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Abstract Alzheimer’s disease (AD) is a neurodegenerative disease with clinical hallmarks of progres-

sive cognitive impairment. Synergistic effects of the Ab-Tau cascade reaction are tightly implicated in

AD pathology, and microglial NLRP3 inflammasome activation drives neuronal tauopathy. However,

the underlying mechanism of how Abmediates NLRP3 inflammasome remains unclear. Herein, we deter-

mined that oligomeric Ab (o-Ab) bound to microglial Kv2.1 and promoted Kv2.1-dependent potassium

efflux to activate NLRP3 inflammasome resulting in neuronal tauopathy by using Kv2.1 inhibitor drofe-

nine (Dfe) as a probe. The underlying mechanism has been intensively investigated by assays with Kv2.1

knockdown in vitro (si-Kv2.1) and in vivo (AAV-ePHP-si-Kv2.1). Dfe deprived o-Ab of its capability to

promote microglial NLRP3 inflammasome activation and neuronal Tau hyperphosphorylation by inhibit-

ing the Kv2.1/JNK/NF-kB pathway while improving the cognitive impairment of 5�FAD-AD model

mice. Our results have highly addressed that the Kv2.1 channel is required for o-Ab-driven microglial

NLRP3 inflammasome activation and neuronal tauopathy in AD model mice and highlighted that Dfe

as a Kv2.1 inhibitor shows potential in the treatment of AD.
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1. Introduction

Alzheimer’s disease (AD) is a neurodegenerative disease with
clinical hallmarks of progressive cognitive impairment and
memory loss and even accompanied by personality changes and
mental disorders1,2. In late AD, the patients suffer from logical
thinking loss, mobility disorder, and life-threatening complica-
tions3. The pathogenesis of AD is too complicated, and there is
still a lack of drugs that can cure AD4,5.

Senile plaques composed of b-amyloid (Ab) deposition and
neurofibrillary tangles formed by hyperphosphorylated Tau are
two main pathological features of AD, and the occurrence and
development of AD are tightly related to the synergistic effects
mediated by Ab-Tau cascade reaction6-8. According to the Ab-Tau
cascade reaction hypothesis, Ab functions as a starting trigger for
AD with misfolding and oligomeric forms through abnormal
secretion, renders toxicities on glia and neurons inducing a series
of pathological responses such as neuroinflammation and oxida-
tive stress7. Furthermore, the pathological responses induced by
Ab promote the neuronal microtubule-associated protein Tau
hyperphosphorylation resulting in lesions of the normal assembly
function of Tau, disruption of the neuronal synaptic structure and
further loss of synapse9,10. Notably, hyperphosphorylated Tau is
self-aggregated and tends to form paired helical filaments and
neurofibrillary tangles in turn causing severe neurotoxicity in
neuronal cells and exacerbating Ab pathology11,12. Thus, the
vicious cycle between Ab and Tau pathology highly promotes AD
progression.

Microglia as the vulnerable cell population to Ab in the central
nervous system (CNS) mediates neuroinflammation in the early
stage of AD pathology13,14. It is noted that microglial NLRP3
inflammasome activation is a key linking Ab to Tau pathol-
ogy15, in that Ab drives microglial NLRP3 inflammasome acti-
vation leading to the maturation and release of downstream
inflammatory cytokines including IL-1b, which induces the
hyperphosphorylation of Tau in neurons thereby causing further
synergistic neurotoxicity and vicious cycle between Ab and Tau
pathology7,15. All evidence has addressed the potent role of
NLRP3 inflammasome in the Ab-Tau cascade reaction. Although
many reports claimed that potassium efflux is one of the canonical
pathways of NLRP3 inflammasome activation16, the underlying
mechanism of how Ab mediates NLRP3 inflammasome activation
is not clear.

Shab-related potassium channel member 1 (Kv2.1) as a
voltage-gated potassium channel is composed of four a subunits
(S1eS4, voltage-sensor domain; S5eS6, pore domain) and widely
distributed in the CNS. The Kv2.1 channel plays an important role
in regulating the outward potassium flow (about 60%) in neurons
and glial cells17. Previous studies have shown that Kv2.1
expression level is increased in 3�Tg AD model mice18 and the
oxidative level of Kv2.1 is exacerbated in the brains of AD pa-
tients and animals19. All evidence has revealed the potential
implication of the Kv2.1 channel in AD pathogenesis.

By considering that microglia are more vulnerable to invasion
of Ab than neurons or astrocytes20 and that microglia-mediated

neuroinflammation as one of the earliest pathological features in
AD21 mediates Ab-Tau cascade reaction15, we speculated that the
Kv2.1 upregulation in microglia may play a more potent role than
in either neurons or astrocytes in AD pathology. With these facts,
we focused on the study of the regulation of Kv2.1 against
microglia-mediated inflammation in our current work.

Herein, we reported that oligomeric Ab (o-Ab) bound to the
Kv2.1 channel and promoted microglial Kv2.1-dependent potas-
sium efflux to induce NLRP3 inflammasome activation and
neuronal tauopathy by using Kv2.1 inhibitor drofenine (Dfe)17 as
a probe. The underlying mechanism has been intensively inves-
tigated by assays with Kv2.1 knockdown in vitro (si-Kv2.1) and
in vivo (AAV-ePHP-si-Kv2.1). Dfe deprived o-Ab of its capability
to promote microglial NLRP3 inflammasome activation and
neuronal Tau hyperphosphorylation by inhibiting the Kv2.1/JNK/
NF-kB pathway while improving the cognitive impairment of
5�FAD-AD model mice. Our results have highly addressed that
the Kv2.1 channel is required for o-Ab-driven microglial NLRP3
inflammasome activation and neuronal tauopathy in AD model
mice and highlighted that Dfe as a Kv2.1 inhibitor shows potential
in the treatment of AD.

2. Materials and methods

2.1. Study design

The goal of the study was to evaluate the potential of Dfe in the
treatment of cognitive impairment of 5�FAD-AD mice and
investigate the mechanism underlying the amelioration of Dfe on
AD-related pathology.

Sample sizes were chosen according to the previous experience
related to AD research22. Investigators who conducted the ex-
periments or analyzed the data were blinded to the group. In vitro
assays against brain slices, primary microglia, and neurons were
carried out to expound the effect of Dfe on microglial potassium
current, NLRP3 inflammasome activation, neuronal tauopathy,
and apoptosis. For animal studies, mice were litter and age-
matched to keep all data in agreement with each other.
Completely random grouping design and exploratory experi-
mental research were performed based on the experimental ani-
mals. Novel object recognition, Y-maze, and Morris water maze
tests were performed to evaluate the amelioration of Kv2.1 in-
hibitor Dfe on cognitive impairment of 5�FAD-AD mice. Adeno-
associated virus (AAV)-ePHP-si-Kv2.1 injection for brain-specific
Kv2.1 knockdown against 5�FAD-AD mice was also performed
to confirm the target of Dfe in vivo. Assays of histology and im-
munostaining of tissue sections and Western blot of brain tissues
were performed to verify the conclusions of in vitro assays.

2.2. Materials

All cell culture reagents were purchased from Gibco. Ab42 was
purchased from SigmaeAldrich. Kv2.1 inhibitor Dfe was pur-
chased from Energy Chemical17. Ab25e35, JNK inhibitor
SP600125 and NF-kB inhibitor pyrrolidine
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dithiocarbamatemmonium (PDTC)23 were obtained from
MedChemExpress. Other reagents used in this study were pur-
chased from Sinopharm. The purity of all compounds used in the
experiments is higher than or equal to 98%. si-Ctrl and si-Kv2.1
plasmids were purchased from Genepharma. AAV-ePHP-si-NC/
Kv2.1 and AAV-cMG-f4/80-si-NC/Kv2.1 were established by
WeiZhen bio, pAAV-CX3CR1-EGFP was purchased from OBiO
Technology.

Oligomeric Ab42/25e35 (o-Ab42/25e35) was prepared according
to the published approach24. Briefly, in preparation for Ab olig-
omers, Ab solution (10 mmol/L) was kept at a humidified incu-
bator (5% CO2, 37

�C) for 7 days without any agitation, and o-
Ab42/25e35 was identified by Western blot assay (Supporting
Information Fig. S1F).

2.3. GEO database bioinformatic analysis

The gene expression profile and sample information of prefrontal
cortex brain tissue samples of AD patients and normal people in
the GSE33000 dataset were obtained from the National Center of
Biotechnology Information-Gene Expression Omnibus, which is a
free database of microarray/gene profile and next-generation
sequencing. In the assay, differential genes between normal peo-
ple and AD patients were evaluated and compared by the criteria
of LogFC. A total of 19,525 RNA-seq data points from 467 people
(normal people, n Z 157; AD patients, n Z 310) were extracted
from the dataset and 117 potassium channels were analyzed. The
differential mRNA expressions of potassium ion channel-related
genes of normal controls and AD cases were obtained through
the acquisition of the GSE33000 dataset and data preprocessing.
The expression data of related genes were visualized by GraphPad
Prism 8 software.

2.4. Cell and brain slice culture

CHO-Kv2.1 cells were cultured in DMEM (Gibco) supplemented
with 10% FBS (Gibco), 100 U/mL penicillin-streptomycin
(Gibco), and 0.25 mg/mL puromycin (Gibco).

Primary microglia were separated from the brains of P0 mice
(within 24 h of birth) according to the published approach22. In
brief, the brain tissues were minced into small pieces and digested
into a single-cell suspension with 0.25% trypsin (Gibco) and
200 U/mL DNase (SigmaeAldrich). Then, cell fluid was seeded
on poly-D-lysine (PDL, SigmaeAldrich)-coated cell culture flasks
at a density of 600,000 cells/mL. After 7 days, the microglia were
dissociated by shaking and harvested by centrifugation at 300 � g
(Thermo Scientific SL8R, Thermo Scientific, MA, USA) for
10 min, followed by seeding on PDL-coated cell culture plates at a
density of 50,000 cells/mL. The purity of microglia was identified
by immunofluorescence assay against IBa1 (Fig. S1A).

Primary neurons were separated from embryonic mouse brains
(embryonic Days 16e18) according to the published approach22.
Briefly, brain tissues were digested into a single-cell suspension
with 0.125% trypsin and 200 U/mL DNase. Then, the cell fluid
was seeded on PDL-coated cell culture flasks at 600,000 cells/mL
density. After 6 h, the medium was replaced by a Neurobasal
medium (Gibco) supplemented with 2% B27 (Gibco), 0.5 mmol/L
L-glutamine (SigmaeAldrich) and 50 U/mL pen-
icillinestreptomycin. The purity of neurons was identified by
immunofluorescence assay against MAP2 (Fig. S1A).

The microglial Kv2.1 specific knockdown adeno-associated
virus (AAV-cMG-f4/80-si-Kv2.1) and the corresponding negative

control AAV (AAV-cMG-f4/80-NC) were established and injected
through lateral ventricles (1�1013 vg/mL, 2 mL/each side) to
obtain the brain-microglial Kv2.1 knockdown mice (MG-Kv2.1-
KD) and the negative control mice (MG-Kv2.1-NC ). The brain
slices were separated from normal or MG-Kv2.1-NC/KD C57/
B6L mice (9 months). The assay was performed according to the
published approach25. Mice were anesthetized with 1% pento-
barbital sodium (SigmaeAldrich) and decapitated. Mouse brain
was rapidly dissected out and placed in chilled (0e3 �C) GBSS
solution (1.53 mmol/L CaCl2, 4.96 mmol/L KCl, 0.22 mmol/L
KH2PO4, 0.1 mmol/L MgCl2, 0.25 mmol/L MgSO4, 120 mmol/L
NaCl, 27 mmol/L NaHCO3, 0.85 mmol/L Na2HPO4 and
5.5 mmol/L glucose). Brain slices (370 mm thick) were prepared
by using a vibratome (VT1000 S, Leica, Wetzlar, Germany).
Finally, slices were cultured with corresponding medium (50%
MEM, 25% GBSS, 5% horse serum, and 20% 0.05 mol/L TBS
solution) in a humidified incubator (5% CO2, 37

�C) for 14 days.

2.5. Western blot assay

For cell samples, microglia or neurons were lysed with RIPA
buffer (Beyotime) containing protease inhibitor and phosphatase
inhibitor cocktails (Thermo Scientific) on ice for 20 min. For
animal brain samples, brain tissues (hippocampus and cortex
mixture) were homogenized with RIPA buffer supplemented with
protease inhibitor and phosphatase inhibitor cocktails, and the
homogenates were kept on ice for 30 min.

The supernatants of cell or tissue samples were collected by
centrifuging at 12,000 � g (Thermo Scientific MicroCL 17R,
Thermo Scientific) for 15 min at 4 �C, and protein concentration
was determined by using a BCA protein assay kit (Beyotime).
Protein samples were mixed with 4 � loading buffer (Thermo
Scientific) and boiled for 15 min at 95 �C.

For medium samples, the mediums from brain slices or
microglia were collected and centrifuged with a concentration
centrifuge tube (5 kDa). Then, the concentrated medium was
added to 10 times the volume of ice acetone and centrifuged at
5000 rpm (Thermo Scientific SL8R, Thermo Scientific). All pro-
teins in the medium were re-suspended with 2 � loading buffer for
subsequent Western blot assay.

All protein samples were separated by SDS-PAGE and trans-
ferred to a nitrocellulose filter membrane (GE Healthcare) by
using a Gel electrophoresis system (Mini-PROTEAN Tetra, Bio-
Rad, CA, USA). After blocking at room temperature for 2 h, the
membranes were incubated with the corresponding antibodies
(1:1000; Supporting Information Table S1) overnight at 4 �C.
Then, the membranes were washed three times and incubated with
secondary antibodies (1:3000) conjugated with horseradish
peroxidase (Jackson) at room temperature for 2 h. The blots were
developed and visualized by using the Gel imaging system (Tanon
5200, Tanon, Shanghai, China).

Cropped blots were performed to detect the levels of proteins
with different molecular weights.

2.6. Immunofluorescence staining assay

For immunofluorescence staining assay against cell samples, pri-
mary microglia or neurons were washed three times with PBS and
fixed in 4% paraformaldehyde (Solarbio) at room temperature for
30 min. Cells were incubated with PBST (5% Triton X-100,
Beyotime) for 15 min and blocked by 5% BSA (Solarbio) at room
temperature for 1 h, followed by incubation with the primary
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antibodies (1:300) overnight at 4 �C. Then, the cells were washed
three times with PBS and incubated with corresponding fluores-
cent secondary antibodies (anti-goat, anti-rabbit, or anti-mouse;
dilution 1:500) at 37 �C for 1 h in the dark. The nuclear was
stained by using Hoechst 33342. The images were acquired by
using a microscope (DMi8, Leica, Wetzlar, Germany).

For immunohistochemistry assay against brain tissues, the
brain slides were incubated with PBST for 15 min and blocked in
5% BSA at room temperature for 1 h, followed by incubation with
the primary antibody (1:300; Supporting Information Table S2)
overnight at 4 �C. The slides were washed with PBS and incubated
with fluorescent secondary antibodies (1:500) for 2 h. The slides
were imaged using a microscope (DMI8, Leica, Wetzlar, Ger-
many) and the images were analyzed by the Image J software.

2.7. siRNA plasmid transfection

For siRNA plasmid transfection, primary microglia or neurons
were seeded at a density of 50,000 cells/mL on PDL-coated 24-
cell culture plates. After 24 h, the cells were transfected with si-
Ctrl or si-Kv2.1 plasmid using Lipofectamin 2000 transfection
reagent (Invitrogen). After 48 h, Kv2.1 knockdown efficiency by
siRNA was detected by Western blot assay. As indicated in
Fig. S1BeS1E, the Kv2.1 protein level was reduced by about 80%
after siRNA transfection in primary microglia or neurons.

2.8. Intracellular potassium level assay

Intracellular potassium level measurement was performed by
using the MX4521-Enhanced Potassium Green-4 AM indicator
(EPG-4, MaoKangbio) according to the manufacturer’s protocol.
Microglia or neurons were loaded with EPG-4 probes (1 mmol/L)
for 2 h and cultured with serum-free medium for 1 h. Intracellular
potassium level was detected by using a fluorescence microscope
(DMI8, Leica, Wetzlar, Germany).

2.9. Electrophysiological recording assay

The whole-cell patch clamp recordings against CHO-Kv2.1 cells
or brain slices were performed according to the published
approach17.

CHO-Kv2.1 cells were seeded at a density of 1000 cells/mL on
12 cell culture plates. The cells were pre-treated with Dfe
(10 mmol/L) for 0.5 h and co-treated with o-Ab25e35 (5 mmol/L)
for 12 h. In the assay against CHO-Kv2.1 cells, pipettes were
filled with a solution containing 140 mmol/L KCl, 2 mmol/L
MgCl2, 10 mmol/L EGTA, 1 mmol/L CaCl2, and 10 mmol/L
HEPES (pH 7.3), and cells were bath-perfused with a solution
containing 150 mmol/L NaCl, 5 mmol/L KCl, 0.5 mmol/L CaCl2,
1.2 mmol/L MgCl2 and 10 mmol/L HEPES (pH 7.3).

In the assay against brain slices, microglia in the brain of mice
were labeled by lateral ventricle injection with pAAV-CX3CR1-
EGFP (Fig. S1H, 1 � 1013 vg/mL, 2 mL/each side), and
microglial-specificKv2.1 knockdownbyAAV-cMG-f4/80-si-Kv2.1
injection were also constructed. The infection efficiency was
detected two weeks after AAV injection, and a large number of
microglia with green fluorescence in the brains of mice were
determined (Fig. S1H). Mice were anesthetized with 1% pento-
barbital sodium and decapitated. Mouse brain was rapidly dissected
out and placed in chilled (0e3 �C) potassium current-artificial ce-
rebrospinal fluid (Kþ-ACSF, 130 mmol/L NaCl, 5.4 mmol/L KCl,

1 mmol/L MgCl2, 10 mmol/L HEPES, 2 mmol/L CaCl2, 1 mmol/L
TTX, 0.3 mmol/L CdCl2 and 10 mmol/L glucose, pH 7.3). Brain
slices (370 mm thick) were prepared by using a vibratome (VT1000
S, Leica, Wetzlar, Germany) and incubated in continuously
oxygenated (95%O2, 5%CO2) K

þ-ACSF at 37 �C for 0.5 h. A slice
was then transferred to a submersion-type recording chamber
(Molecular Devices, CA, USA) and immersed in Kþ-ACSF
continuously oxygenated. Pipettes were filled with a solution con-
taining 120 mmol/L KCl, 1 mmol/L MgCl2, 10 mmol/L EGTA,
1 mmol/L CaCl2, and 5 mmol/L HEPES (pH 7.3).

The current signals were filtered at 1 kHz and digitized at a
10 kHz sampling frequency by using DigiData 1440 A (Molecular
Devices) and analyzed with pClamp 10.2 software (Molecular
Devices). Whole-cell Kv2.1 potassium currents were recorded
using the protocol: the holding potential was set at �80 mV and
stepwise depolarized from �80 to þ60 mV in 10 mV (for brain
slices, from �80 to þ80 mV in 20 mV) increments and then
repolarized to �80 mV. The effect of o-Ab25e35 or Dfe on Kv2.1
channel activation was recorded using the protocol as follows: the
holding potential was set at �80 mV and stepwise depolarized
from �80 to þ60 mV in 10 mV increments and then repolarized to
�40 mV. The effect of o-Ab25e35 or Dfe on Kv2.1 channel
inactivation was recorded using the protocol as follows: the
holding potential was set at �80 mV and stepwise depolarized
from �80 to þ60 mV in 10 mV increments.

2.10. Kv2.1 channel-related assay

Kv2.1 channel-related assay was performed according to our
previously published approach by using a membrane potential
assay kit (Molecular Devices)23. CHO-Kv2.1 cells were seeded at
a density of 50,000 cells/mL on 48 cell culture plates. Briefly,
CHO-Kv2.1 cells were co-incubated with cellular membrane po-
tential detection solution (voltage-sensitive fluorescent indicators
and membrane dyes) for 0.5 h. Then, the membrane potential
assay was conducted by using a Flex station III instrument (Mo-
lecular Devices).

2.11. Flow cytometry

The flow cytometry assay against single cells isolated from animal
brain tissues was performed to detect the protein levels of Kv2.1
in different cell populations. In the assay, neurons, microglia, and
astrocytes were respectively labeled by MAP2, IBa1, and GFAP
flow antibody (Proteintech; CL647-66827, CL594-17490, CL488-
60190). The single-cell suspensions of the hippocampus and
cortex were prepared by using GentleMACSTM Octo according to
the manufacturer’s protocol (Miltenyi Biotec).

The neuronal apoptosis was detected by using the Annexin
V-FITC/PI apoptosis detection kit (KeyGen) according to the
manufacturer’s protocol. A flow cytometer (Intellicyt� iQue3,
Sartorius, Gottingen, Germany) was used to detect the proportion
of cell apoptosis.

2.12. Animals

All animal experiments comply with the ARRIVE guidelines and
were carried out in accordance with the U.K. Animals (Scientific
Procedures) Act, 1986. All animals were maintained under stan-
dard conditions at room temperature (22 �C) by a 12 h light/dark
cycle. The animal experiments were approved by the
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Experimental Animal Ethics Committee of Nanjing University of
Chinese Medicine (No. 202008A002).

Female wild-type (WT) and 5�FAD transgenic (APPSwFlLon,
PSEN1�M146L�L286V) mice were obtained from a breeding
pair purchased from the Jackson Laboratory agency by Nanjing
Institute of Biomedicine (Nanjing, China). The 5�FAD-AD mice
overexpress human amyloid precursor protein (APP) and human
presenilin 1 (PS1) with five mutations associated with familial
Alzheimer’s disease: mutations of Swedish (K670N, M671L)
Florida (1716V) and London (V717I) in APP and PS1 (M146L
and L286V) were identified by gel electrophoresis assay against
mutated APP and PS1 genes (Fig. S1G). Brain-specific Kv2.1
knockdown 5�FAD-AD mice were established by injecting AAV-
ePHP-si-Kv2.1 (AAV-si-Kv2.1, 5�1011 vg/mouse) through tail
vein against the mice at the age of six and a half months. AAV-si-
NC (NC, virus negative control) was injected into WT or 5�FAD-
AD mice at the age of six and a half months to establish negative
or positive control group in the assay. Kv2.1 knockdown effi-
ciency of AAV-si-Kv2.1 in 5�FAD-AD mice were evaluated and
the results indicated that AAV-si-Kv2.1 injection effectively
reduced the protein level of Kv2.1 channel in either brain
(Supporting Information Fig. S6AeS6C) or microglia (Fig. S6D
and S6E) of female and male 5�FAD-AD mice at the age of 9
months, respectively.

Experimental mice were divided into WT mice treated with the
vehicle group (female, n Z 10 per group), WT mice treated with
Dfe-10 mg/kg/day group (WT þ Dfe; female, n Z 10 per group),
5�FAD-AD mice treated with the vehicle group (5�FAD; female,
n Z 10 per group), 5�FAD-AD mice treated with Dfe-10 mg/kg/
day group (5�FAD þ Dfe; female, n Z 10 per group), WT mice
injected with AAV-si-NC and treated with the vehicle group (WT-
NC; female, n Z 10 per group), 5�FAD-AD mice injected with
AAV-si-NC and treated with the vehicle group (5�FAD-NC; fe-
male, n Z 10 per group), 5�FAD-AD mice injected with AAV-si-
Kv2.1 and treated with vehicle group (5�FAD-KD; female,
n Z 10 per group) and 5�FAD-AD mice injected with AAV-si-
Kv2.1 and treated with Dfe-10 mg/kg/day group (5�FAD-
KD þ Dfe; female, n Z 10 per group). Dfe was dissolved in
normal saline, and administration of Dfe in mice at 10 mg/kg/day
was referenced by our previous work17. Experimental mice were
treated with vehicle or Dfe by intraperitoneal injection for 8
weeks.

2.13. Behavioral test

2.13.1. Novel object recognition (NOR) test
The test was performed according to the published approach22.
Briefly, the test consisted of four sequential daily trials. In the
adaptation trial on Days 1 and 2, mice were placed in the center of
the apparatus and allowed to freely explore the space in the
absence of any objects for 15 min. In the acquisition trial on Day
3, mice were placed in the apparatus again in the presence of two
identical objects and allowed to freely explore the space for
10 min. Finally, the memory test was performed on Day 4. One of
the familiar objects was replaced by a novel object with differ-
ences in its shape, color, and texture. The mice were allowed to
freely explore both objects for 10 min. All trial data were collected
for animal performance analysis. The discrimination index (DI) is
calculated as the difference between the time spent exploring the
novel (TN) and the familiar object (TF) divided by the total
exploration time (TNþTF), as shown in Eq. (1):

DI Z [TN-TF]/[TNþTF] (1)

2.13.2. Y-maze test
The test was performed according to the published approach22.
Briefly, during the learning trial, an arm (novel arm) was blocked
by an opaque door. The mice were allowed to freely explore the
other two arms (familiar arms) for 5 min and returned to their
home cages. Two hours later, the mice were returned to the maze
and allowed to explore all three arms for 5 min. All trial data were
collected for animal performance analysis.

2.13.3. Morris water maze (MWM) test
The test was performed according to the published approach22.
During training trials, the invisible submerged platform was
placed in the circular pool filled with milk. Then, the mice were
given 60 s to search for the platform and allowed to stay at the
platform for 10 s. If the mice failed to find the platform within
60 s, the mice were gently placed onto the platform and kept there
for 10 s. The training trials were continuously performed three
times a day for 7 days. The probe trial was carried out on the
eighth day. Then, the platform was removed, and the mice were
allowed to search for the platform for 60 s. All trial data were
collected for animal performance analysis.

2.14. Hepatotoxicity and nephrotoxicity assays

The levels of ALT, AST, Urea, and CR in serum were detected by
using commercialized reagent kits (Kings Bio) following the
manufacturer’ s instructions.

2.15. AT8 staining assay

AT8 staining assay was performed to detect the levels of p-Tau at
sites of Ser202 and Thr205 in the hippocampus of 5�FAD-AD
mice. Briefly, the brain slides were incubated with PBST for
15 min and blocked in 5% BSA at room temperature for 1 h,
followed by incubation with AT8 antibody (1:300) overnight at
4 �C. Then, the slides were incubated with secondary antibodies-
HRP (1:500) for 2 h and visualized by using a DAB solution
(Beyotime). Finally, the slides were imaged using a microscope
(DM1000, Leica, Wetzlar, Germany) and the images were
analyzed by the ImageJ software.

2.16. Long-term potentiation (LTP) assay

Mice were anesthetized with 1% pentobarbital sodium and
decapitated. Mouse brain was rapidly dissected out and placed in
chilled (0e3 �C) artificial cerebrospinal fluid (ACSF, 126 mmol/L
NaCl, 2.5 mmol/L KCl, 1.25 mmol/L NaH2PO4, 2 mmol/L
MgSO4, 2 mmol/L CaCl2, 26 mmol/L NaHCO3 and 10 mmol/L
glucose). Brain slices (370 mm thick) were prepared by using a
vibratome (VT1000 S, Leica, Wetzlar, Germany) and incubated in
continuously oxygenated (95% O2, 5% CO2) ACSF at 37 �C for
0.5 h. A slice was then transferred to a submersion-type recording
chamber (Molecular Devices) and immersed in ACSF continu-
ously oxygenated.

In the LTP assay, the field potential signal in the resting state
was recorded for 10 min as the baseline. LTP in the hippocampal
DG region was stimulated by 4 � 100-Hz stimuli and the field
potential signal after stimulating was recorded for 60 min. The
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strength of synaptic transmission was determined by measuring
the initial slope (20%e80% rising phase) of field excitatory
postsynaptic potentials. Six brain slices from three animals for
each group were recorded and used to calculate the means.

2.17. TUNEL staining assay

TUNEL staining assay was performed to detect neuronal
apoptosis in the hippocampus of 5�FAD-AD mice by using the
One Step TUNEL Apoptosis Assay Kit (Beyotime) according to
the manufacturer’s protocol22. The slides were imaged using a
fluorescence microscope (DMI8, Leica, Wetzlar, Germany) and
the images were analyzed by the Image J software.

2.18. Nissl staining assay

Nissl staining assay was performed to detect neuronal nuclear in
the hippocampus of 5�FAD-AD mice using the Nissl Staining
Solution-Cresyl Violet (Solarbio) according to the manufacturer’s
protocol26. The slides were imaged using a microscope (DMI8,
Leica, Wetzlar, Germany) and the images were analyzed by the
Image J software.

2.19. Statistical analysis

All data were presented as mean � standard error of mean (SEM),
and statistical P < 0.05 was significant. The t-test was performed
to analyze the significant difference between two groups. For the
animal assay, two-way ANOVA with Fisher’s LSD test was per-
formed to analyze the significant differences among multiple
treatment groups. For cell assay, one-way ANOVAwith Dunnett’s
post-test was performed to analyze the significant difference
among multiple treatment groups. The data were analyzed for
statistical significance using the graphing program GraphPad
Prism 8. The significance analysis of all experimental results
was marked in the Figures.

3. Results

3.1. Microglial Kv2.1 channel was upregulated in AD pathology

3.1.1. mRNA level of Kv2.1 was upregulated in AD patients
Given the pivotal role of potassium efflux in AD-related pathol-
ogies including inflammatory response and neuronal apoptosis, a
public GEO database (GSE3300027) was analyzed to identify the
potassium channels with differential expressions in brains of
normal and AD individuals. In the analysis, typical types of po-
tassium channels were selected including potassium voltage-gated
channels, potassium inwardly-rectifying channels, and calcium-
dependent potassium channels (LogFC). A total of 117 potas-
sium channels within the GSE33000 database (normal people,
n Z 157; AD patients, n Z 310) were analyzed, and the results
(Fig. 1A and B) indicate that the mRNA levels of KCNB1 (Kv2.1)
and KCNG1 (Kv6.1) potassium channels were increased in AD
patients. By considering that Kv6.1 cannot form a functional
channel alone and only forms a functional hetero-tetrameric
channel through binding with the Kv2.1 channel28, we specu-
lated that the Kv2.1 channel might be the key potassium mediator
in AD development.

3.1.2. Kv2.1 protein level was upregulated in APP/PS1 and
5�FAD-AD mice
With above-mentioned facts, Kv2.1 expressions in brains of two
types of AD model mice (APP/PS1 and 5�FAD-AD mice con-
structed by Ab pathology29,30) were thus detected by Western blot
assay, and the results indicate that the protein levels of cerebral
Kv2.1 channel in APP/PS1 or 5�FAD-AD mice were increased
compared with those in WT mice (Fig. 1C and D).

Furthermore, considering the different responses mediated by
Kv2.1 in different cells, investigation of Kv2.1 expression in
neurons, microglia, or astrocytes in WT and 5�FAD-AD mice was
performed by immunofluorescence assay. Neurons, microglia, and
astrocytes were labeled by MAP2, IBa1, and GFAP, respectively.
As shown in Fig. 1E and F, among the above three cell pop-
ulations, the Kv2.1 channel was predominantly expressed in
neurons and microglia. Notably, Kv2.1 expression was elevated in
microglia but slightly upregulated in neurons of 5�FAD-AD mice
compared with that in WT mice. Moreover, the results of flow
cytometry against single cell isolated from animal brain tissue
(neurons, microglia, and astrocytes were respectively labeled by
MAP2, IBa1, and GFAP flow antibody) were in line with the
immunofluorescence assay results (Fig. 1G).

All results thus suggest that microglial Kv2.1 dysfunction was
mainly involved in AD progression.

3.1.3. o-Ab bound to Kv2.1 channel
Next, to further identify the interaction between Ab and Kv2.1
channel in different cells, co-localization of Ab and Kv2.1 in
neurons, microglia, or astrocytes in brain of 5�FAD-AD mice
were detected by immunofluorescence assay. As shown in Fig. 1H
and I, there was a large number of co-localization areas of Ab with
microglial Kv2.1 and rare co-localization areas of Ab with
neuronal or astrocytic Kv2.1. These results thereby suggest that
Ab mainly regulated the microglial Kv2.1 channel in the brain of
5�FAD-AD mice.

Additionally, a Co-IP assay against brain tissues of APP/PS1
and 5�FAD-AD mice and a cellular thermal shift assay (CETSA)
against CHO-Kv2.1 cells were also performed to confirm the
direct binding of Ab to Kv2.1 channel in vivo and in vitro. As
shown in Fig. 1J, Co-IP assay results indicate that there was a
direct combination between o-Ab (w40 kDa, Ab decamer/
dodecamer31,32) and Kv2.1 channel in brains of both APP/PS1 and
5�FAD-AD mice, while there was no such combination between
o-Ab and Kv2.1 channel in WT mice due to the low expression of
Ab. Moreover, the CETSA result (Fig. 1K and L) indicates that
the Kv2.1 channel in o-Ab42/25e35-treated cell lysate showed
better stability than the DMSO-treated group, and o-Ab42/25e35

rendered no influence on the denaturing temperatures of control
protein GAPDH. These results thus demonstrated that Ab bound
with Kv2.1 channel and stabilized the membrane Kv2.1 channel.
Notably, no difference was determined in the binding ability with
the Kv2.1 channel between o-Ab25e35 and o-Ab42.

Thus, all results implied that Ab mediated AD pathology
involving binding with microglial Kv2.1 channel, and we focused
on the investigation of Ab/microglia/Kv2.1/NLRP3 inflamma-
some axis in our follow-up study.

3.2. Dfe suppressed o-Ab mediated microglial potassium efflux
by inhibiting the Kv2.1 channel

By considering that the Kv2.1 channel is a major channel in regu-
lating cellular potassium outflow, we investigated whether Ab
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Figure 1 Microglial Kv2.1 channel was upregulated in AD pathology. (A) GEO data assay results indicated that Kv2.1 and Kv6.1 channels

were highly expressed in the brains of AD patients (n Z 310). (B) GEO data assay results indicate that the mRNA level of the Kv2.1 channel in

the brains of AD patients was higher than that of normal individuals (Normal, n Z 157; AD, n Z 310). (C) Western blot assay and (D) its

quantification results indicate that the protein level of Kv2.1 in the brains of APP/PS1 or 5�FAD-AD mice was higher than that of WT mice

(nZ 4). (E) Immunofluorescence assay and (F) its quantification results demonstrate that the microglial Kv2.1 channel was regulated in the brain

of 5�FAD-AD mice. Scale bar: 80 mm (n Z 6). (G) The flow cytometry against single cells isolated from animal brain tissue result indicated that

Kv2.1 expression was obviously elevated in microglia and slightly upregulated in neurons, while unchanged in astrocytes of 5�FAD-AD mice

compared with that in WT mice (n Z 3). (H) Immunofluorescence assay and (I) its quantification results demonstrated that Ab mainly co-

localized with microglial Kv2.1 channel in the brain of 5�FAD-AD mice. Scale bar: 80 mm (n Z 6). (J) Co-IP results indicated that Ab

directly bound to the Kv2.1 channel in the brains of APP/PS1 or 5�FAD-AD mice (n Z 3). (K) CETSA assay and (L) its quantification results

indicated that either o-Ab42 or o-Ab25e35 directly bound to the Kv2.1 channel in CHO-Kv2.1 cell (n Z 3). All values are presented as

mean � SEM. ns, not significant; *P < 0.05, **P < 0.01, ***P < 0.001 compared by t-test.
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promotedmicroglial potassium efflux through theKv2.1 channel by
using a published Kv2.1 inhibitor Dfe17. Accordingly, due to the
similar capabilities of o-Ab25e35 and o-Ab42 in binding with the
Kv2.1 channel (Fig. 1J and K), o-Ab25e35 (abbreviated as o-Ab, if
not specified hereafter) was used to activate NLRP3 inflammasome
(Supporting Information Fig. S2AeS2E) and regulate potassium
level (Fig. S2F and S2G) in the following assays.

3.2.1. Dfe suppressed o-Ab mediated Kv2.1-dependent
potassium outward current
A patch clamp electrophysiology assay against CHO-Kv2.1 cells
was carried out to inspect whether o-Ab enhanced Kv2.1-
dependent potassium outward current. In the assay, CHO-
Kv2.1 cells17 were pre-treated with or without Dfe (10 mmol/L)
for 0.5 h and then co-treated with o-Ab (5 mmol/L) for 12 h. As
shown in Fig. 2AeD, o-Ab upregulated outward potassium cur-
rent and density, while Dfe deprived o-Ab of its above capability
in CHO-Kv2.1 cells. Moreover, results of membrane potential
assay against CHO-Kv2.1 cells also indicated that o-Ab enhanced
Kv2.1-dependent membrane potential (Fig. 2E). Thus, all results
demonstrated that o-Ab enhanced potassium efflux through the
Kv2.1 channel.

Additionally, to inspect the mechanism underlying the o-Ab-
induced potassium efflux from the perspective of kinetics, Kv2.1
channel activation/inactivation assays were also performed
through a whole cell patch clamp. As shown in Supporting
Information Fig. S3AeS3H, neither o-Ab nor Dfe affected the
activation state of the Kv2.1 channel (Fig. S3AeS3D), but both o-
Ab and Dfe delayed the inactivation state of the Kv2.1 channel
(Fig. S3EeS3H). Interestingly, pre-treatment of Dfe abolished
such an effect of o-Ab on the Kv2.1 channel inactivation state
(Fig. S3EeS3H). These results thus suggested that Dfe might
suppress o-Ab-induced potassium leakage through non-
competitive binding to the Kv2.1 channel17.

3.2.2. Dfe suppressed o-Ab-mediated microglial potassium
efflux in brain slices
To further confirm that Ab mediated microglial potassium efflux
through the Kv2.1 channel, a patch clamp electrophysiology assay
against brain slice was carried out. In the assay, microglia in the
brain of mice were labeled by lateral ventricle injection with
pAAV-CX3CR1-EGFP (Fig. S1H, 1 � 1013 vg/mL, 2 mL/each
side), and microglial specific Kv2.1 knockdown by AAV-cMG-f4/
80-si-Kv2.1 injection were also constructed. The infection effi-
ciency was detected two weeks after AAV injection, and a large
number of microglia with green fluorescence in the brains of mice
were determined (Fig. S1H). As shown in Fig. 2FeH, o-Ab
(20 mmol/L) effectively strengthened potassium efflux in micro-
glia of brain slice, and Dfe (10 mmol/L) suppressed o-Ab induced
microglial potassium efflux. Additionally, Kv2.1 channel knock-
down by microglial-specific Kv2.1 knockdown also deprived Ab
of its ability to induce microglial potassium efflux and Dfe failed
to regulate microglial potassium current in brain slices with Kv2.1
knockdown (Fig. 2FeH). All these results indicated that Ab
mediated microglial potassium efflux through the Kv2.1 channel
and Dfe suppressed o-Ab-induced microglial potassium efflux by
inhibiting the Kv2.1 channel.

3.2.3. Dfe suppressed o-Ab-induced microglial potassium efflux
by inhibiting the Kv2.1 channel
Finally, a potassium probe EPG-4 was also used to investigate
whether o-Ab induced microglial potassium efflux through the

Kv2.1 channel. As shown in Fig. 2I and J, o-Ab decreased
intracellular potassium levels in microglia, and Kv2.1 inhibitor
Dfe (10 mmol/L) antagonized the o-Ab-induced decline in intra-
cellular potassium level. Notably, si-Kv2.1 treatment deprived
either o-Ab of its capability in suppressing intracellular potassium
level or Dfe of its capability in antagonizing the o-Ab-induced
decline in intracellular potassium level. These results demon-
strated that Dfe suppressed o-Ab-induced microglial potassium
efflux by inhibiting the Kv2.1 channel.

Thus, all results demonstrate that o-Ab promoted microglial
potassium efflux through the Kv2.1 channel and Dfe suppressed o-
Ab-mediated microglial potassium efflux by inhibiting the Kv2.1
channel.

3.3. Dfe inhibited o-Ab-mediated microglial NLRP3
inflammasome activation through Kv2.1/JNK/NF-kB pathway

Considering the role of the Kv2.1 channel in the regulation of
extracellular potassium and the critical role of potassium efflux in
microglial NLRP3 inflammasome activation, we detected the ef-
fect of Dfe on o-Ab-mediated NLRP3 inflammasome activation.

3.3.1. Dfe suppressed o-Ab-induced NLRP3 inflammasome
activation through microglial Kv2.1 in brain slices
Cultured brain slices were used to simulate the cellular environ-
ment in the brain and o-Ab treatment (20 mmol/L) was used to
mimic the pathological condition of AD in vitro. Immunofluo-
rescence and Western blot assays against brain slices were per-
formed to evaluate the inhibitive effect of Dfe on o-Ab-induced
NLRP3 inflammasome activation and the results (Fig. 3AeD)
indicated that o-Ab increased NLRP3-ASC positive areas in brain
slices and the level of inflammatory cytokines IL-1b in culture
medium, while Dfe (5 and 10 mmol/L) treatment reduced the
NLRP3-ASC positive areas and the level of IL-1b in culture
medium from o-Ab-treated brain slices. These results thus indi-
cate that Dfe suppressed the o-Ab-induced NLRP3 inflammasome
activation in brain slices.

To investigate the critical role of microglial Kv2.1 in o-Ab-
induced NLRP3 inflammasome activation, a microglial Kv2.1
specific knockdown adeno-associated virus (AAV-cMG-f4/80-si-
Kv2.1) and corresponding negative control AAV (AAV-cMG-f4/
80-NC) were established and injected through lateral ventricles to
obtain the brain-microglial Kv2.1 knockdown mice (MG-Kv2.1-
KD) and the negative control mice (MG-Kv2.1-NC ). The
knockdown efficiency of AAV-cMG-f4/80-si-Kv2.1 against
microglial Kv2.1 was shown in Supporting Information Fig. S4A
and S4B.

Then, the brain slices from MG-Kv2.1-NC and MG-Kv2.1-KD
mice were prepared, followed by treatment with DMSO, o-Ab,
and o-AbþDfe, respectively. Notably, AAV-cMG-f4/80-si-Kv2.1
injection (i.e., brain-microglial Kv2.1 specific knockdown)
effectively reduced the NLRP3-ASC positive areas in brain slices,
while Dfe had no impacts on NLRP3 inflammasome in MG-
Kv2.1-KD brain slices (Fig. 3EeG). All results thus indicated that
microglial Kv2.1 was responsible for o-Ab-induced NLRP3
inflammasome activation and Dfe suppressed such NLRP3
inflammasome activation through microglial Kv2.1.

3.3.2. Dfe suppressed o-Ab induced NLRP3 inflammasome
activation in microglia by inhibiting the Kv2.1 channel
Additionally, cultured primary microglia were also applied in the
following assays to further confirm the antagonism effect of Dfe
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on o-Ab-mediated NLRP3 inflammasome activation. As shown in
Fig. 3H and I, o-Ab upregulated the protein expressions of
NLRP3, p-NLRP3, ASC, Cas1 (p20) and IL-1b, while Dfe
treatment antagonized the o-Ab-induced upregulation of these

proteins, which is in line with the immunofluorescence results that
Dfe treatment reduced the number of NLRP3-ASC positive puncta
in microglia (Fig. 3J and K). Notably, o-Ab lost its capability in
activating NLRP3 inflammasome and Dfe failed to regulate

Figure 2 Dfe suppressed o-Ab mediated microglial potassium efflux by inhibiting the Kv2.1 channel. (A) The protocol of whole cell patch

clamp assay against CHO-Kv2.1 cells and brain slices. (B) Whole-cell patch clamp assay against CHO-Kv2.1 cells and (C, D) its quantification

results indicated that o-Ab upregulated outward potassium current and its density, and treatment of Kv2.1 inhibitor Dfe deprived o-Ab of such a

capability in CHO-Kv2.1 cells (n Z 5e10). (E) Membrane potential assay results showed that o-Ab upregulated Kv2.1-dependent membrane

potential in CHO-Kv2.1 cells (n Z 4). (F) Whole-cell patch clamp assay against brain slices and (G, H) its quantification results indicated that o-

Ab upregulated microglial outward potassium current and its density, and treatment of Kv2.1 inhibitor Dfe deprived o-Ab of such a capability in

brain slices (n Z 8). (I) EPG-4 potassium probe-based assay and (J) its quantification results demonstrated that Dfe treatment antagonized the o-

Ab-induced reduction of microglial intracellular potassium level, and Dfe failed to regulate potassium level in si-Kv2.1-treated microglia. Scale

bar: 50 mm (n Z 4). All values are presented as mean � SEM. ns, not significant; *P < 0.05, ***P < 0.001 compared by one-way ANOVA test.
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Figure 3 Dfe inhibited o-Ab-mediated microglial NLRP3 inflammasome activation through Kv2.1/JNK/NF-kB pathway in microglia. (A)

Immunofluorescence assay and (B) its quantification results demonstrated that Dfe treatment suppressed o-Ab-mediated NLRP3 inflammation

activation in brain slices. Scale bar: 200 mm (nZ 6). (C) Western blot assay and (D) its quantification results indicated that Dfe treatment reduced

the level of IL-1b in the medium form o-Ab-treated brain slices (n Z 3). (E, F) Immunofluorescence assay and (G) its quantification results

demonstrated that Dfe treatment reduced the NLRP3-ASC positive areas in brain slices and Dfe had no impacts on NLRP3 inflammasome in MG-

Kv2.1-KD brain slices. Scale bar: 100 mm (n Z 4). (H) Western blot assay and (I) its quantification results indicated that Dfe treatment

antagonized o-Ab-induced upregulation of NLRP3, p-NLRP3, ASC, Cas1 (p20), and IL-1b in microglia, and Dfe failed to regulate these NLRP3

inflammasome-related proteins in si-Kv2.1-treated microglia (n Z 3). (J) Immunofluorescence assay and (K) its quantification results
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NLRP3 inflammasome in si-Kv2.1-treated microglia (Fig. 3HeK).
All results indicated that Dfe suppressed NLRP3 inflammasome
activation by inhibiting the Kv2.1 channel.

3.3.3. Dfe suppressed o-Ab-induced NF-kB activation in
microglia by inhibiting the Kv2.1 channel
Given that NF-kB as a key nuclear transcription factor regulates the
expressions of NLRP3 inflammasome components of NLRP3 and
ASC in the priming process33, we detected whether Dfe suppressed
o-Ab-mediated upregulation of NLRP3 and ASC protein levels
through NF-kB. Western blot and immunofluorescence results
indicated that o-Ab treatment increased p-NF-kB protein level
(Fig. 3L andM) and promotedNF-kBnuclear translocation (Fig. 3N
andO) inmicroglia, andDfe treatment inhibited such o-Ab-induced
effects on NF-kB. Moreover, o-Ab lost its ability in activating NF-
kB and Dfe failed to regulate NF-kB in si-Kv2.1-treated microglia
(Fig. 3LeO). All results demonstrated that Dfe suppressed o-Ab-
induced NF-kB activation by inhibiting the Kv2.1 channel.

3.3.4. Dfe suppressed o-Ab-mediated priming process of
microglial NLRP3 inflammasome by inhibiting the NF-kB
Furthermore, NF-kB inhibitor PDTC (5 mmol/L) was applied in
the assay to verify the role of NF-kB in mediating the Dfe-
inhibited NLRP3 inflammasome. Western blot results indicated
that either Dfe or PDTC treatment antagonized o-Ab-induced
NLRP3 and ASC upregulation, and PDTC blocked the capability
of Dfe to regulate these two proteins in microglia (Fig. 3P and Q).
Notably, PDTC had no effects on the protein level of p-NLRP3 or
Cas1 (p20) (Fig. 3P and Q), indicating that NF-kB was only
involved in the priming process of Kv2.1-dependent potassium
efflux-mediated NLRP3 inflammasome activation. Therefore, Dfe
suppressed the o-Ab-mediated priming process of microglial
NLRP3 inflammasome by inhibiting NF-kB.

3.3.5. Dfe suppressed o-Ab-induced JNK activation in microglia
by inhibiting the Kv2.1 channel
Given that JNK as an intracellular potassium level sensor is
stimulated by potassium efflux followed by stimulating NF-kB
and phosphorylating NLRP3 to activate NLRP3 inflammasome33,
we investigated whether Dfe suppressed o-Ab-induced NLRP3
inflammasome by inhibiting JNK. Western blot results (Fig. S4C
and S4D) indicated that o-Ab upregulated p-JNK level and Dfe
antagonized the o-Ab-induced p-JNK upregulation in microglia,
while either o-Ab or Dfe lost its capability in regulating JNK in si-
Kv2.1-treated microglia. Thus, all results indicated that Dfe sup-
pressed o-Ab-induced JNK activation through the Kv2.1 channel.

3.3.6. Dfe suppressed o-Ab induced NLRP3 inflammasome
activation through Kv2.1/JNK/NF-kB pathway in brain slices and
microglia
Finally, JNK inhibitor SP60012533 was applied in the assay to
investigate the role of JNK in mediating the Dfe-inhibited NLRP3

inflammasome in brain slices and primary microglia. As shown in
Fig. S4EeS4H, immunofluorescence and Western blot results
indicated that SP600125 treatment abolished the inhibition of Dfe
against NLRP3 inflammasome activation and IL-1b release in o-
Ab-treated brain slices. These results thus demonstrated that Dfe
suppressed the o-Ab-induced NLRP3 inflammasome activation in
brain slices by inhibiting JNK.

Additionally, Western blot (Fig. S4I and S4J) and immuno-
fluorescence (Fig. S4L and S4M) results indicated that either Dfe
or JNK inhibitor SP600125 decreased the levels of NLRP3
inflammasome component proteins (p-NLRP3, NLRP3, ASC
and Cas1 (p20)) and the number of NLRP3-ASC positive puncta
in Ab-treated microglia. Notably, Dfe lost its capability to regulate
any of the NLRP3 inflammasome component proteins in
SP600125-treated microglia (Fig. S4I and S4J; Fig. S4L and
S4M).

Moreover, SP600125 deprived either o-Ab of its agonistic
activity or Dfe of its inhibitory activity against NF-kB in microglia
(Fig. S4I and S4K), which suggested that o-Ab-induced Kv2.1-
dependent potassium leakage activated NF-kB through regu-
lating JNK.

Thus, all results indicate that Dfe suppressed o-Ab-induced
NLRP3 inflammasome activation by inhibiting Kv2.1/JNK/NF-kB
pathway.

3.4. Dfe suppressed microglial NLRP3 inflammasome-driven
neuronal tauopathy by inhibiting the Kv2.1 channel

Given that microglial NLRP3 inflammasome links Ab to tauop-
athy through matured IL-1b15, we investigated whether Dfe
treatment might block microglial NLRP3 inflammasome-mediated
neuronal tau hyperphosphorylation.

AT8 staining assay against brain slices was performed to detect
the levels of hyperphosphorylated Tau at sites of Ser202 and
Thr20526. As shown in Fig. 4A and B, the o-Ab treatment
effectively increased AT8-positive areas in cultured brain slices,
while Dfe suppressed o-Ab-induced Tau hyperphosphorylation in
cultured brain slices.

Moreover, the AT8 staining assay against MG-Kv2.1-KD brain
slices was also performed to further verify the role of microglial
Kv2.1 in the Ab-Tau cascade reaction. As shown in Fig. 4CeE,
microglial Kv2.1 specific knockdown suppressed o-Ab-induced
Tau hyperphosphorylation in brain slices, while Dfe had no im-
pacts on Tau hyperphosphorylation in MG-Kv2.1-KD brain slices.
All results thus indicated that microglial Kv2.1 was mainly
responsible for o-Ab induced Tau hyperphosphorylation and Dfe
suppressed such Tau hyperphosphorylation through microglial
Kv2.1.

Moreover, to further confirm the inhibition of Dfe against the
Ab-Tau cascade reaction, the conditioned medium was obtained
with microglia treated by DMSO, o-Ab, o-AbþDfe, si-Kv2.1, o-

demonstrated that Dfe treatment reduced the number of NLRP3-ASC positive puncta in microglia, and Dfe failed to regulate NLRP3 inflam-

masome in si-Kv2.1-treated microglia. Scale bar: 50 mm (n Z 4). (L) Western blot assay and (M) its quantification results indicated that Dfe

treatment reduced the protein level of p-NF-kB in microglia, and Dfe failed to regulate p-NF-kB level in si-Kv2.1-treated microglia (n Z 3). (N)

Immunofluorescence assay and (O) its quantification results demonstrated that Dfe treatment suppressed NF-kB nucleus translocation in

microglia, and Dfe failed to regulate NF-kB in si-Kv2.1-treated microglia. Scale bar: 50 mm (n Z 4). (P) Western blot assay and (Q) its

quantification results indicated that either Dfe or PDTC treatment suppressed o-Ab-induced upregulation of NLRP3 and ASC, and PDTC blocked

the capability of Dfe in regulating the expressions of these proteins in microglia (n Z 3). All values are presented as mean � SEM. ns, not

significant; *P < 0.05, **P < 0.01, ***P < 0.001 compared by one-way ANOVA test.
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Abþsi-Kv2.1 or o-AbþDfeþsi-Kv2.1, and then applied to culture
neurons. Additionally, to exclude the effect of residual Dfe in the
medium on neurons, the conditioned medium was centrifuged by
using concentrator tubes (5 kDa) to remove the compound. Protein
levels of Ab and IL-1b in the medium were detected before the
assay. Western blot results indicated that o-Ab obviously
increased the protein level of IL-1b in medium from microglia and
Dfe effectively suppressed o-Ab-induced IL-1b releasing from
microglia (Fig. 4F and G). No residual Ab was detected in the
medium from microglia (Supporting Information Fig. S5A),
indicating that the exogenous Ab has been completely devoured
by microglia after 6 h incubation and the neuron would not be
affected by residual Ab in the medium from microglia.

Western blot assay was performed to detect the protein levels
of tau phosphorylation at sites of Ser396, Ser231, and Thr199 in
neurons incubated with conditioned medium (Fig. 4H and I). As
far as the compositions of the conditioned medium are concerned,
Dfe treatment antagonized the o-Ab-induced upregulation of
neuronal tau phosphorylation (p396-Tau, p231-Tau, and p199-Tau)
and si-Kv2.1 treatment deprived Dfe of its antagonistic activity
against tau hyperphosphorylation (Fig. 4H and I). In addition,
results of the immunofluorescence assay against AT8 also indi-
cated that Dfe treatment suppressed the o-Ab-treated microglial
conditioned medium-induced Tau hyperphosphorylation in neu-
rons (Fig. 4J and K).

Moreover, two kinases GSK3b and CaMKII-a that are
responsible for tau phosphorylation were also detected by Western
blot assay. As shown in Fig. 4L and M, Dfe treatment antagonized
the o-Ab-treated microglial conditioned medium-induced upre-
gulations of p-GSK3b and p-CaMKII-a in neurons, and si-Kv2.1
deprived Dfe of its antagonistic activity against these two kinases.

Thus, all results indicated that Dfe suppressed microglial
NLRP3 inflammasome-driven neuronal tauopathy by inhibiting
the Kv2.1 channel.

3.5. Dfe suppressed o-Ab induced neuronal apoptosis by
inhibiting the Kv2.1 channel

Given that the Kv2.1 inhibitor exhibits neuroprotective effects in
central system diseases such as stroke and cerebral ischemia34 and
o-Ab can induce neuronal apoptosis35, we investigated whether
Dfe suppressed o-Ab-induced neuronal apoptosis by inhibiting the
Kv2.1 channel. As shown in Fig. S5B and S5C, the o-Ab treat-
ment effectively increased the TUNEL-positive areas in cultured
brain slices, while Dfe suppressed o-Ab-induced neuronal
apoptosis in MG-Kv2.1-NC brain slices. Notably, microglial
Kv2.1 specific knockdown suppressed o-Ab-induced neuronal
apoptosis on brain slices, while Dfe exhibited still neuroprotective
effects by comparing (o-AbþDfe)-treated to o-Ab-treated groups
in MG-Kv2.1-KD brain slices (Fig. S5B and S5C). All results thus
indicated that microglial Kv2.1 played a partial role in o-Ab-
induced neuronal apoptosis and the Kv2.1 antagonism of Dfe on
neurons might be involved in its anti-apoptotic effect.

In the following assay, we at first detected the effect of o-Ab on
intracellular potassium levels of neurons by using potassium probe
EPG-4. As shown in Fig. S5D and S5E, o-Ab reduced intracellular
potassium levels in neurons and Dfe treatment antagonized the o-
Ab-induced downregulation of neuronal intracellular potassium
level. Notably, Dfe failed to regulate neuronal potassium levels in
si-Kv2.1-treated neurons, indicating that Dfe suppressed o-Ab
induced neuronal potassium efflux by inhibiting the Kv2.1
channel.

Furthermore, Western blot and flow cytometry results indicated
that Dfe inhibited o-Ab-induced upregulation of mitochondrial
apoptosis-related proteins36 (Bax and cleaved-Cas3, Fig. S5F and
S5G) and apoptosis (Fig. S5H) in neurons, while si-Kv2.1
deprived Dfe of its above-mentioned inhibitory activities. These
results thus demonstrated that Dfe suppressed o-Ab-induced
neuronal apoptosis by inhibiting the Kv2.1 channel.

3.6. Dfe ameliorated cognitive impairment of 5�FAD-AD mice
by targeting Kv2.1 channel

Next, we inspected the potential of Dfe in ameliorating memory
and cognitive impairment of female and male 5�FAD-AD mice
by assays of NOR, Y-maze, and MWM. In the assay, Dfe treat-
ment (10 mg/kg/day, intraperitoneal injection) or selective Kv2.1
knockdown in the brain by tail vein injecting AAV-si-Kv2.1 was
performed in mice experiments (Fig. 5A). The knockdown effi-
ciency of AAV-si-Kv2.1 against cerebral Kv2.1 and microglial
Kv2.1 were shown in Supporting Information Fig. S6AeS6E.

3.6.1. NOR test
The test was performed to evaluate the amelioration of Dfe on
short-term working memory of 5�FAD-AD mice. As shown in
Fig. 5B (male, Fig. S6G), 5�FAD-AD mice spent less time around
the new object compared with WT mice, while treatment of Dfe
increased the time spent around the new object for 5�FAD-AD
mice, thus indicating that Dfe ameliorated short-term working
memory impairment of 5�FAD-AD mice.

3.6.2. Y-maze test
This test was used to assess the amelioration of Dfe on spatial
working memory. As indicated in Fig. 5D (male, Fig. S6I), the
number of crossing new arm for 5�FAD-AD mice was more than
that for WT mice, and treatment of Dfe increased the number of
crossing new arm for 5�FAD-AD mice. These results thereby
indicate that Dfe ameliorated spatial working memory impairment
of 5�FAD-AD mice.

3.6.3. MWM test
This test was used to assess the amelioration of Dfe on spatial
learning and long-term memory of 5�FAD-AD mice. As indi-
cated in Fig. 5F and H (male, Fig. S6K and S6M), 5�FAD-AD
mice spent more time reaching the platform and crossed the target
quadrant with less frequency than WT mice, and Dfe treatment
decreased the time spent in reaching the platform and increased
the frequency in crossing the target quadrant for 5�FAD-AD
mice. These results thus demonstrate that Dfe ameliorated spatial
learning and long-term memory impairments of 5�FAD-AD
mice.

Notably, Dfe treatment failed to ameliorate any of the above-
mentioned pathological behaviors in AAV-si-Kv2.1 injected
5�FAD-AD mice (female, Fig. 5C, E, G and I; male, Fig. S6H,
S6J, S6L and S6N).

Moreover, the hepatotoxicity and nephrotoxicity of Dfe treat-
ment (10 mg/kg) on female mice were evaluated by detecting the
levels of ALT, AST and Urea in serum, and the results indicated
that Dfe treatment (10 mg/kg) exhibited no obvious toxicities on
either WT mice or 5�FAD mice (female, Fig. S6OeS6Q).

Together, Dfe ameliorated cognitive impairment of 5�FAD-
AD mice by inhibiting the Kv2.1 channel.
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Figure 4 Dfe suppressed microglial NLRP3 inflammasome activation-driven neuronal tauopathy by inhibiting the Kv2.1 channel. (A)

Immunofluorescence assay and (B) its quantification results demonstrated that Dfe treatment reduced the AT8-positive areas in o-Ab-treated brain

slices. Scale bar: 100 mm (nZ 6). (C, D) Immunofluorescence assay and (E) its quantification results demonstrated that Dfe treatment reduced the

AT8-positive areas in brain slices and Dfe had no impacts on AT8-positive areas in MG-Kv2.1-KD brain slices. Scale bar: 200 mm (n Z 4). (F, H)

Western blot assay and (G, I) its quantification results indicated that Dfe treatment reduced the level of IL-1b in medium from o-Ab-treated

microglia and suppressed o-Ab-treated microglial conditioned medium-induced neuronal Tau hyperphosphorylation at the site of Ser396, Ser231,

and Thr199 (n Z 3). (J) Immunofluorescence assay and (K) its quantification results demonstrated that Dfe treatment suppressed o-Ab-treated

microglial conditioned medium-induced neuronal Tau hyperphosphorylation. Scale bar: 100 mm (n Z 4). (L) Western blot assay and (M) its

quantification results demonstrated that Dfe treatment suppressed o-Ab-treated microglial conditioned medium-upregulated p-GSK3b and p-

CaMKII-a levels (n Z 3). All values are presented as mean � SEM. ns, not significant; *P < 0.05, **P < 0.01, ***P < 0.001 compared by one-

way ANOVA test.
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3.7. Dfe suppressed NLRP3 inflammasome activation in
5�FAD-AD mice through Kv2.1/JNK/NF-kB pathway

As indicated in the published reports, the abundance of preclinical
and clinical evidence suggests an increase in intrinsic AD risk for
women and the AD-related symptoms of female patients are
severer than those of male patients37,38, while the female 5�FAD
mice exhibit a more aggressive amyloid pathology compared to
male mice39, we focused on confirming the potential mechanisms
of Dfe against NLRP3 activation in brain of female 5�FAD-AD
mice (abbreviated as 5�FAD-AD mice).

3.7.1. Dfe suppressed gliosis in the brain of 5�FAD-AD mice
Considering that gliosis is an important marker of inflammatory
response in CNS40, the effect of Dfe on gliosis in the brain of
5�FAD-AD mice was detected by immunofluorescence assay
against IBa1 (for microglia) and GFAP (for astrocyte). As shown
in Fig. 6AeC, there was a large number of IBa1 (microglia)/GFAP
(astrocyte)-positive areas in the brain of 5�FAD-AD mice
compared with those in the brain of WT mice, while Dfe treatment
reduced the IBa1 (microglia)/GFAP (astrocyte)-positive areas in
5�FAD-AD mice. All these results indicate that Dfe suppressed
gliosis in the brain of 5�FAD-AD mice.

Figure 5 Dfe ameliorated cognitive impairment of 5�FAD-AD mice by targeting the Kv2.1 channel. (A) Schedule of animal treatments and

behavior tests against (female and male) WT and 5�FAD-AD mice. 5�FAD-AD mice were treated with Dfe (10 mg/kg/day) at the age of seven

months or injected with AAV-ePHP-si-Kv2.1 through tail vein injection at the age of six and a half months. Animal experiments were performed at

the age of nine months of 5�FAD-AD mice. (B, C) NOR test results indicated that Dfe treatment ameliorated short-term working memory defect

in female 5�FAD-AD mice, and Dfe failed to improve short-term working memory defect in female 5�FAD-KD mice (n Z 10). (D, E) Y-maze

test results indicated that Dfe treatment ameliorated short-term spatial working memory defect in female 5�FAD-AD mice, and Dfe treatment

failed to improve short-term spatial working memory defect in female 5�FAD-KD mice (n Z 10). (F, G) Escape latency results during platform

trials in the MWM test indicated that Dfe treatment ameliorated learning and memory defects in female 5�FAD-AD mice, and Dfe treatment

failed to improve the learning and memory defects in female 5�FAD-KD mice (n Z 10). (H, I) Times of platform crossing in probe trials of the

MWM test indicated that Dfe treatment ameliorated the long-term memory defects in female 5�FAD-AD mice, and Dfe treatment failed to

improve the long-term memory defects in female 5�FAD-KD mice (n Z 10). All values are presented as mean � SEM. ns, not significant;
#P < 0.05, ##P < 0.01, ###P < 0.001 compared with WT or WT-NC mice by two-way ANOVA test; *P < 0.05, **P < 0.01, ***P < 0.001

compared with 5�FAD or 5�FAD-NC mice by two-way ANOVA test.
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3.7.2. Dfe suppressed NLRP3 inflammasome activation in
5�FAD-AD mice
Immunofluorescence and Western blot results indicated that Dfe
treatment effectively reduced the numbers of NLRP3-ASC posi-
tive puncta in the hippocampus (Fig. 6D and E) and repressed the
protein levels of NLPR3, p-NLRP3, ASC, Cas1 (p20) and IL-1b
in brains (Fig. 6G and H) of 5�FAD-AD mice.

3.7.3. Dfe suppressed NLRP3 inflammasome activation in
5�FAD-AD mice through JNK/NF-kB pathway
As we have determined that Dfe suppressed NLRP3 inflamma-
some activation through JNK/NF-kB pathway in vitro, we next
verified the regulation of Dfe against this pathway in 5�FAD-AD
mice.

Western blot (Fig. 6G and H) and immunofluorescence (Fig. 6J
and K) results indicate that Dfe treatment effectively reduced the
protein levels of p-JNK and p-NF-kB and microglial nuclear
translocation of NF-kB (hippocampal microglia were labeled by
IBa1 antibody) in the brain of 5�FAD-AD mice. Notably, Dfe had
no impacts on NLRP3 inflammasome or JNK/NF-kB pathway in
AAV-si-Kv2.1 injected 5�FAD-AD mice (Fig. 6), indicating that
Dfe suppressed NLRP3 inflammasome activation in 5�FAD-AD
mice through Kv2.1/JNK/NF-kB pathway.

Moreover, immunofluorescence results (Supporting
Information Fig. S7A and S7B) indicated that Dfe treatment had
no effects on Ab level in the hippocampus of 5�FAD-AD mice.
These results thus excluded the involvement of Ab level regula-
tion in Dfe-mediated NLRP3 inflammasome suppression.

Furthermore, to verify the Dfe-mediated regulation of JNK
against Ab/Kv2.1/NLRP3 axis, the effects of Dfe on other po-
tassium ion sensing-related pathways including NEK7, a down-
stream responsive protein of the potassium efflux involved in
NLRP3 activation41; ERK, a key apoptotic factor in potassium
deprivation-induced neuronal cell death42; CaMKK2, a Ca2þ/
CaM-dependent protein kinase kinase activated by Kv2.1 inhibi-
tion43 and NLRP3 activation-related pathway (TXNIP, a multi-
protein complex that promotes the assembly of NLRP3
inflammasomes44) were detected in the brain of 5�FAD-AD
mice. As shown in Fig. S7C and S7D, Dfe failed to regulate the
protein levels of NEK7, TXNIP, p-CaMKK2, and p-ERK in the
brain of 5�FAD-AD mice, which thus supported that the JNK
pathway suppression mediated by Dfe was involved in the inhi-
bition of Kv2.1 against Ab-mediated NLRP3 activation.

Together, Dfe suppressed NLRP3 inflammasome activation in
5�FAD-AD mice through Kv2.1/JNK/NF-kB pathway.

3.8. Dfe suppressed Ab-mediated tauopathy in 5�FAD-AD mice
by targeting the Kv2.1 channel

Considering that tauopathy as the terminal effector of Ab-Tau
cascade reaction is key to nerve damage45, an AT8 staining assay
was performed to detect the levels of hyperphosphorylated Tau at
sites of Ser202 and Thr205 in hippocampus of 5�FAD-AD mice,
and the results indicate that Dfe treatment reduced the levels of
hyperphosphorylated Tau at both sites in brain of 5�FAD-AD
mice (Fig. 7A and B).

Next, a Western blot assay was performed, and the results
indicated that Dfe treatment reduced the protein levels of p396-
Tau, p231-Tau, and p199-Tau in the brains of 5�FAD-AD mice
(Fig. 7D and E).

Moreover, the effects of Dfe on Tau phosphorylation kinases
GSK3b and CaMKII-a in the brain of 5�FAD-AD mice were also
detected. Western blot results demonstrate that Dfe treatment
reduced the protein levels of p-GSK3b and p-CaMKII-a
(Fig. 7DeF).

Notably, Dfe had no impacts on the levels of p-Tau at any
above-mentioned sites, p-GSK3b or p-CaMKII-a in AAV-si-Kv2.1
injected 5�FAD-AD mice as indicated by AT8 staining and
Western blot results (Fig. 7A, C, D and F).

Together, all results demonstrate that Dfe suppressed Ab-
mediated tauopathy in 5�FAD-AD mice by inhibiting the Kv2.1
channel.

3.9. Dfe improved synaptic impairment and neuronal loss in
5�FAD-AD mice by targeting the Kv2.1 channel

Given that neuronal synaptic function is responsible for the for-
mation and development of cognitive memory and Ab/Tau
pathology-mediated neurotoxicity directly damages synaptic
function46, we further investigated the potential effect of Dfe on
synaptic protection in 5�FAD-AD mice.

3.9.1. Dfe improved synaptic impairment in 5�FAD-AD mice by
inhibiting the Kv2.1 channel
The long-term potentiation (LTP) result indicated that Dfe treat-
ment improved LTP induction and maintenance in hippocampal
DG region of 5�FAD-AD mice (Fig. 8A). Western blot (Fig. 8C
and D) and immunofluorescence (Fig. 8F and G) results demon-
strate that Dfe treatment reversed the deficiency of synaptic
associated proteins PSD95, VAMP2, and synaptophysin (SYN) in
brains of 5�FAD-AD mice.

Notably, the results of LTP (Fig. 8B), Western blot (Fig. 8C
and E) and immunofluorescence (Fig. 8F and H) all demonstrate
that Dfe had no impacts on the regulation of LTP or any of the
synapse-associated proteins in AAV-si-Kv2.1 injected 5�FAD-AD
mice, thus indicating that Dfe improved synaptic impairment in
5�FAD-AD mice by inhibiting the Kv2.1 channel.

3.9.2. Dfe improved neuronal loss in 5�FAD-AD mice by
inhibiting the Kv2.1 channel
Additionally, given that neurons are parenchymal cells in memory
formation, the effect of Dfe on neuronal loss in the brain of
5�FAD-AD mice were detected by TUNEL and Nissl staining
assays. TUNEL staining results (Fig. 8I and J) indicate that there
was a large number of TUNEL puncta in the brain of 5�FAD-AD
mice compared with those in WT mice, while Dfe treatment
reduced the TUNEL puncta in 5�FAD-AD mice. Additionally,
Nissl staining results (Fig. 8L) also demonstrate that the neuronal
nuclear in the brain of 5�FAD-AD mice were loosely arranged,
while Dfe treatment reversed this pathological change in 5�FAD-
AD mice, indicating that Dfe suppressed neuronal loss in 5�FAD-
AD mice.

Notably, TUNEL and Nissl staining results demonstrated that
Dfe had no impacts on the regulation of neuronal loss in AAV-si-
Kv2.1 injected 5�FAD-AD mice (Fig. 8I, K and L), indicating
that Dfe suppressed neuronal loss in 5�FAD-AD mice by inhib-
iting the Kv2.1 channel.

Therefore, all results indicate that Dfe improved synaptic
impairment and neuronal loss in 5�FAD-AD mice by inhibiting
the Kv2.1 channel.
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Figure 6 Dfe suppressed NLRP3 inflammasome activation in 5�FAD-AD mice through Kv2.1/JNK/NF-kB pathway. (A) Immunofluorescence

assay and (B, C) its quantification results demonstrated that Dfe treatment suppressed gliosis in the brains of 5�FAD-AD mice, and Dfe treatment

failed to suppress gliosis in the brain of 5�FAD-KD mice. Scale bar: 200 mm (nZ 8). (D) Immunofluorescence assay and (E, F) its quantification

results demonstrated that Dfe treatment suppressed NLRP3 inflammasome activation in the brain of 5�FAD-AD mice, and Dfe treatment failed to

suppress NLRP3 inflammasome activation in the brain of 5�FAD-KD mice. Scale bar: 150 mm (n Z 8). (G) Western blot assay and (H, I) its

quantification results indicated that Dfe treatment suppressed NLRP3 inflammasome activation in the brain of 5�FAD-AD mice, and Dfe

treatment failed to suppress NLRP3 inflammasome activation in the brain of 5�FAD-KD mice (n Z 3). (J) Immunofluorescence assay and (K, L)
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4. Discussion

The Ab-Tau cascade reaction hypothesis is one of the mainstream
theories on the pathogenesis of AD. It is believed that Ab as one
of the earliest pathological features is responsible for the initiation
of the Ab-Tau cascade reaction in the brains of AD patients7,47.
Recent studies have also shown that microglial NLRP3 inflam-
masome activation is a key link connecting Ab with neuronal
tauopathy in AD mice15, although the underlying mechanism for
Ab driving NLRP3 inflammasome activation is not yet clear.
Notably, many studies have ever attempted to interpret this
mechanism from the perspective of Ab intracellular influences
such as mitochondria or endoplasmic reticulum damage while
ignoring the effect of Ab on ion channels from cell membranes.
Here, we determined that o-Ab promoted microglial potassium
efflux through the Kv2.1 channel leading to NLRP3 inflamma-
some activation and further neuronal tauopathy. Moreover, we
further verified such a finding by using our previously determined
Kv2.1 inhibitor Dfe17 as a probe, and we found that Dfe treatment
had no effects on Ab regulation but efficiently alleviated AD-like
pathology in 5�FAD-AD mice via blocking Ab-Tau cascade

reaction. Our findings have strongly provided new evidence that
the Kv2.1 channel is required for Ab-driven NLRP3 inflamma-
some activation and further Tau hyperphosphorylation and highly
addressed Kv2.1 inhibitor Dfe may show promise as a lead
compound for AD treatment.

In the current work, we reported that the microglial Kv2.1
channel was obviously upregulated and enormously co-localized
with Ab in the brains of 5�FAD-AD mice, while there was no
such an event in other cells including neurons and astrocytes.
Moreover, we found that o-Ab stimulated microglial potassium
efflux through binding to the Kv2.1 channel. We suspected that the
chemotactic function of microglia was responsible for its specific
Kv2.1 upregulation. In AD pathology, microglia actively recog-
nize and approach Ab, followed by phagocytosis48. This process
made microglia more adversely affected by Ab than other cells
and Ab readily bound to microglial Kv2.1 to mediate its potas-
sium efflux. Notably, this may be also the reason why microglia
are often the first cell population to exhibit pathological responses
during AD development.

In the current study, we found that Ab could induce microglial
potassium efflux by directly binding to the Kv2.1 channel, while

Figure 7 Dfe suppressed Ab-mediated tauopathy in 5�FAD-AD mice by targeting the Kv2.1 channel. (A) AT8 staining assay and (B, C) its

quantification results demonstrated that Dfe treatment suppressed AT8 positive areas in the hippocampus of 5�FAD-AD mice, and Dfe treatment

failed to suppress tauopathy in the hippocampus of 5�FAD-KD mice. Scale bar: 200 mm (n Z 8). (D) Western blot assay and (E, F) its

quantification results indicated that Dfe treatment suppressed Tau hyperphosphorylation (p396-Tau, p231-Tau and p199-Tau) and related kinases

(GSK3b and CaMKII-a) in brain of 5�FAD-KD mice, and Dfe treatment failed to suppress Tau hyperphosphorylation (p396-Tau, p231-Tau and

p199-Tau) and related kinases (GSK3b and CaMKII-a) in 5�FAD-KD mice (nZ 3). All values are presented as mean � SEM. ns, not significant;
#P < 0.05, ##P < 0.01, ###P < 0.001 compared with WT or WT-NC mice by two-way ANOVA test; *P < 0.05, **P < 0.01, ***P < 0.001

compared with 5�FAD or 5�FAD-NC mice by two-way ANOVA test.

its quantification results demonstrated that Dfe treatment suppressed NF-kB nucleus translocation in the hippocampus of 5�FAD-AD mice, and

Dfe treatment failed to regulate NF-kB nucleus translocation in the hippocampus of 5�FAD-KD mice. Scale bar: 50 mm (n Z 8). All values are

presented as mean � SEM. ns, not significant; ##P < 0.01, ###P < 0.001 compared with WTor WT-NC mice by two-way ANOVA test; *P < 0.05,

**P < 0.01, ***P < 0.001 compared with 5�FAD or 5�FAD-NC mice by two-way ANOVA test.
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Dfe effectively abolished such an effect of o-Ab on potassium
current. Due to the structural complexity of o-Ab, it is extremely
difficult for us to predict or detect the exact binding site of o-Ab
and the Kv2.1 channel. Interestingly, kinetic (activation/inactiva-
tion) assays against Kv2.1 channel results indicate that o-Ab had
no effects on the activation of the Kv2.1 channel but delayed the
inactivation of the Kv2.1 channel, while Dfe has the same effect as
o-Ab on Kv2.1 activation/inactivation state and offsets such an
ability of o-Ab. In our previous study, we reported that Dfe as a
Kv2.1 inhibitor blocked the Kv2.1 channel-dependent potassium
current17, and was supposed to bind to the sites in the pore do-
mains (S5 and S6) of the Kv2.1 channel. Herein, we speculated
that o-Ab with a large molecular weight might bind to the sites

S1eS428 in the voltage-sensor domain of the Kv2.1 channel fol-
lowed by upregulation of potassium efflux, which was suppressed
by Dfe as a non-competitive inhibitor of Kv2.1 channel.

Herein, we found that Kv2.1 expression was mainly increased
in microglia and slightly increased in neurons, but unchangeable
in astrocytes of the brain of 5�FAD-AD mice. We speculated that
the location of o-Ab was responsible for the differences in Kv2.1
expression among these cell populations. In our study, we deter-
mined that o-Ab was able to directly combine and stabilize Kv2.1
in the brain of 5�FAD-AD mice. In that case, the Kv2.1 channel
from neurons can conditionally interact with surrounding o-Ab49

and be slightly upregulated. Notably, microglia as immune cells
in the brain greatly trend towards o-Ab and enormously co-locate

Figure 8 Dfe improved synaptic impairment and neuronal loss in 5�FAD-AD mice by targeting the Kv2.1 channel. (A, B) Electrophysiology

assay results indicated that Dfe treatment upregulated summary plots of mean normalized fEPSP slope after HFS (4�100 Hz) in the hippocampus

(DG region) of 5�FAD-AD mice, while Dfe treatment failed to regulate LTP in the hippocampus (DG region) of 5�FAD-KD mice (n Z 6). (C)

Western blot assay and (D, E) its quantification results demonstrated that Dfe treatment reversed synaptic proteins (PSD95, SYN, and VAMP2)

defects in the brain of 5�FAD-AD mice, and Dfe treatment failed to regulate these synaptic protein levels in 5�FAD-KD mice (n Z 3). (F)

Immunofluorescence assay and (G, H) its quantification results demonstrated that Dfe treatment reversed synaptic protein PSD95 defect in the

hippocampus of 5�FAD-AD mice, and Dfe treatment failed to regulate protein level of PSD95 in the hippocampus of 5�FAD-KD mice. Scale

bar: 100 mm (nZ 8). (I) TUNEL staining assay and (J, K) its quantification results demonstrated that Dfe treatment suppressed neuronal apoptosis

in the hippocampus of 5�FAD-AD mice, and Dfe treatment failed to regulate neuronal apoptosis in the hippocampus of 5�FAD-KD mice. Scale

bar: 200 mm (n Z 8). (L) Nissl staining results demonstrated that Dfe treatment suppressed neuronal loss in the hippocampus of 5�FAD-AD

mice, and Dfe treatment failed to regulate neuronal loss in the hippocampus of 5�FAD-KD mice. Scale bar: 200 mm (n Z 6). All values are

presented as mean � SEM. ns, not significant; ##P < 0.01, ###P < 0.001 compared with WT or WT-NC mice by two-way ANOVA test; *P < 0.05,

**P < 0.01, ***P < 0.001 compared with 5�FAD or 5�FAD-NC mice by two-way ANOVA test.
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with o-Ab50. Therefore, among the multiple cell populations in the
brain, microglia were one of the major cell populations disturbed
by Ab thus resulting in significant upregulation of Kv2.1.

NLRP3 inflammasome activation requires priming and as-
sembly processes. In the priming process, the expressions of
NLRP3 inflammasome components including NLRP3 and ASC
are upregulated33, and in the assembly process, these components
are assembled into an active complex NLRP3 inflammasome
resulting in the cleavage of pro-IL-1b into mature IL-1b15.
Intracellular potassium efflux is generally recognized as one of the
pathways for NLRP3 inflammasome activation40. Here, we con-
ducted an in-depth investigation of the underlying mechanism for
potassium efflux-mediated NLRP3 activation. It was previously
reported that JNK as a sensor of cellular potassium efflux par-
ticipates in cell apoptosis progress51. We found that JNK activa-
tion induced by Ab-mediated Kv2.1-dependent potassium efflux
was responsible for both microglial NLRP3 inflammasome
priming and assembly processes, in that JNK activates NF-kB and
promotes its nuclear translocation leading to upregulation of
NLRP3 inflammasome components NLRP3 and ASC, while JNK
simultaneously phosphorylates NLRP3 at Ser194 site and stimu-
lates assembly of NLRP3 inflammasome. To our knowledge, our
present work might be the first to reveal the key role of JNK in the
combination of both priming and assembly processes for NLRP3
inflammasome activation.

Microglia as the main immune cells in the brain are sensitively
activated by Ab with the release of a series of inflammatory
factors such as IL-1b, TNF-a, and iNOS52. Among these in-
flammatory factors, IL-1b functions as a major mediator respon-
sible for microglial inflammation-induced neuronal tauopathy that
directly damages neurons. Regrettably, several reagents or
monoclonal antibodies targeting Tau such as LMTX (TauRx
Therapeutics)9 and Gosuranemab3 (Biogen) failed in clinical tri-
als, demonstrating the complexity of AD pathology. Here, we
determined that the Kv2.1 channel is a key linking o-Ab to the
NLRP3/Tau axis, and Dfe treatment blocks the capability of o-Ab
in activating NLRP3 inflammasome activation and subsequent
neuroinflammation and tau hyperphosphorylation. Our study
highly addressed the potency of the Kv2.1 channel in mediating
the Ab-Tau cascade reaction involving the crosstalk between
microglia and neurons.

Notably, the Kv2.1 channel is widely expressed in the central
nervous system and is one of the main components of delayed
rectifier potassium current in neurons18. It has been reported that
Kv2.1 inhibitor cpd5 exhibited beneficial effects on neurological
diseases including stork53,54. Here, we confirmed that o-Ab can
induce Kv2.1-dependent potassium efflux followed by neuronal
apoptosis, and Dfe as a Kv2.1 inhibitor suppressed o-Ab-induced
neuronal apoptosis by inhibiting the potassium efflux. Our results
have well explained the mechanism underlying the Ab-induced
nerve damage and Kv2.1 inhibitor-mediated neuroprotective ef-
fects. Notably, we found that no differences exist in the impact of
Dfe on the cognition-related behaviors between female and male
5�FAD-AD mice. We tentatively ascribed such a gender-neutral
benefit of Dfe to the subtle differential expression of Kv2.1 in
brain tissues between female and male 5�FAD-AD mice
(Fig. S7E and S7F). These results thus consolidate the universality
of Dfe as a Kv2.1 inhibitor in treating AD patients of both
genders.

Moreover, Dfe was ever reported to be a butyrylcholinesterase
inhibitor and is used clinically as an antispasmodic drug55. Its
already-known clinical information such as metabolism, toxicity,

and pharmacokinetics may help greatly reduce the cost and time
of the research and development for anti-AD reagents based on
Dfe as an available “old” drug.

5. Conclusions

We determined that o-Ab induced Kv2.1-dependent potassium
efflux leading to the activation of the JNK/NF-kB pathway, fol-
lowed by stimulation of both priming and assembly processes for
NLRP3 inflammasome activation and neuronal tauopathy. Kv2.1
inhibitor Dfe effectively suppressed the o-Ab-induced microglial
NLRP3 inflammasome activation and neuronal Tau hyper-
phosphorylation by inhibiting Kv2.1/JNK/NF-kB pathway, while
improving the cognitive impairment of 5�FAD-AD mice. Our
work has highly addressed that microglial Kv2.1-dependent po-
tassium efflux is required for o-Ab-induced NLRP3 inflamma-
some activation and tauopathy in AD mice and highlighted that
Kv2.1 inhibition shows promise as a therapeutic strategy for AD
and Dfe as a Kv2.1 inhibitor shows potential in treating this
disease.
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