5xFAD mice

To investigate the potential cause of early-onset sleep disturbances in
young 5xFAD mice, we focused on the LC, a brainstem nucleus crit-
ical for sleep-wake regulation.” Activation of LC neurons promotes
arousal.l Their activities were recently found to be important also
for brain state transitions.3* Moreover, the LC is among the first brain
regions affected in AD.1¢ Therefore, given the observed sleep pheno-
types in young 5xFAD mice, we sought to examine LC neuron dynamics
in young 5xFAD mice.

LC neurons act as pacemakers with low tonic firing rates that vary
depending on brain states.? To assess their activity, we recorded tonic
firing rates in acute brain slices collected during the dark phase (zeitge-
ber time [ZT] 22) and the light phase (ZT9) from 2-month-old 5xFAD
mice and WT littermates. LC neurons were identified based on their
location and morphology, with their identity confirmed via post hoc
staining for TH and biotin filling (Figure 2A).

In the dark phase, LC neurons from 5xFAD mice exhibited signif-
icantly elevated tonic firing rates compared to WT controls despite
the unchanged resting membrane potential (Figure 2B-D) and mem-
brane resistance (Figure S2A). More than 65% of LC neurons in 5XxFAD
mice fired at rates exceeding 9 Hz compared to less than 10% in WT
littermates (Figure 2C). This corresponded to a two-fold increase in
average tonic firing rate in 5xFAD mice in the dark phase (Figure 2D,
left panel). Notably, this hyperactivity was phase-selective: no differ-
ence in tonic LC firing rate was observed between genotypes in the
light phase (Figure 2E-G). These findings align with the observed dark
phase-selective sleep phenotypes and suggest that elevated LC activ-
ity may underlie the hyperarousal and impaired transition observed in
young 5xFAD mice.

To determine whether the increased LC activity in the dark
phase stemmed from altered synaptic inputs or neuronal excitabil-
ity, we first assessed sEPSCs (Figure 2H) and mIPSCs (Figure 2I).
Neither sEPSCs nor mIPSCs differed between young 5xFAD mice
and their WT littermates, suggesting unaltered synaptic inputs at
this age. We then assessed neuronal excitability. While threshold
potentials were similar (Figure S2A,B), LC neurons in 5xFAD mice
exhibited a slightly reduced rheobase (Figure S2C), significantly ele-
vated maximal firing rate, and slower spike frequency accommoda-
tion in response to more depolarized current steps (Figure 2J-L).
Unlike WT LC neurons, which reached their maximum firing rate

with, on average, 500 pA current injection, many neurons in 5xFAD
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FIGURE 1 Early-onset sleep deficits in 2-month-old 5xFAD mice. (A-F) Percentages of time spent in wake (A), NREM sleep (B), and REM sleep
(C) across the light/dark cycle in 2-month-old 5xFAD mice and their WT littermates. Comparisons of the percentage of time spent in wake (D),
NREM (E), and REM (F) during 24-h day (left panels), light cycle (middle panels), and dark cycle (right panels) between 2-month-old 5xFAD mice
and their WT littermates (WT: n = 14 mice; 5xFAD: n = 14 mice). Data shown in Table S2. (G-J) The differences in bout count number (G and 1) and
mean bout duration (H and J) for distinct vigilance stages during light cycle and dark cycle in comparisons of the 2-month-old 5xFAD mice to their
WT controls. Left panels: wake; middle panels: NREM. Right panels: REM (WT: n = 14 mice; 5xFAD: n = 14 mice). Data shown in Table S2. (K-M)
Comparison of normalized EEG power spectra of wake (K), NREM (L), and REM (M) during the 24-h day between 2-month-old 5xFAD mice and WT
mice (WT: n= 14 mice; 5xFAD: n = 14 mice) (L), two-way ANOVA, F(1, 26) =0.1157, p = 0.7365, Sidak post hoc multiple-comparisons p < 0.0001 at
1to 2.5 Hz). Data are shown as mean + SEM. Mann-Whitney tests were performed. EEG, electroencephalogram; NREM, non-rapid eye movement;
REM, rapid eye movement; WT, wild type.
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FIGURE 2 Dark phase-selective hyperactivity and hyperexcitability of LC neurons in 2-month-old 5xFAD mice. (A) Images showing whole-cell
recording of LC neuron (upper panel) and post hoc staining to verify the TH+ cell identity (lower panel, biocytin: white; TH: red; NeuN: green. Scale
bar, 100 um). (B-G) Ex vivo recordings of tonic firing of LC neurons in 2-month-old 5xFAD mice and WT littermates at ZT22 (B-D), WT: 21 cells
from three mice; 5xFAD: 18 cells from three mice) and ZT9 (E-G), WT: 13 cells from three mice; 5xFAD: 14 cells from three mice). (B and E)
Representative traces of recording (scale bar, 600 ms, 25pA). (C and F) Distribution of firing rate. (D and G) Quantification of firing rate (left panels:
panel D: ZT22, WT = 6.07 + 2.72 Hz; 5xFAD = 10.53 + 2.57 Hz; p < 0.0001; panel G: ZT9, WT = 3.73 + 1.34 Hz; 5xFAD = 3.62 + 2.38 Hz;

p =0.6500) and resting membrane potential (RMP, right panels: panel D: ZT22, WT = —45.76 + 3.94 mV; 5xFAD = -47.67 + 3.14 mV, p=0.1017;
panel G: ZT9, WT = -49.39 + 4.05 mV; 5xFAD = —47.43 + 3.39 mV, p = 0.1630). (H) Comparison of spontaneous EPSCs at ZT22 (WT: 15 cells from
three mice; 5xFAD: 25 cells from three mice). Left panel, example sEPSC traces. Middle and right panels, quantification of the sSEPSC amplitude
(middle, WT =23.78 + 6.11 pA; 5xFAD = 22.28 + 4.09 pA; p = 0.6142) and frequency (right, WT = 9.88 + 6.17 Hz; 5xFAD = 12.14 + 4.44 Hz,
p=0.1310) (scale bars, 50 pA, 250 ms). (I) Comparison of miniature IPSCs at ZT22 (WT: 16 cells from 3 mice; 5xFAD: 22 cells from 3 mice). Left
panel, example mIPSC traces. Middle and right panels, quantification of mIPSC amplitude (middle) (WT = 39.32 + 13.15 pA;

5xFAD = 39.69 + 22.04 pA; p = 0.4918) and frequency (right) (WT = 2.41 + 2.14 Hz; 5xFAD = 3.25 + 3.04 Hz; p = 0.2461). (Scale bars, 50pA,

250 ms.) (J-O) Comparison of neuronal excitability at ZT22 (J-L), WT: 14 cells from three mice; 5xFAD: 16 cells from three mice) and ZT9 (M-0),
WT: 13 cells from three mice; 5xFAD: 14 cells from three mice). (J and M) Representative traces evoked by injecting 500 ms current steps (0, 200,
400, 600, 800, 1000 pA). (K and N) Current-spiking relationship of LC neurons (K): ZT22, two-way ANOVA, F(1, 28) = 43.24, p < 0.0001, Sidak post
hoc multiple-comparisons p < 0.0001 at 700 to 1000 pA; panel N: ZT9, two-way ANOVA, F(1, 25) = 0.04, p = 0.8345). (L and O) Quantification of
maximum firing rate (left panels, panel L: ZT22, WT = 22.14 + 3.28; 5xFAD = 31.50 + 4.70; p < 0.0001; panel O: ZT9, WT = 23.31 + 4.40;

5xFAD = 23.93 + 5.48; p = 0.5918) and currents required to generate the maximum firing (I,axap, right panels, panel L: ZT22,

WT =585.71 + 135.06 pA; 5xFAD = 1031.25 + 360.96 pA; p = 0.0001; panel O: ZT9, WT = 746.15 + 145.00 pA; 5xFAD = 742.86 + 224.34 pA,

p =0.8149). Data are shown as mean + SEM. Mann-Whitney tests were performed. EPSC, excitatory postsynaptic current; IPSC, inhibitory
postsynaptic current; LC, locus coeruleus; mIPSC, miniature IPSC; sEPSC, spontaneous EPSC; TH, tyrosine hydroxylase; WT, wild type.
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mice tolerated much higher injected current (I,axap, Figure 2L, right
panel).

Importantly, these excitability changes were absent during the light
phase (Figure 2 M-0), reinforcing the phase-selective nature of LC
hyperactivity in young 5xFAD mice. Together, these data suggest that
increased intrinsic excitability - rather than altered synaptic input -
underlies the dark phase-specific hyperactivity of LC neurons and
may contribute to early sleep-wake disturbances in this AD mouse
model.

4.3 | Impaired low-threshold Kv4 and Kv7
conductance mediating LC neuronal hyperexcitability

Voltage-gated potassium (Kv) channels play a crucial role in the genera-
tion and maintenance of action potential.32 Therefore, we investigated
whether there were alterations in Kv channel conductance in the
LC neurons of 5xFAD mice. Kv channels were categorized as either
high-threshold (HT) or low-threshold (LT).32 We recorded both total
and HT K* current (I,) by preholding at either —120 mV or —30 mV
(Figure 3A, see Section 2, “Methods”). LT K* current was calculated
post hoc by subtracting HT from total I, (Figure 3B). Both acute
(fast-kinetic, Figure 3B, gray arrowhead) and persistent (slow-kinetic,
Figure 3B, black arrowhead) I, amplitudes were quantified. LC neurons
from 5xFAD mice showed a significant reduction in total I, includ-
ing both acute (Figure 3C) and persistent components (Figure 3D).
The HT K+ currents only showed mild changes (Figure 3E,F). In con-
trast, both acute (Figure 3G) and persistent (Figure 3H) LT K+ currents
were significantly impaired. Kv4 and Kv7 channels, major contribu-
tors to LT acute and persistent currents, respectively,3? are highly
expressed in the LC (Figure S3A). We hypothesized that impaired
Kv4 and Kv7 channel properties might underlie the hyperexcitability
observed in LC neurons of 5xFAD mice. Pharmacological inhibition
of Kv7 with XE991 in WT LC neurons reduced LT persistent K+
conductance (Figure S3B), mimicking the phenotype of 5xFAD neu-
rons and increased neuronal excitability in WT mice by elevating
the maximum firing rate (Figure 3l). Similarly, selective inhibition of
Kv4 channels using phrixotoxin-1 (PaTX1)33 (Figure S3C) increased
WT LC firing rates by preventing depolarization blockade (Figure 3J).
The contribution of Kv4 to neuronal excitability was further sup-
ported by experiments using U0126, a MEK1/2 inhibitor that also
potently blocks Kv4 channels®43> (Figure S3D-F). These results sug-
gest that impaired Kv4 and Kv7 channels contribute to the slower
accommodation and elevated maximum firing rate in the LC neurons
of young 5xFAD mice. Indeed, co-application of Kv4 (NS5806) and
Kv7 (retigabine) agonists restored LT I, (Figure S3G) and mitigated
the hyperexcitability of 5xFAD LC neurons (Figure 3K). Activation of
Kv4 and Kv7 channels also rescued 5xFAD LC neuron hyperactivity
(Figure 3L).

In summary, our findings demonstrate that impaired LT Kv chan-
nels, particularly Kv4 and Kv7, mediate the hyperexcitability and

hyperactivity of LC neurons in young 5xFAD mice.
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4.4 | Impaired «2A adrenergic receptor signaling
drives LC hyperactivity via dysfunctional Kv4 and
Kv7 channel conductance

The impaired Kv4 and Kv7 channel conductance observed in LC neu-
rons of 5xFAD mice may stem from disrupted regulation rather than
reduced expression. gPCR analysis (Figure S3H) and immunofluores-
cent labeling of major Kv4 and Kv7 subunits (Figure S3I-K) revealed
no significant differences in mRNA or total protein levels between
5xFAD and WT mice. These results suggest that the functional impair-
ment arises from altered modulation rather than transcriptional or
translational deficits at the early stage.

Given that norepinephrine (NE) is the principal neurotransmitter
released by LC neurons and that NE can exert feedback inhibi-
tion via a2-adrenergic autoreceptors located on both synaptic and
somatic sites,3*37 we explored the role of a2A-adrenergic receptor
(«2A-AR) signaling. The a2A-AR subtype is highly enriched in the LC
(Figure S4A), and its dysfunction was previously implicated in pro-
moting LC hyperactivity.33-4° To assess whether impaired a2A-AR
signaling contributed to LC hyperactivity in young 5xFAD mice, we
applied guanfacine, a selective a2A-AR agonist, during electrophysio-
logical recordings. Guanfacine significantly reduced tonic firing rates of
5xFAD LC neurons to the WT level (Figure 4A), suggesting that insuf-
ficient endogenous a2A-AR activation contributed to the heightened
firing observed in 5XxFAD mice during the dark phase.

At the same time, guanfacine effectively suppressed the LC neuronal
hyperexcitability in 5xFAD mice (Figure 4B,C), which was mediated by
enhancing the low-threshold acute and persistent I, (Figure 4D,E). This
is in line with previously findings showing that «2-adrenergic receptor
could modulate Kv7 channel activity.*1"*3 These effects were repli-
cated using clonidine, another a2-AR agonist, which similarly reduced
neuronal hyperexcitability in 5XxFAD mice (Figure 4F-H). Conversely,
pharmacological blockade of «2A-ARs using BRL-44408 maleate in WT
mice induced a hyperexcitable phenotype resembling that of 5xFAD
neurons (Figure 41-K). In contrast, neither guanfacine (Figure S4B-D)
nor clonidine (Figure S4E-G) altered the physiological properties of
WT LC neurons, consistent with a pre-activated state of a2A-ARs
driven by elevated somatic NE release during the dark phase.

To directly compare the sensitivity of «2A-ARs between genotypes,
we assessed the guanfacine dose-response at ZT9, when LC firing rates
are low (Figure 2F,G) and a2A-ARs are expected to be largely unoc-
cupied due to minimal NE release. Under these conditions, both WT
and 5xFAD neurons exhibited guanfacine-induced suppression of firing
(Figure S4H), confirming preserved a2A-AR-mediated inhibitory sig-
naling. However, WT neurons displayed a faster onset and significantly
greater magnitude of suppression than 5xFAD neurons (Figure S4H,I),
indicating reduced a2A-AR activation efficacy in 5xFAD LC neurons.
Consistent with a signaling rather than expression deficit, neither a2A-
AR mRNA (Figure S4M) nor total protein levels (Figure S4N) differed
between genotypes at 2 months of age.

Together, these results demonstrate that «2A-AR activation is func-

tionally compromised in 5xFAD LC neurons, leading to decreased
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FIGURE 3 Downregulated Kv4 and Kv7 currents mediate elevated excitability and activity of LC neurons in young 5xFAD mice. (A) Diagram
depicting protocols used for measuring the total voltage-gated I, (upper panel) and HT voltagegated I, (lower panel). (B-H) Comparison of Kv
channel conductance of LC neurons between WT and 5xFAD (WT:12 cells from three mice; 5xFAD: 13 cells from three mice). (B) Right panels:
example traces of total (solid traces) and HT (dotted traces) potassium current (I} ). Left panels: example traces of LT .. Gray arrowheads: acute I.
Black arrowheads: persistent I,.. Scale bar: 2000 pA, 300 ms. (C-H) V-I, curves of acute (C), (E), (G), and persistent (D), (F), (H) I, density. Left panels,
total I,; middle panels, HT Iy; right panels, LT I,.. (Two-way ANOVA, panel C: F(1, 23) = 7.796; p = 0.0104; panel D: F(1, 23) = 8.748; p=0.0071;
panel E: F(1,23) =3.021; p =0.0956; panel F: F(1,23) =4.112; p = 0.0543; panel G: F(1, 23) = 9.977; p = 0.0044; panel H: F(1, 23) = 5.299;
p=0.0307). (I and J) Effect of XE991 (I), Veh: 14 cells from four mice; XE991: 18 cells from three mice) or Phrixotoxin-1 (J), Veh: 12 cells from three
mice; PaTX1: 13 cells from three mice) on neuronal excitability of LC neurons of WT mice. Left panels, current-spiking relationship (l), two-way
ANOVA, F(1, 30) = 7.064, p = 0.0125, Sidak post hoc multiple-comparisons p = 0.0099 at 500 pA; (J) two-way ANOVA, F(1, 23) = 15.47,
p=0.0007). Middle panels, maximal firing rate; panel I: Veh = 20.14 + 4.61; XE991 = 31.28 + 8.53; p < 0.0001; panel J: Veh = 21.00 + 2.63;
PaTX1=26.92 + 5.01; p=0.0029). Right panels, current required to generate the maximum firing (I,axap): panel I: Veh = 428.57 + 168.38 pA;
XE991=1538.89 +217.31 pA; p=0.1166; panel J: Veh =491.67 + 90.03 pA; PaTX1 = 676.92 + 238.59 pA; p = 0.0107). (K) Effect of co-application
of RTG and NS5806 on neuronal excitability of LC neurons of 5xFAD mice (Veh: nine cells from three mice; RTG+NS5806: 14 cells from three
mice). Left panel: current-spiking relationship (two-way ANOVA, F(1, 21) = 12.35, p = 0.0021). Middle panel: maximum firing rate

(Veh =28.56 + 2.30; RTG+NS5806 = 22.36 + 4.53; p = 0.0027). Right panel, I jaxap- (Veh =822.22 + 171.59 pA; RTG+NS5806 = 614.29 + 203.27
pA; p=0.0201). (L) Effect of co-application of RTG and NS5806 on tonic firing of LC neurons in 5XxFAD mice (Veh: eight cells from three mice;
RTG+NS5806: 10 cells from three mice). Left panel, tonic firing rate (Veh = 9.64 + 2.96 Hz; RTG+NS5806 = 4.81 + 2.03 Hz; p = 0.0014). Right
panel, resting membrane potential (Veh = —49.75 + 3.20 mV; RTG+NS5806 = —53.20 + 4.37 mV; p = 0.1144). Data are shown as mean + SEM.
Mann-Whitney tests were performed. HT, high threshold; LC, locus coeruleus; LT, low threshold; RTG, retigabine; Veh, vehicle; WT, wild type.
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FIGURE 4 Activation of 2A adrenergic receptor restores Kv channel conductance and LC neuron activity in young 5xFAD mice. (A-C) Effect
of Guan on tonic firing (A) and neuronal excitability (B and C) of LC neurons in 5xFAD mice (A), Veh: 13 cells from three mice; Guan: nine cells from
three mice; (B and C) Veh: 13 cells from 3 mice; Guan: 10 cells from 3 mice) (A) Left panel: tonic firing rate (Veh = 10.04 + 2.62 Hz;

Guan =4.49 + 2.02 Hz; p = 0.0001). Right panel, resting membrane potential (Veh = —45.77 + 3.94 mV; Guan = —47.67 + 3.14 mV, p = 0.2259). (B)
Current-spiking relationship (two-way ANOVA, F(1,21) = 14.65, p = 0.0010). (C) Left panel, maximum firing rate (Veh = 28.31 + 4.91;

Guan = 18.70 + 5.98; p = 0.0009). Right panel: Iyaxap (Veh = 784.62 + 233.97 pA; Guan = 550.00 + 254.95 pA; p = 0.0272). (D and E) Effect of
Guan on acute Iy.. (D) Persistent Iy (E) of LC neurons in 5xFAD mice (Veh: 15 cells from four mice; Guan: 22 cells from five mice). Left panels, total I;;;
middle panels: HT I; right panels, LT I.. (Two-way ANOVA: panel D: left: F(1, 35) = 5.487; p = 0.0250; middle: F(1, 35) = 1.109; p = 0.2996; right:
F(1,35)=11.21; p =0.0020; panel E, left: F(1, 35) = 3.326; p = 0.0767; middle: F(1, 35) = 1.190; p = 0.2828; right: F(1, 35) = 8.907; p = 0.0052). (F
and H) Effect of application of clonidine (Clo) on tonic firing (F) and neuronal excitability (G), (H) of LC neurons of 5xFAD mice (Veh: 11 cells from
three mice; Clo: 14 cells from three mice). (F) Left panel, tonic firing rate (Veh = 8.56 + 3.70 Hz; Clo = 5.05 + 3.21 Hz; p = 0.0287). Right panel,
resting membrane potential (Veh = -46.27 + 473 mV; Clo=-47.71 + 4.08 mV; p = 0.3634). (G and H) (G) current-spiking relationship (two-way
ANOVA, F(1,23) = 6.276,p =0.0198). (H) Left panel: maximum firing rate (Veh = 26.82 + 3.92; Clo = 22.43 + 5.26; p = 0.0315). Right panel: I,,.xap
(Veh =709.09 + 197.25 pA; Clo=535.71 + 173.68 pA; p = 0.0257). (1-K) Effect of BRL on tonic firing (I) and neuronal excitability (J), (K) of LC
neurons in WT mice (1), Veh: 12 cells from three mice; BRL: 13 cells from three mice; (J), (K), Veh: 15 cells from three mice; BRL: 13 cells from three
mice). (I) Left panel: tonic firing rate (Veh = 5.33 + 1.76 Hz; BRL = 7.89 + 2.77 Hz; p = 0.0220). Right panel: resting membrane potential

(Veh =—-48.92 + 5.57 mV; BRL=—-47.39 + 4.77 mV; p=0.5112). (J and K) (J), current-spiking relationship (two-way ANOVA, F(1, 26) = 10.60,
p=0.0031). (K) Left panel: maximum firing rate (Veh = 19.67 + 5.83; BRL = 25.15 + 3.36; p = 0.0171). Right panel, I ,axap (Veh = 600.00 + 119.52
pA; BRL=769.23 + 184.32 pA; p = 0.0088). Data are shown as mean + SEM. Mann-Whitney tests were performed. BRL, BRL-44408 maleate;
Guan, guanfacine; HT, high threshold; LC, locus coeruleus; LT, low threshold; Veh, vehicle.
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Kv4 and Kv7 conductance and producing LC hyperexcitability and
hyperactivity specifically during the dark phase.

4.5 | Oligomeric A induces defective «2A-AR-Kv
channels signaling and drives LC abnormalities

We next sought to identify the pathological trigger underlying the
early-onset LC abnormalities observed in young 5xFAD mice. Neuroin-
flammatory markers were minimal (Figure S5A-C) and amyloid plaque
was absent in the LC region (Figure S1H), consistent with an early amy-
loidogenic stage. Nonetheless, direct quantification of A342, the major
toxic form of amyloid species implicated in AD, revealed a higher level
of total AB42 in the LC-containing medial brainstem relative to several
other regions, including basal forebrain, medulla, and visual cortex in
2-month-old 5xFAD mice (Figure S5D).

Oligomeric AB (ABO) is known to bind an allosteric site on a2A-
ARs, aberrantly redirecting downstream signaling.** To test whether
elevated ABO contributed to LC dysfunction, we pre-incubated acute
LC slices from wildtype mice collected at ZT22 with 50 nM ABO
prior to electrophysiological recording (Figure 5A). Compared with
vehicle controls, ABO exposure significantly increased LC neuronal
excitability (Figure 5B-D) and tonic firing rates (Figure 5E), produc-
ing WT neuronal phenotypes closely resembling those of young 5xFAD
mice. ABO-treated WT neurons also exhibited reductions in both
acute (Figure 5H) and persistent (Figure 5K) low-threshold Kv con-
ductance, indicating that ABO alone is sufficient to impair Kv4/Kv7
channel function. Finally, application of the «2A-AR agonist guanfacine
fully reversed the ABO-induced hyperexcitability and hyperactivity,
demonstrating that «2A-AR lies downstream of ASO in mediating its
deleterious effects on LC physiology.

Collectively, these results identify soluble Ag oligomers as an early
pathological trigger that impairs «2A-AR-Kv channel signaling, leading
to persistent LC hyperexcitability that mirrors the phenotype of young
5xFAD mice.

4.6 | Restoration of sleep-wake disturbances in
5xFAD mice via local modulation of LC «2A-AR and
Kv channel activity

Our previous findings demonstrated that impaired a2A-AR signal-
ing and reduced downstream Kv4 and Kv7 channel conductance
contributed to LC hyperactivity in young 5xFAD mice. To deter-
mine whether this signaling dysfunction underlies the early-onset
sleep-wake abnormalities observed in this AD model, we employed
pharmacological interventions targeting this pathway.

Guanfacine, a clinically approved a2A-AR agonist used to treat var-
ious neurological disorders,*>#¢ was locally infused bilaterally into the
LC of young 5xFAD mice via implanted cannulas immediately prior to
the onset of the dark phase (Figure 6A; see “Methods”). Compared
to vehicle controls, guanfacine significantly reduced wakefulness and
increased NREM sleep during the dark phase (Figure 6B-G, Supple-

mentary Table 4). In addition, guanfacine-treated mice exhibited a
trend toward enhanced transitions between vigilance states (Figure
S6A-C), suggesting improved sleep-wake flexibility. These results
implicate LC a2A-AR signaling as a key regulator of arousal and sleep
architecture and its dysfunction as a contributor to early-onset sleep
disturbances in 5xFAD mice.

We next assessed whether direct activation of Kv channels could
similarly restore normal sleep architecture. Retigabine, a Kv7 chan-
nel opener, was previously shown to reduce LC hyperexcitability ex
vivo (Figure S6G-J). Local infusion of retigabine into the LC of 5xFAD
mice during the dark phase significantly ameliorated hyperarousal
and restored NREM sleep (Figure 6H-M and Table S5), mirroring the
effects of guanfacine. These findings were further confirmed through
systemic administration: A single IP injection of retigabine in 5xFAD
mice significantly increased NREM sleep and the number of wake-
NREM transitions during the dark phase (Figure S7A-M and Table S6),
without altering NREM & power (Figure S7H-J). Notably, the same
treatment had only modest effects on sleep parameters in WT mice
(Figure S8 and Table S7), suggesting a disease-specific therapeutic
potential.

Together, these results support a mechanistic model in which LC
hyperactivity - driven by disrupted «2A-AR signaling and impaired Kv
channel function - plays a central role in the early manifestation of
sleep-wake disturbances in AD. Pharmacological modulation of this
pathway may represent a promising strategy for early intervention in

AD-associated sleep pathology.

5 | DISCUSSION

Sleep-wake disturbances are increasingly recognized as an early and
clinically significant feature of AD, often preceding the onset of cogni-
tive decline by years. Hyperarousal, sleep fragmentation, and reduced
total sleep time are frequently reported in both patients with early-
stage AD and individuals at risk. These alterations are not merely
epiphenomena of neurodegeneration but may actively contribute to
the pathogenesis of AD by exacerbating AS accumulation and tau
pathology through disrupted glymphatic clearance and elevated neu-
ronal activity.147-4? Thus, understanding the cellular and circuit-level
mechanisms underlying early-onset sleep-wake dysregulation in AD is
of both fundamental and translational importance.

Our results identify a key role for dysfunctional «2A-AR-mediated
auto-inhibition via modulation of Kv 4 and 7 channel conductance in
the hyperexcitability of LC neurons in young 5xFAD mice, particularly
during the dark (wake-dominant) phase. Under normal physiologi-
cal conditions, a2A-ARs act as presynaptic®® and somatodendritic>?
autoreceptors that are activated by elevated extracellular NE levels,
typically during periods of sustained LC activity. These receptors are
Gi/o-coupled G protein-coupled receptors (GPCRs) that inhibit further
neuronal firing and NE release. However, NE release from somatic sites
occurs predominantly at high LC firing rates (>15 Hz), whereas low-
frequency activity (<4 Hz) produces sparse somatic NE release.>1>2

This supports the model in which somatic a2A-ARs primarily function
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FIGURE 5 ApBO elevates WT LC neuronal excitability and tonic activity. (A) Schematic diagram showing the pre-incubation of WT mice acute
brain slices with 50 nM AB oligomer for 30 min. (B-E) Effect of A oligomer on neuronal excitability (B-D) and tonic firing (E) of LC neurons in WT
mice (Veh: 12 cells from three mice; ABO: nine cells from three mice). (B-D) (B) Current-spiking relationship (two-way ANOVA, F(1, 19) = 15.98,

p =0.0008). (C) Maximum firing rate (Veh = 21.83 + 3.61; ABO = 27.44 + 2.88; p = 0.0008). (D) I haxap (Veh =466.67 + 177.53 pA;

ABO =733.33+ 173.21 pA; p =0.0042). (E) Left panel: tonic firing rate (Veh = 4.069 + 3.50 Hz; ABO = 8.26 + 4.44 Hz; p = 0.0227). Right panel:
resting membrane potential (Veh = -45.33 + 6.61 mV; ABO = —48.10 + 1.83 mV; p = 0.2367). (F-K) Comparison of Kv channel conductance of LC
neurons between Veh- or ABO-treated WT mice (Veh:13 cells from three mice; ABO: 10 cells from three mice). V-I, curves of acute (F-H) and
persistent (1-K) I, density. (F and 1) Total I,.. (G and J) HT I,.. (H and K) LT /.. (Two-way ANOVA, (F) F(1, 21) = 4.340; p = 0.0496; (G) F(1,21) =0.8961;
p=0.3546; (H) F(1,21) = 10.86; p = 0.0034; (1) F(1,21) = 3.373; p = 0.0805; (J) F(1, 21) = 1.096; p = 0.3070; (K) F(1,21) = 4.439; p = 0.0473). (L-P)
Effect of Guan on neuronal excitability (L-N) and tonic firing (O and P) of A oligomer pre-incubated LC neurons in WT mice (Veh: 10 cells from
three mice; Guan: 13 cells from three mice). (L-N) (L) Current-spiking relationship (two-way ANOVA, F(1, 21) = 15.40, p = 0.0008). (M) Maximum
firing rate (Veh = 27.10 + 5.90; Guan = 20.46 + 4.63; p = 0.0020). (N) I haxap (Veh = 740.00 + 283.63 pA; Guan =515.39 + 98.71 pA; p = 0.0402).
(O) Tonic firing rate (Veh = 9.07 + 5.11 Hz; Guan = 4.05 + 2.34 Hz; p = 0.0121). (P) Resting membrane potential (Veh =-49.70 + 4.16 mV;

Guan =—-47.00 + 1.78 mV, p = 0.0649). Data are shown as mean + SEM. Mann-Whitney tests were performed. ABO, oligomeric amyloid beta;
Guan, guanfacine; HT, high threshold; LC, locus coeruleus; LT, low threshold; Veh, vehicle; WT, wild type.

during arousal-dominant dark period when LC neurons are more active
(Figure 2D,G).6® In line with this model, our data show that in 5xFAD
mice, the impaired «2A-AR function leads to pronounced hyperactivity
of LC neurons only during the dark phase. In contrast, the light phase,
characterized by lower overall LC activity and NE release, remains
largely unaffected, masking the defect in «2A-AR signaling during this
period.

Although significant reductions in «2A-AR mRNA and its binding
sites have been reported in the LC of AD patients at later stages,3 our
data suggest that functional impairment of «2A-AR signaling precedes
these transcriptional and translational changes (Figure S4M,N). Guan-

facine dose-response experiments performed at ZT9, when a2A-AR

occupancy is minimal, reveal significantly reduced receptor activation
efficacy in 5XxFAD LC neurons. At this early stage, the deficit may
be due to post-translational mechanisms, such as abnormal recep-
tor phosphorylation,”* membrane trafficking, or downregulation of
interacting proteins.>> Low levels of Ag accumulation and early-stage
neuroinflammation may contribute to this dysfunction by altering
receptor localization or stability.>®>” Notably, ABO has been shown
to bind to an allosteric site on «2-ARs and redirect downstream
signaling®. In line with this, acute exposure of WT LC slices to low
concentrations of ABO induced 5xFAD-like LC neuronal hyperexcitabil-
ity and hyperactivity, an effect fully rescued by a2A-AR activation

with guanfacine. These results support a model in which competitive
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FIGURE 6 Local infusion of Guan or retigabine alleviates the sleep-wake disturbances in 2-month-old 5xFAD mice. (A) Schematic diagram

showing experimental design of cannula implantation in LC and the EEG/EMG recording timeline to evaluate effect of Guan or retigabine on sleep
pattern. (B-G) Comparisons of percentages of time spent in wake (upper panels), NREM (middle panels), and REM (lower panels) immediately after
drugs (Veh, opened bars; guanfacine: Guan, patterned bars) infusion through cannula implanted in LC at ZT12 (Arrow) in 5XFAD mice. (B-D)
Percentages of time spent in wake (B), NREM (C), and REM (D) across the light/dark cycle. (E-G) Percentages in the 24-h day (left panels), the dark
cycle (middle panels) and the light cycle (right panels) were analyzed (5xFAD: n = 6 mice). Data shown in Table S4. (H-M) Comparisons of
percentages of time spent in wake (upper panels), NREM sleep (middle panels), and REM sleep (lower panels) immediately after drugs (Veh, opened
bars; RTG, patterned bars) infusion into LC areas of 5xFAD mice at ZT12. (H)-(J), Percentages of time spent in wake (H), NREM sleep (I), and REM
sleep (J) across light/dark cycle. (K-M) Percentages in 24-h day (left panels), dark cycle (middle panels) and light cycle (right panels) were analyzed

(5xFAD: n = 6 mice). Data shown in Table S5. Data are shown as mean + SEM. Wilcoxon signed-rank tests were performed. EEG,
electroencephalogram; EMG, electromyogram; GUAN, guanfacine; LC, locus coeruleus; NREM, non-rapid eye movement; REM, rapid eye

movement; RTG, retigabine; Veh, vehicle.

interference by ABO contributes to early a2A-AR dysfunction in LC
neurons.

Mechanistically, we found that «2A-AR activation enhances the con-
ductance of both Kv4 and Kv7 channels, and this enhancement is
sufficient to suppress the hyperexcitability of LC neurons in young
5xFAD mice. These findings point to the importance of intact a2A-
AR-Kv channel coupling in maintaining LC excitability and proper
sleep-wake architecture. As a GPCR, a2A-AR activation promotes
the dissociation of GBy subunits,>® which has been shown to directly
bind to and increase the open probability of Kv7 channel,*? thereby
dampening neuronal excitability.

Importantly, Kv dysfunction is commonly observed in aging and

diseases.”?¢0 Both Kv4 and Kv7 channels have been implicated in

pathological neuronal hyperexcitability and seizures when their func-
tion is compromised.®1-¢3 Notably, reduced Kv7 activity in hypothala-
mic hypocretin (Hcrt) neurons has been shown to promote hyperex-
citability and sleep disruption in aged mice,®* supporting a broader role
for Kv dysfunction in sleep and arousal disturbances.

Beyond direct a2A-AR signaling deficits, other mechanisms may
contribute to the impaired Kv channel function observed in early AD
model. These include post-translational modifications that alter chan-
nel kinetics,®5¢¢ downregulation of auxiliary or interacting proteins
necessary for channel function,®” disrupted subcellular trafficking and
localization of Kv channels,®® and changes in the microenvironment
and signaling pathways that modulate channel expression or activity.6?

As more drugs targeting Kv channels become available,”? in-depth
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analysis of which and how Kv channels are dysregulated in early AD
will become necessary.

The sleep-wake disturbances observed in 5xFAD mice - hyper-
arousal, inflexible state transitions, and prolonged wake bouts - mirror
clinical observations in individuals with mild cognitive impairment
(MCI) and prodromal AD. In human studies, early-stage AD patients
frequently exhibit elevated arousal levels, increased sleep latency, and

heightened anxiety symptoms.”%72

LC hyperactivity may be a con-
verging mechanism underlying these phenotypes, as the LC mediates
arousal, stress reactivity, and anxiety via widespread NE projections
to the cortex, hippocampus, and amygdala.8”3 More importantly, the
initial hyperactivity of LC neurons may have long-term consequences
for AD progression.”%72 A recent finding indicates that the hyperac-
tivity of LC neurons in amyloid precursor protein (APP) knock-in mice
leads to the early degradation of LC fibers in the olfactory bulb that
drives the olfactory dysfunction.”* These observations position early
LC hyperactivity as both a biomarker and a potential driver of AD
progression.

Taken together, our findings highlight the pivotal role of LC dys-
regulation - specifically a2A-AR signaling deficits and associated Kv
channel dysfunction - in mediating early sleep-wake disturbances in
AD. Therapeutically, restoring LC auto-inhibition or directly targeting
LC hyperexcitability may represent promising early interventions to

alleviate arousal dysregulation associated with the prodromal phase.
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