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Abstract 

Multinucleated microglia have been observed in contexts associated with infection, inflammation, and aging. 
Though commonly linked to pathological conditions, the larger cell size of multinucleated microglia might enhance 
their phagocytic functions, potentially aiding in the clearance of brain debris and suggesting a reassessment 
of their pathological significance. To assess the phagocytic capacity of multinucleated microglia and its implications 
for brain debris clearance, we induced their formation by inhibiting Pyk2 activity using the pharmacological inhibitor 
PF-431396, which triggers cytokinesis regression. Multinucleated microglia demonstrate enhanced phagocytic func-
tion, as evidenced by their increased capacity to engulf β-amyloid (Aβ) oligomers. Concurrently, the phosphorylation 
of Pyk2, induced by Aβ peptide, was diminished upon treatment with a Pyk2 inhibitor (Pyk2-Inh, PF-431396). Further-
more, the increased expression of Lamp1, a lysosomal marker, with Pyk2-inh treatment, suggests an enhancement 
in proteolytic activity. In vivo, we generated an acute Alzheimer’s disease (AD) model by infusing Aβ into the brains 
of Iba-1 EGFP transgenic (Tg) mice. The administration of the Pyk2-Inh led to an increased migration of microglia 
toward amyloid deposits in the brains of Iba-1 EGFP Tg mice, accompanied by morphological activation, suggesting 
a heightened affinity for Aβ. In human microglia, lipopolysaccharide (LPS)-induced inflammatory responses showed 
that inhibition of Pyk2 signaling significantly reduced the transcription and protein expression of pro-inflammatory 
markers. These results suggest that Pyk2 inhibition can modulate microglial functions, potentially reducing neuroin-
flammation and aiding in the clearance of neurodegenerative disease markers. This highlights Pyk2 as a promising 
target for therapeutic intervention in neurodegenerative diseases.
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Background
Alzheimer’s disease (AD) is a complex neurodegen-
erative disorder characterized by progressive cognitive 
decline, memory loss and impaired executive function 
[1]. Representative hallmark of AD is the accumulation of 
β-amyloid (Aβ) plaque in the brain [2]. Aβ peptides are 
derived from the cleavage of amyloid precursor protein 
(APP) by enzymes such β-secretase and ɣ-secretase [3]. 
These Aβ peptides aggregate to form insoluble plaques, 
which are neurotoxic and disrupt neuronal function. As 
such, the genes involved in the production and process 
APP, including APP, PSEN1, PSEN2 (components of the 
ɣ-secretase complex), and BACE1 (β-secretase), have 
been consistently reported as genetic risk factors for 
familial AD [4]. However, small molecules and biologics 
targeting β-secretase or ɣ-secretase complex have not 
been successful in reduced Aβ production [5–10]. There-
fore, alternative therapeutic strategies to effectively pre-
vent Aβ accumulation are urgently needed to prevent and 
delay the progression of AD.

Phagocytosis is the process by which immune cells 
engulf and digest foreign particles, pathogens, and cel-
lular debris. In the brain, microglia play a central role in 
phagocytosing Aβ plaques [11]. Enhancing the clearance 
of Aβ plaque through microglial phagocytosis represents 
a potential therapeutic strategy to mitigate Aβ-induced 
neurotoxicity and slow disease progression in AD [12]. 
Microglia phagocytosis of Aβ can also modulate neuro-
inflammatory responses [13]. Efficient clearance of Aβ by 
microglia may dampen neuroinflammation by reducing 
the accumulation of Aβ plaques and the release of pro-
inflammatory cytokines, thereby attenuating neuronal 
damage and preserving cognitive function.

Microglia, the tissue-resident macrophages derived 
from yolk-sac myeloid progenitors, migrate to the cen-
tral nervous system (CNS) during fetal brain devel-
opment, playing a crucial role in brain development, 
homeostasis and responding to pathological condi-
tions [14]. The activation and functions of microglia 
are closely linked to various neurodegenerative dis-
eases, including Alzheimer’s disease (AD) [15–17], 
Parkinson’s disease (PD) [18, 19], and multiple sclero-
sis (MS) [20–22]. As innate immune cells of the CNS, 
once activated, microglia participate in the clearance 
of misfolded proteins, debris, and pathogens, thereby 
mitigating neuroinflammation and preserving neuronal 
integrity [23, 24]. The inefficient phagocytic activity of 
microglia with aging may lead to the formation of Aβ 
plaques, neuronal dystrophy characterized by tau accu-
mulation, and neuroinflammation, which collectively 
represent the core pathologies of AD [25, 26]. Micro-
glial activation and phagocytosis are intricately linked 

to rapid cytoskeletal remodeling and focal adhesion, 
which encompasses membrane ruffling and extension 
[27]. The cytoskeleton facilitates the bringing together 
of surface receptors and their substrates to regulate sig-
nal transduction, thereby transitioning microglia from 
an inactive state to an active state [28]. Hence, the capa-
bility for rapid morphological change in response to 
diverse stresses is essential for microglia phagocytosis.

Genetic studies of late-onset AD (LOAD) have identi-
fied various risk factors [29, 30]. The Protein Tyrosine 
Kinase 2 Beta (PTK2B) gene, which encodes protein 
tyrosine kinase (Pyk2), a non-receptor tyrosine kinase 
and a member of the focal adhesion kinase (FAK) 
family, has been identified as a genetic risk factor in 
genome-wide association studies (GWAS) for LOAD 
[29]. Indeed, Pyk2 is expressed in diverse brain cells of 
AD patients [30–35]. Unlike FAK, which is ubiquitously 
expressed across various cell types, Pyk2 expression is 
predominantly found in cells of the CNS and hemat-
opoietic cells [36, 37]. Pyk2 is activated by various 
extracellular signals including cytokines, intracellular 
 Ca2+ concentration, and integrin-mediated cell adhe-
sion [38] and has diverse physiological and pathological 
roles in cell adhesion [39], migration [40], inflamma-
tory responses [41, 42], tumor invasiveness [43] and 
neuronal plasticity [44]. Although PTK2B is recognized 
for its expression in neuronal cells [45, 46], recent stud-
ies have highlighted its significant role in microglia 
[47]. Thus, understanding the functional role of Pyk2 in 
microglia and its impact on AD progression is crucial 
for uncovering novel pathophysiological mechanisms 
underlying AD.

In the current study, we found that the pharmaco-
logical inhibitor, PF-431396, targeting Pyk2, leads to 
microglial multinucleation, irrespective of infection or 
inflammation responses. These multinucleated micro-
glia exhibit enhanced phagocytosis and lysosomal 
activity compared to their mononuclear counterparts. 
To this end, we established an acute AD mouse model 
by directly infusing Aβ into the intracerebroventricular 
(ICV) region of brain using brain infusion kit in Iba-1 
EGFP Tg mice. This approach enables efficient obser-
vation of microglial response to Aβ, circumventing 
the several months typically required for genetic AD 
mouse models. Administration of PF-431396 not only 
enhanced microglial activity but also improved phago-
cytosis, aiding in the removal of Aβ oligomers from 
the brains of Iba-1 EGFP Tg mice. Our findings indi-
cate that pharmacological inhibition of Pyk2 signaling 
could offer potential in treating or delaying the onset 
and progression of neurodegenerative disorders such 
as AD, through the modulation of microglial phagoly-
somal activity.
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Materials and methods
Preparation of Pyk2‑Inh and β‑amyloid
Pyk2 inhibitor (Pyk2-Inh, PF-431396, CAS no. 717906-
29-1) was purchased from TOCRIS Biosciences/Bio-
techne (Minneapolis, MN) and dissolved in dimethyl 
sulfoxide (DMSO) (Sigma, MO), then diluted to cor-
responding concentrations. All the control group was 
treated with an equivalent percentage of DMSO. The 
final concentration of DMSO did not exceed 0.01%. 
Murine recombinant CSF1 was obtained from Pep-
roTech (Cat. no. AF-315-02, Japan). Lyophilized syn-
thetic unlabeled β-amyloid peptide (1–42, Abcam Cat. 
no. ab120959) were dissolved in 1%  NH4OH (Anaspec, 
Cat. no. As-61322) at 1  mg/mL and vortexed for 30  s 
according to the manufacturer’s protocol [48, 49]. The 
peptides were then lyophilized and stored at –  80  ℃ 
until use. For experiments, the peptides were reconsti-
tuted in 10 mM sodium phosphate buffer (pH 7.4) at a 
concentration of 1  mg/mL. β-amyloid (1–42)  HiLyte™ 
Fluor555-labeled peptide (Anaspec Inc., Cat. no. 
AS-60480-01) was reconstituted in a buffer containing 
50  mM Tris (pH 7.4) and 0.1%  NH4OH and stored at 
− 80 ℃ until use according to the manufacturer’s pro-
tocol. The peptide was diluted with a PBS at a work-
ing concentration of 1 mg/mL. For brain injection, the 
Aβ peptide was diluted in artificial cerebrospinal fluid 
(ACSF, TOCRIS, Cat. No. 3525), incubated at 37 ℃ for 
10 min, and then placed on ice before use [50].

Animals
Iba-1 EGFP Tg mice were obtained from RIKEN BRC 
(Japan). Mice were housed under controlled lighting 
conditions (daily light, 07:00–21:00) and were main-
tained under specific pathogen-free conditions. A total 
of 6 mice were randomly divided into two groups (n = 3 
per group) with a weight deviation of less than 5% and 
compared pharmacological phenotypes of Pyk2-Inh in 
7-week-old Iba-1 EGFP Tg mice (littermates, female).

Cell cultures
The mouse microglia cell line MG6 (Riken BRC, Japan) 
was cultured in Dulbecco’s Modified Eagle Medium 
(DMEM—high glucose, Gibco, Life Technologies Cor-
poration, CA) supplemented with 10  μg/mL insulin, 
0.1  mM 2-mercaptoethanol (2-ME, Sigma) and 10% 
fetal bovine serum (FBS) at 37 ℃ in a humidified atmos-
phere of 5%  CO2. The human microglia cell line HMC3 
(ATCC, CRL-3304, VA) was cultured in Minimum 
Essential Medium Eagle (MEME, Sigma) supplemented 
with non-essential amino acid, sodium pyruvate and 
10% FBS at 37  ℃ in a humidified atmosphere of 5% 

 CO2. The medium was changed every 3  days until 
harvested.

Cell proliferation assay
Cells were seeded in a 96-well plate (1 ×  104 cells/well) 
and cultured at 37  ℃ for 24  h. Cell proliferation was 
determined by a 3-(4,5-dime-thylthiazol-2-yl)-2,5-di-
phenyltetrazolium bromide assay with Cell Count Kit-8 
(Dojindo, Japan) according to the manufacturer’s pro-
tocol. Measurement was carried out in absorbance at 
570  nm with a microplate reader (Bio-Rad, Japan). The 
cell viability was standardized to the relative control as a 
percentage.

Quantitative RT‑PCR (qPCR)
Total RNA was extracted from cells using  RNAeasy® 
Mini kit (Qiagen, Hilden, Germany) according to the 
manufacturer’s protocol. RNA was quantified using a 
spectrophotometry (DeNovix, DS-11, Japan). The tem-
plate RNA was used to generate complementary DNA 
(cDNA) via a Reverse Transcription Kit according to the 
manufacturer’s instructions on ice  (QuantiTect®, Qia-
gen). Quantitative real-time RT-PCR was carried out 
with DNA probes PowerUp SYBR Green Master Mix 
(Thermo Fisher, CA). The primer sequences (Eurofins 
Genomics, Japan) were listed in Supplemental Table 1. To 
normalize the amount of RNA, the expression of Gapdh 
and RPLP0 were chosen as the endogenous control for 
mouse and human, respectively. Expression of target 
mRNA was calculated from 2Δ Ct values.

Immunoblotting analysis
Total protein was extracted from cells using ice-cold 
radio immunoprecipitation assay buffer (RIPA, Abcam) 
containing protease and phosphatase inhibitor cocktail 
(Sigma) and incubated on ice for 10  min. Cell lysis was 
centrifuged at 12,000 rpm at 4 ℃ for 10 min and superna-
tants were separated by 7.5% Mini-PROTEAN TGX Gels 
(Bio-Rad, USA) electrophoresis and transferred to poly-
vinylidene fluoride membranes (PVDF, Bio-Rad). The 
membranes were blocked with 5% bovine serum albumin 
(BSA) in Tris-Buffered Saline with Tween 20 (TBST) (pH 
7.6) (Takara Bio, Japan) for 30 min at room temperature 
with gentle shaking, followed by incubation with primary 
antibodies overnight at 4  ℃. The primary antibodies 
detected immuno-blotting were listed as follows: p-Pyk2 
(Anti-rabbit, Cell Signaling Technology #3291, 1:1000), 
Pyk2 (Anti-rabbit, Cell Signaling Technology #3292, 
1:1000), pFAK (Anti-rabbit, Cell Signaling Technology 
#3283, 1:1000), FAK (Anti-Rabbit, Cell Signaling Tech-
nology #3285, 1:1000), p-ERK (Anti-Rabbit, Cell Signal-
ing Technology #4370, 1:1000), ERK (Anti-Rabbit, Cell 
Signaling Technology #9102, 1:1000), p-Src (Anti-rabbit, 



Page 4 of 19Lee et al. Journal of Neuroinflammation          (2024) 21:196 

Cell Signaling Technology #6943, 1:1000), Src (Anti-
rabbit, Cell Signaling Technology #2108, 1:1000), Man-
nose receptor (Anti-mouse, Abcam ab64693, 1:1000), 
Lamp-1 (Anti-rabbit, Abcam ab24170, 1:1000), p-NF-ϰB 
(Anti-rabbit, Cell Signaling Technology #3033, 1:1000), 
NF-ϰB (Anti-rabbit, Cell Signaling Technology #8242, 
1:1000), β-actin (Anti-mouse, Wako, 010-27841, 1:1000) 
and Tubulin (Anti-rat, Abcam ab6160, 1:1000). The 
membranes were washed 3 times with 1 × TBST for 
10  min, then added secondary antibodies (Anti-Rabbit, 
EnVision+System- HRP Labelled Polymer Dako, USA) or 
(Anti-mouse, EnVision+System-HRP Labelled Polymer, 
Dako, USA) for 1.5  h at room temperature with gentle 
shaking. The protein bands were visualized using a Clar-
ity™ Western ECL Substrate (Bio-Rad, US) and exposed 
to an iBright CL1500 Imaging System (Invitrogen). 
Results were standardized using housekeeping protein.

Phagocytosis of E. coli BioParticles
Microglia treated with Pyk2-Inh for 24  h were sorted 
into mononucleated and multinucleated cells using a flu-
orescence-activated cell sorter (FACS, BD Biosciences). 
Briefly, MG6 cells were stained with Hoechst 33,342 for 
5 min before being loaded into the FACS. Then, cells with 
or without Pyk2-Inh were suspended in  autoMACS® 
Running Buffer (Myltenyi Biotec, CA). Sorting was based 
on the size difference between mononucleated cells 
(small) and multinucleated cells (large). The small cell 
fraction and the large cell fraction were distinguished 
using forward scatter-area (FSC-A) and side scatter-
area (SSC-A) and then sorted by BD  FACSAriaTMII Cell 
Sorter respectively. Sorted MG6 cells were seeded at a 
density of 5 ×  103 cells/well in a plate. pHrodo Red E. coli 
BioParticles (Invitrogen), at a concentration of 10 μg/mL, 
were added to the MG6 cells, and the culture was incu-
bated at 37 ℃ for 30  min to 4  h to allow phagocytosis 
and acidification until to reach their maximum level. At 
every indicated time points, fluorescence was measured 
using fluorescence plate reader (PerkinElmer Wallac1420 
 ARVOTMSFL1) with excitation 560  nm and emission 
585  nm wavelength. For imaging analysis, MG6 cells 
were seed in a μ-slide 8-well chamber (ibidi, Germany). 
After 30 min of exposure to BioParticles, cells were fixed 
with 10% formalin and subjected to immunocytochemis-
try. Particles were quantified by IMARIS software.

Lysosomal activity
To measure the lysosomal activity, we utilized the  DQ™ 
Green bovine serum albumin (BSA) (Invitrogen, cat. no. 
D12050). The conjugated BODIPY dye (self-quenched 
status) produces fluorescence (dequenching status) 
through intracellular degradation of fluorescein deriva-
tives by proteolysis activity. MG6 cells were seeded at 1 

×  105 cells/well in a 96-well black clear bottom plate and 
cultured in medium containing CSF1 (100 ng/mL). After 
24 h, Pyk2 inhibitor was added at varying concentrations 
(0, 500, 1000  nM). Following another 24  h, DQ Green 
BSA was administered at a concentration of 20  μg/mL, 
and fluorescence was measured using fluorescence plate 
reader (PerkinElmer Wallac1420  ARVOTMSFL1) with 
excitation 355 nm and emission 460 nm wavelength after 
3 h.

Immunohisto − and cytochemistry analysis
MG6 cells were treated with or without Pyk2-Inh 
(1000 ng/mL) in the presence of Aβ at a concentration of 
500 ng/mL. For immunostaining, cells were fixed with 4% 
paraformaldehyde in PBS for 10 min, permeabilized with 
0.1% Triton X-100/PBS for 30  min, followed by block-
ing with 0.1% BSA (Sigma) for 30 min. Cells were stained 
with the indicated specific antibodies. The primary anti-
bodies detected immuno-cytochemistry and -histochem-
istry were listed as follows: Iba-1 (Anti-Rabbit, Wako, 
019-19741, 1:200), Tubulin (Anti-rat, Abcam ab6160, 
1:100), Pericentrin (Anti-rabbit, Abcam, ab4448, 1:100) 
and IntegrinαV (Anti-mouse, Abcam, ab16821, 1:100). 
To quench the fixation agent and eliminate any free alde-
hyde groups that could non-specifically bind antibod-
ies, sections or cells were treated with 0.1 M Tris buffer. 
Immunofluorescence images were captured using a laser 
confocal scanning microscope (A1-ECLIPSE Ti2-E, 
Nikon, Japan) equipped with an oil immersion objective 
lens, PLAN APO λD 60X (NA = 1.42). Prior to perform-
ing live-cell imaging, cells cultured in the chamber slide 
were incubated with Hoechst 33,342 (ThermoFisher Sci-
entific) for 10 min. Then, the chamber slide was placed on 
an onstage incubator equipped with A1-ECLIPSE Ti2-E. 
Time-lapse sequence images of microglia were acquired 
every 10 s. All images were processed for quantification 
using NIS-Elements (Nikon), IMARIS (Bitplane, Zurich, 
Switzerland) and ImageJ software programs.

Brain infusion and drug delivery using osmotic pump 
in vivo
The mice were anesthetized using a combination of keta-
mine and isoflurane. Initially, ketamine was administered 
via intraperitoneal injection, followed by induction of 
anesthesia with isoflurane inhalation. Throughout the 
surgical procedure, anesthesia was maintained with con-
tinuous administration of isoflurane. A hall for micronee-
dle injection was created in the skull using a dental drill at 
coordinated 0.5 mm in the anteroposterior axis, ± 1 mm 
in the mediolateral axis and − 2.5 mm in the dorsoventral 
axis from bregma [51]. Subsequently, a microneedle (28 
gauge) from the brain infusion kit (Alzet Osmotic Pump, 
CA) was inserted into the intracerebroventricular (ICV) 
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space of the mouse. The osmotic pump (model 1003D, 
delivery rate 1.026  μL/hour, duration for 3  days) con-
taining Pyk2-Inh or β-amyloid solution (10  μg/100  μL), 
was assembled with the brain infusion kit, and then 
implanted underneath the skin on the mouse’s back. Each 
reagent was infused into the osmotic pump to maintain 
a constant rate of infusion for 3 days. Both Pyk2-Inh and 
β-amyloid were diluted in fresh sterile artificial cerebro-
spinal fluid (ACSF composition: Na 150 mM; K 3.0 mM; 
Ca 1.4 mM; Mg 0.8 mM; P 1.0 mM; Ci 155 mM) at 37 ℃ 
for 10  min before placing on ice. Vehicle group was 
injected with only ACSF instead of Pyk2-Inh to match 
the conditions of the experimental treatments. For the 
first 3  days, Pyk2-Inh or vehicle was injected into ICV 
region through an osmotic pump. This was followed by 
β-amyloid injection into each groups, with brain analy-
sis performed 3  days later (Fig.  5A). All evaluations for 
microglial (surface, volume, length, phagocytosis etc.), 
neuronal cell (neu-N+analysis) parameters were con-
ducted on the final day of the experiments.

Acute brain slice and imaging preparation
Mice were decapitated under anesthesia. The brains were 
dissociated on cold ACSF and sliced using a brain slicer 
at 1 mm thickness [52, 53]. Then, brain slices were fixed 
with 4% paraformaldehyde solution for 1  h. For further 
immunohistochemistry analysis, brain slices were incu-
bated in the RapiClear 1.52 solution as per the manufac-
turer’s instructions (SunJin Lab’s, Hsinchu City, Taiwan). 
The primary antibody of NeuN (Anti-mouse, Abcam, 
ab104224, 1:100) was used for immunohistochemistry. 
All slices were analyzed using a laser confocal scanning 
microscope (A1-ECLIPSE Ti2-E, Nikon, Japan) at X60 
magnification.

Measurement of IL‑6 by ELISA
The human IL-6 expression levels in the culture superna-
tant were analyzed using the human IL-6 ELISA  MAX™ 
Deluxe set (Biolegend, CA) according to the manufactur-
er’s instructions. Cells were seeded at a density of 1 ×  104 
cells/well in a 96-well plate and cultured for 24  h. Cells 
were pretreated with Pyk2 inhibitor as indicated concen-
tration for 3 h and the procedure was followed by expo-
sure to 1 μg/mL LPS (Escherichia coli serotype 0111:B4, 
Sigma) for 24 h. The supernatant was collected after cen-
trifugation was stored at − 20 ℃ until further use.

Statistical analysis
Results were shown as mean ± SEM. Statistical signifi-
cance was determined using GraphPad Prism 9 (Graph-
Pad Software Inc., CA) software program. The data were 
analyzed using Student’s t test for simple comparisons 
or One-way ANOVA for multiple comparisons. P-value 

of < 0.05 represented statistical significance. NS indicates 
that the result was not significant.

Results
Pharmacological inhibition of Pyk2 activity leads 
to the multinucleation of microglia
Pyk2−/− mice are viable and fertile, without disability in 
development or behavior [54]. However, macrophages 
isolated from Pyk2−/− mice were impaired to migrate in 
response to chemokine stimulation [54]. To investigate 
the morphological and functional effects of Pyk2 inhibi-
tion in microglia, MG6 cells were treated with various 
doses (range 100 to 1000  nM) of PF-431396 (hereafter 
referred to as Pyk2-Inh). Morphological analysis revealed 
the presence of multinucleated microglia in MG6 cells 
treated with 1000  nM Pyk2-Inh for 24  h whereas such 
cells were absent in the vehicle-treated group (Fig.  1A). 
Multinucleated microglia treated with Pyk2-Inh also 
showed intracellular expression of ionized calcium-
binding adaptor molecule 1 (Iba-1, green), a character-
istic marker of activated microglia, as well as Tubulin 
(magenta), a constituent of the cellular cytoskeleton 
(Fig. 1A). Significantly, quantitative morphometric analy-
sis showed that more than 30% of microglia were multi-
nucleated when treated with 1000 nM Pyk2-Inh for 24 h 
(Fig. 1B and C).

Next, we evaluated the effects of Pyk2 inhibition on 
MG6 cell proliferation using the Cell Counting Kit-8 
(CCK-8). Colony-Stimulating Factor 1 (CSF1) is known 
to regulate the survival, activation and proliferation of 
microglia [55], which are the resident immune cells of 
the CNS. By treating microglia with CSF1 showed to 
significantly enhance the cell proliferation, doubling 
compared to untreated conditions (Fig. 1D). Our find-
ings revealed a dose-dependent response to Pyk2-Inh 
treatment for 24 h. Specifically, MG6 cell proliferation 
remained unchanged at concentrations up to 100  nM 
Pyk2-Inh (97.46 ± 3.11%) compared to the CSF1-treated 
control group (100 ± 1.98%). However, a significant 
decrease in proliferation was noted in cells treated 
with 500  nM (96.60 ± 2.24%) and 1000  nM concentra-
tions (96.50 ± 1.75%) (Fig.  1D). Microglial survival 
relies on the CSF1 and CSF1 Receptor (CSF1R) sign-
aling pathway, which includes Pyk2, Fak, Src, and Erk 
(Fig.  1E and F). Phosphorylated Pyk2 levels increased 
in response to CSF1 treatment for 10  min but were 
significantly reduced following Pyk2-Inh treatment, 
which indicates Pyk2 activity was effectively inhib-
ited, with the p-Pyk2/Pyk2 ratio decreasing from 
1.35 ± 0.08 to 0.26 ± 0.11-fold. Similarly, Pyk2-Inh treat-
ment led to decreased phosphorylation of Fak and Src, 
with fold changes of 1.48 ± 0.17 to 0.22 ± 0.06-fold and 
1.38 ± 0.07 to 0.24 ± 0.11-fold, respectively, compared 
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to untreated conditions. Meanwhile, the expression of 
p-Erk signaling notably increased upon treatment with 
the Pyk2-Inh, with the p-Erk/Erk ratio increasing from 
0.82 ± 0.17 to 1.54 ± 0.14-fold. The mannose receptor, 

known to be expressed in microglia, could participate 
in multiple physiologic and pathologic conditions [56]. 
However, treatment with Pyk2-Inh did not elicit any 
significant changes.
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images (lower panel) were shown. Circles are indicated as multinucleated cells. C The quantification of the number of multinucleated cells/well 
(control: n = 4, Pyk2-Inh-500 nM: n = 4, Pyk2-Inh-1000 nM). D Cell proliferation was assessed by CCK-8. MG6 cells were treated with 100 μg/mL CSF1 
and indicated concentration of Pyk2-Inh (n = 6 per group, One-way ANOVA, p < 0.05). E Representatives immunoblot images. The ratio of p-Pyk2/
Pyk2, pFAK/FAK, p-ERK/ERK, p-Src/Src and Mannose receptor/Tubulin were described under the blot. Pyk2-Inh was administered as a pre-treatment 
two hours before stimulation with CSF1 (100 μg/mL). F Image quantification and analysis were performed. The same experiments were repeated 
three times. All full-length uncropped original western blots are included in a Sup. Fig. 4. Values are mean ± SD. #: negative control (without CSF1) vs 
control (with CSF1), ##: p < 0.01; *: control (with CSF1) vs Pyk2-Inh (with CSF1), *: p < 0.05; **: p < 0.01; ***: p-value < 0.001; ****: p-value < 0.0001
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Abnormal abscission during cytokinesis, rather than cell 
fusion, leads to multinucleation in microglia treated 
with Pyk2‑Inh
To better understand the process of multinucleation, 
live cell imaging was conducted after treatment with 
Pyk2-Inh (Fig.  2A). In the control group, microglial 
cell membranes constricted successfully during telo-
phase, with the separated chromosomes (stained blue 
with Hoechst 33,342). Following cell division, these 
cells naturally divided into two distinct daughter cells 
(Fig.  2A upper panel and Sup. Movie 1). In contrast, 
microglia treated with 1000  nM Pyk2-Inh showed 
divided chromosomes aligning at the centromere, with 
round shape of mature nuclei forming (confirmed with 
Hoechst 33,342 staining). Despite cell membrane con-
traction, these cells ultimately regressed to a single 

entity while retaining two nuclei over time (Fig.  2A 
lower panel and Sup. Movie 2). In Fig.  2B, the abnor-
malities in cell division were quantified for the control 
group (n = 4) and the Pyk2-Inh-treated group (n = 4). 
The percentage of appropriate and inappropriate divi-
sions was compared to the total number of cells in 
each treatment group. As a result, the control group 
showed appropriate division (14.3 ± 7.69%) and inap-
propriate division (0%), but the Pyk2-Inh-treated group 
showed appropriate division (2.42 ± 1.84%) and inap-
propriate division (10.76 ± 4.78%). Statistically, within 
the Pyk2-Inh-treated group, the comparison between 
appropriate and inappropriate division showed a signif-
icant increase in inappropriate divisions. Additionally, 
compared to the control group, the Pyk2-Inh-treated 

A

Co
nt

ro
l

04’30”00’75” 06’30” 06’55”

14’60”08’35” 20’10” 22’60”Py
k2

-In
h 

(1
00

0 
nM

) 

C

An�-Pericentrin  An�-Tubulin Phalloidin DAPI

Co
nt

ro
l

Py
k2

-In
h 

(1
00

0 
nM

)

25 μM

25 μM

25 μM

B

Fig. 2 Multinucleated cells are generated from abscission failure in cytokinesis, not cell fusion. A Dynamics of cell division by time-lapse video 
microscopy. The phase contrast images of the microglia’s mitosis at different times. Nuclei were observed with Hoechst 33,342 staining. Arrowheads 
indicate representative images from anaphase to cytokinesis (control: n = 4, Pyk2-Inh: n = 4). B Cell division was quantified, categorizing it 
as either appropriate or inappropriate, in both control (n = 4) and Pyk2-Inh treated groups (n = 4). C Fluorescence images of microglia cells showing 
the stages of cell division. Immunocytochemistry of MG6 cells stained with anti-Pericentrin (red), anti-β-tubulin (green) and phalloidin (white). 
Nuclear DNA was labeled with DAPI (blue). Independent experiments were performed at least three times
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group showed a significant decrease in appropriate 
divisions and a significant increase in inappropriate 
divisions. This demonstrates that Pyk2 inhibitor treat-
ment induces multinucleation due to abnormalities in 
division.

To investigate the cell division process more closely, 
immunofluorescence staining was utilized to high-
light actin, microtubules, and centrosomes (Fig.  2C). 
This approach revealed that in multinucleated micro-
glia treated with Pyk2-Inh, microtubule bundle (shown 
in green, indicated by red arrow) continued to persist 
between two cells after cell division and eventually to 
reaggregate into a single entity (Fig.  2C lower panels). 
The cleavage furrow in this process may be functionally 
defected, which is a crucial player in constricting the 
cell membrane and separating it into two daughter cells 
[57]. Since centrosomes are pivotal during cell division 
[58, 59], we confirmed whether appropriate cell division 
occurs by constructing an appropriate division appara-
tus around each nucleus in multinucleated microglia by 
Pyk2-Inh. There were no observed defects in centrosome 
formation, as indicated by staining with anti-Pericentrin 
(shown in red). These results indicate that multinuclea-
tion induced by Pyk2 inhibition results in improper cell 
division due to abscission failure attributed to cytoskel-
etal abnormalities, rather than cell fusion.

Multinucleated microglia enhance phagocytotic function 
compared to mononucleated microglia
To assess functional differences in phagocytic activ-
ity between multinucleated and mononuclear microglia 
after Pyk2 inhibition, phagocytic function was quanti-
fied. Both mononuclear and multinucleated microglia, 
isolated by FAC sorting following Pyk2-Inh treatment 
(Sup. Figure 1), were then exposed to pHrodo BioParti-
cles-Red, a fluorogenic phagocytic substrate derived from 
E. coli. Microglia treated with Pyk2-Inh and untreated 
(control) mononuclear microglia efficiently engulfed the 
BioParticles (Fig.  3A upper panel). To further examine 
the differences in phagocytosis between mononucleated 
and multinucleated microglia, cells treated with Pyk2-Inh 

underwent confocal microscopy analysis to produce 
three-dimensional images of the phagocytosed BioParti-
cles (Red). For imaging analysis, the entire cell cytoskel-
etal was stained with phalloidin (green), and the nucleus 
was stained with DAPI (white) to distinguish between 
mononuclear and multinuclear cell (Fig.  3A upper pan-
els). Subsequently, these images were quantified using 
IMARIS imaging software (Fig.  3A lower panel and B). 
We observed no difference in phagocytosis between 
control and Pyk2-Inh treated mononucleated microglia; 
however, Pyk2-Inh treated multinucleated microglia 
exhibited a significant increase in phagocytosis (Fig. 3B). 
The average number of BioParticles phagocytosed per 
cell was counted as 86.46 ± 38.52 in the naïve control 
group (n = 4 per group), 106.7 ± 69.63 in the Pyk2-Inh-
mono group (n = 4 per group), and 199.05 ± 98.91 in the 
Pyk2-Inh-multi group (n = 4 per group). Each independ-
ent experiment was conducted at three times to analyze 
the number of cells in Fig. 3B.

Next, we examined how phagocytosis evolved over 
time following Pyk2-Inh treatment. Cells separated 
through FAC sorting were cultured, and exposed to 
pHrodo BioParticles, and the fluorescence intensity was 
recorded at designated time intervals (Fig.  3C and D). 
Notably, in multinucleated cells, a marked enhancement 
in fluorescence, indicative of increased phagocytic activ-
ity, was observed beginning 3  h after pHrodo BioParti-
cles treatment (Fig. 3D). Compared to the control group 
(phagocytosis average 100%), the phagocytosis of Pyk2-
Inh treated multinucleated microglia increased more 
than twofold to 226.21% at 4  h (Fig.  3E). In contrast, 
the Pyk2-Inh treated mononucleated microglia group 
showed a decreased, averaging 81.77%, although this was 
not statistically significant. Additionally, considering that 
multinucleated cells may either be short-lived or revert 
to a mononuclear state via cytokinesis, we investigated 
the survival differences between multinucleated and 
mononucleated microglia. The survival rates of each cell 
type, post-sorting, were monitored over 24  h using the 
CCK-8 (Fig. 3F). Multinucleated cells by Pyk2-Inh dem-
onstrated a slight increase in cell proliferation compared 

Fig. 3 Comparison of phagocytotic function in multinucleated versus mononucleated microglia. A Immunofluorescence imaging depicting 
phagocytosis of pHrodo Red E.coli BioParticles by mononuclear and multinucleated MG6 cells after exposure to Pyk2-Inh. Cells were treated 
with pHrodo Red E. coli BioParticles for 1 h and fixed with paraformaldehyde. Actin cytoskeleton and nuclear DNA were stained with phalloidin 
(green) and DAPI (white), respectively. Engulfed red fluorescein were detected by microscopy and analyzed by IMARIS software (lower panel). B 
Bioparticles engulfed in each cell were quantified and compared. multi/n means divided by the number of nuclei in multinucleated microglia (n = 4 
per group). C Mononuclear and multinucleated microglia were separated by fluorescence-activated cell sorting (FACS) and treated pHrodo-Red 
E. coli for 30 min. D, E Sorted Cells were labeled with pHrodo Red E. coli BioParticles for the indicated time and fluorescein was measured 
by fluorescence detector (n = 8 per group). On 4-h incubation with BioParticles, fluorescein intensity was indicated in bar graph. F CCK-8 assay 
was used to measure the proliferation of each type of microglia. Sorted cells were incubated for 24 h and proliferation assay were conducted (n = 4 
per group). Values are mean ± SD. *: p < 0.05; **: p < 0.01; ***: p-value < 0.001; ****: p-value < 0.0001

(See figure on next page.)
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to the naïve control or Pyk2-Inh-mononuclear micro-
glia, assuming that their cell size is larger than that of 

mononuclear cells. In contrast, mononucleated microglia 
treated with Pyk2-Inh showed no significant proliferation 
alteration.
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Microglia treated with Pyk2‑Inh demonstrate normal 
lysosomal activity in response to soluble Aβ species
An increase in phagocytic activity was observed follow-
ing Pyk2-Inh treatment, particularly in multinucleated 
microglia. Subsequently, we assessed whether phagocy-
tosed soluble Aβ species could be effectively degraded 
by measuring lysosomal activity. Microglia treated with 
Pyk2-Inh were additionally exposed to an AD-relevant 
substrate, Aβ peptides (1–42, 500  ng/mL). After 24  h, 
both control and Pyk2-Inh treated microglia cells were 
harvested, lysed, and subjected to immunoblotting to 
measure the relative protein levels of phosphorylated 
Pyk2, Lamp1, and phosphorylated Erk (Fig.  4A and 
B). Exposure to Aβ significantly increased the phos-
phorylation of Pyk2 (ratio 1.34 ± 0.29 to 4.43 ± 1.25-
fold) and reduced Lamp1 expression (ratio 2.69 ± 0.57 
to 1.59 ± 0.37-fold) under CSF1 presence, indicating a 
suppression of lysosomal activity in microglia (Fig.  4A 
and B). Interestingly, Pyk2 phosphorylation was sup-
pressed by Pyk2-Inh treatment (ratio 4.43 ± 1.25 to 
0.45 ± 0.11-fold), and Lamp1 expression levels were sig-
nificantly restored following treatment with Pyk2-Inh 
(ratio 1.59 ± 0.37 to 2.92 ± 0.54-fold). Similar to Fig.  1E, 
the phosphorylation of Erk increased with or without 
Aβ peptides under Pyk2-Inh treatment. To visualize 
amyloid phagocytosis, microglia cells were treated with 
HiLyte-555 labelled Aβ42 (500  ng/mL). It was observed 
that microglia treated with Pyk2-Inh exhibited enhanced 
phagocytic activity and higher affinity for amyloid pep-
tide. Quantitative analysis showed that the Pyk2-Inh 
(1000  nM) treated group engulfed more Aβ42 spots 
(average of 16.2 per cell) compared to the control group 
(average of 5.7 per cell) (Fig. 4C and D). Additionally, to 
confirm lysosomal activity, we performed a fluorescence 
dequenching assay using  DQ™ Green BSA to assess pro-
tease function (Fig.  4E and F). After administered with 
DQ green BSA for 3 h, intracellular accumulation of fluo-
rescein derivatives (green) was observed (Fig. 4E). In the 

group treated with Pyk2-Inh (1000  nM), fluorescence 
intensity of dequenched BODIPY significantly increased 
compared to control group, indicating higher lysosomal 
activity (Fig. 4F).

The sorted cells were further analyzed for the tran-
scription levels of phagocytosis-related receptors, such as 
Trem2, Cd36 and Cd74, along with the phagocytosis sub-
strate gene, Apoe (Fig.  4G). In multinucleated microglia 
treated with Pyk2-Inh, Trem2 and Cd36 exhibited signifi-
cant up-regulation, with 1.9-fold and 3.1-fold increases 
in transcriptional levels, respectively, whereas Cd74 and 
Apoe were down-regulated. The transcript level of CD33, 
a gene associated with LOAD risk and known to inhib-
its Aβ phagocytosis, was reduced in Pyk2-Inh-mono but 
comparable to Pyk2-Inh-multinucleated cells when com-
pared to control group. Collectively, our findings indicate 
that Pyk2 inhibition not only amplifies phagocytosis in 
microglia—particularly in multinucleated ones—but also 
enhances the lysosomal activity and the degradation of 
phagocytosed substrates within these cells.

Morphological changes in microglia observed in the brains 
of Iba‑1 EGFP Tg mice
To examine the in vivo microglial response to Pyk2-Inh, 
we established an acute Aβ accumulation model using 
Iba1-EGFP Tg mice as illustrated in Fig.  5A. Pyk2-Inh 
and HiLyte-555 labelled Aβ42 were delivered into the 
mouse brain through a brain infusion kit connected 
to an osmotic pump. After 72  h of infusion, the Pyk2-
Inh treated group exhibited distinct morphological 
changes—enlarged cell bodies and shortened ramifica-
tion—compared to typical naïve microglia, which have 
thin and elongated ramification (Fig.  5B). Morphologi-
cal changes were quantitatively analyzed using IMARIS 
software. In the Pyk2-Inh treated group compared to 
the control group, cell surface area (μm2) significantly 
increased from 103.322 to 267.263, while ramification 
volume (μm3) and length (μm) decreased from 2.11 to 

(See figure on next page.)
Fig. 4 Pyk2 inhibition stimulates β-amyloid-induced phagocytotic function in multinucleated microglia. A Immunoblot of microglia cells 
after treatment with 1000 nM Pyk2-Inh and 500 ng/mL β-amyloid oligomers (1–42). Cells were treated with 100 ng/mL CSF-1 and 1000 nM 
Pyk2-Inh for 24 h. Cell lysates were subjected to immunoblotting of p-Pyk2/Pyk2, Lamp1 and p-Erk/Erk. Tubulin was used as a loading control. B 
The quantification of immunoblotting data measured by ImageJ. The same experiments were repeated three times. All full-length uncropped 
original western blots are included in a Sup. Fig. 5. #: significance between negative control (without CSF1) and control (with CSF1) under β-amyloid 
absence, #: p < 0.05; ##: p < 0.01; *: significance between control (with CSF1) and Pyk2-Inh (with CSF1) under β-amyloid presence, *: p < 0.05; **: 
p < 0.01; ns; not significant. C Immunocytochemical imaging depicted phagocytosis of Aβ (1–42, 500 ng/mL)-Fluor 555 (red) labeled oligomers 
by microglia cells after exposure to Pyk2-Inh. Cells were stained with anti-Iba1 (cyan) and nuclear DNA was stained with DAPI (white). Scale 
bar is 20 μm. D The quantification of number of spots per cell. After obtaining three-dimensional images, β-amyloid are quantified by a spot analysis 
using ImageJ. E Lysosomal function was assessed using  DQ™ Green BSA. Intracellular accumulation of fluorescein derivatives (green) was observed. 
Scale bar is 100 μm. F Fluorescence intensities of dequenched BODIPY resulting from proteolysis activity were measured using a fluorescence plate 
reader. G The transcriptional expression of Trem2, Cd36, Cd74 and Apoe in control and Pyk2 inhibitor treated group in microglia cells. Values are 
mean ± SD. *: p < 0.05; **: p < 0.01; ***: p-value < 0.001; ****: p-value < 0.0001
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1.78 and from 7.43 to 6.22, respectively (Fig. 5C and D). 
Surprisingly, compared to controls, Pyk2-Inh-treated 
microglia showed increased association with amyloid 
spots (Fig. 5E, marked by orange spots). The quantifica-
tion of yellow fluorescence, which represents the merge 
of green and red signal and serves an indicative for 

internalized Aβ42, revealed a significantly higher density 
of Aβ spots per cell in the Pyk2-Inh-treated group com-
pared to the control group (6.99 for Pyk2-Inh-treated vs. 
2.27 for control). Additionally, there was an increased 
presence of microglia surrounding the Aβ deposits in the 
Pyk2-Inh-treated group compared to the control group 
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Fig. 5 Altered morphological features and phagocytic function in microglia of Iba-1 EGFP Tg mice brain after Pyk2-Inh infusion. A The 
experimental schedule for brain infusion assay in Iba1-EGFP Tg 7-week-old mice (n = 3/group). B Confocal images of GFP positive microglia (green) 
and β-amyloid (red). Obtained brain slices (thickness ≤ 1.0 mm) were treated with RapiClear 1.52 for tissue clearing and immunohistochemical 
assay was conducted. C, D Morphological changes were analyzed by IMARIS software. Cell surface, dendrite volume, and dendrite length were 
quantified. E Spot analysis by IMARIS software. F, G Quantification of the number of β-amyloid spots per cell and number of microglia deposits. H 
Representative confocal image of multinucleated microglia (indicated red arrow). Brain slices were stained with anti-NeuN (white) and nuclear DNA 
was stained with DAPI (white). Values are mean ± SD. *: p < 0.05; **: p < 0.01; ***: p-value < 0.001; ****: p-value < 0.0001
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(9 for Pyk2-Inh-treated vs. 3 for control) (Fig. 5F and G). 
We also occasionally observed the multinucleated micro-
glia in the brain tissue (Fig.  5H). These were quantified 
as ratio of multinucleated microglia per mononuclear 
microglia from each brain section (Sup. Figure  2A and 
B). We identified microglia as Iba1-EGFP-positive cells 
in brain sections, and defied multinucleated microglia 
as those merged with DAPI-positive staining. Quan-
tification was performed by assessing the proportion 
of multinucleated microglia among the total microglia 
count in the imaging. The results showed that the total 
microglia count was 42 ± 6.67 in the control group and 
44.2 ± 7.46 in the Pyk2-Inh treated group, with propor-
tion of multinucleated microglia being 0.017 ± 0.016 
in the control group and 0-0.08 ± 0.019 in the Pyk2-Inh 
treated group. This indicates a 4.56-fold increase in mult-
inucleated microglia observed in the brain tissue due to 
Py2-Inh treatment compared to the control. In addition, 
we performed the immunohistochemistry for NeuN, 
which is specific marker for neurons. The total count of 
NeuN-positive cells was quantified (Sup. Figure  2C and 
D). Although Py2-Inh induced multinucleated microglia 
in mouse brain tissue, the number of neurons was com-
parable to the control group. This suggests that Pyk2 
inhibition could be an effective approach to improve Aβ 
clearance by enhancing microglial phagocytosis and lyso-
somal functions without being detrimental to neurons.

Pyk2 inhibition attenuates LPS‑induced inflammatory 
responses of microglia
Given the varying translatability of murine AD data to 
the actual human disease, we proceeded to investigate 
the human microglia cell line, HMC3. Initially, we exam-
ined whether a Pyk2 inhibitor induces multinucleation 
in human microglia. As depicted in Sup. Figure  3A, we 
observed a significant increase in microglia with two or 
more nuclei, with percentages of 14.47% at 500 nM and 
23.27% at 1000 nM of the Pyk2-Inh, compared to 7.43% 
in the control group (Sup. Figure 3B). Activated microglia 
play a complex role in neurodegenerative diseases, acting 
as both beneficial immune responders and detrimental 
inflammatory mediators. Next, we examined the inflam-
matory response using HMC3 cells. We pre-treated 
human microglia cells (HMC3) with Pyk2-Inh for 3  h, 
followed by LPS stimulation for another 3 h. LPS is fre-
quently used as a stimulus to investigate microglial reac-
tivity and pro-inflammatory responses [60–62]. We then 
measured their inflammatory responses. Pyk2-Inh treat-
ment significantly reduced the mRNA expression levels 
of IL1B, IL6, and TNF, well-characterized inflammatory 
response genes (Fig. 6A). To corroborate these findings, 
secreted IL-6 protein levels in the culture medium, meas-
ured by ELISA (Fig.  6B), were significantly lower in the 

Pyk2-Inh-pretreated group compared to the LPS-stim-
ulated control group, consistent with the mRNA level 
data, further supporting the anti-inflammatory effects of 
Pyk2 inhibition. Next, we investigated the downstream 
signaling of LPS stimulation using Western blot analy-
sis (Fig.  6C). The inflammatory mater regulator, NF-kB, 
is activated by LPS. The phosphorylation of NF-kB rap-
idly responds to LPS, initiating inflammatory responses. 
The expression of NF-kB markedly increased 15  min 
after LPS priming compared to 0  min (from 0.51 ± 0.31 
to 1.53 ± 0.35-fold). Conversely, in the presence of Pyk2-
Inh, stimulation of microglia by LPS results in decreased 
expression of NF-kB as early as the 0–5-min time point, 
significantly decreasing from 1.53 ± 0.35 to 0.92 ± 0.37 at 
15  min (Fig.  6D). Thus, the suppression of phosphoryl-
ated form of NF-kB due to Pyk2-Inh suggests a reduction 
in LPS-induced inflammatory responses mediated by 
NF-kB inhibition.

Discussions
Effective clearance of Aβ oligomers and insoluble fibrils 
by microglia is important for preventing or slowing down 
senile plaque formation and other pathophysiological 
changes in AD. During the preclinical and early stages of 
AD, activating microglia is crucial for efficient Aβ clear-
ance [63]. Enhanced phagocytosis improves the clearance 
of pathogens, dead cells, and debris, which is essential for 
preventing infections and maintaining a healthy neural 
environment [64]. In contrast, late-stage dysfunction and 
persistent activation of microglia and enhanced phago-
cytosis can lead to chronic inflammation. In some cases, 
overactive phagocytosis can result in the engulfment and 
destruction of healthy neurons and synapses, contribut-
ing to neurodegeneration and cognitive decline [65]. This 
complex, dual nature of microglia in AD presents chal-
lenges in pinpointing targets and demonstrating treat-
ment effectiveness. Therefore, understanding the balance 
and regulation of microglia phagocytosis is crucial for 
developing therapeutic strategies for a variety of neuro-
logical conditions.

The pathogenesis of AD is multifactorial, involving 
several key pathological hallmarks: amyloid plaques 
accumulation, tau protein abnormalities and neuroin-
flammation [66]. Amyloid plaques are composed of the 
β-amyloid peptide Aβ1-42, a toxic derivative of the amy-
loid precursor protein (APP), while neurofibrillary tan-
gles are formed from aggregates of hyperphosphorylated 
Tau, a microtubule-binding protein. Recent GWAS have 
identified PTK2B as a susceptibility locus for AD [29–
31, 67–69], pointing to the Pyk2 may play a role in the 
AD pathology. Pyk2 phosphorylation shows heightened 
activity in wild-type mouse brain slices exposed to Aβ 
oligomer and in aged APPswe/PS1ΔE9 transgenic mouse 
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brain [70, 71]. Pyk2 is part of a signaling cascade trig-
gered by oligomeric Aβ (Aβo) [72]. This cascade involves 
the cellular prion protein (PrPc), which act as a receptor 
of Aβo, and interacts with mGluR5, Homer1b/c, Pyk2, 
and  Ca2+/calmodulin-dependent protein kinase II [70]. 
These cascade phosphorylated Tau, potentially facili-
tating its aggregation and the formation of neurofibril-
lary tangles. The absence of Pyk2 exacerbates mutant 
Tau-dependent phenotypes in PS19 mice, partly due to 
increased LKB1 and MAPK activity [73]. These data sug-
gest that while Pyk2 activity mediates Aβ-driven deficits 
AD, it also suppresses Tau-related phenotypes. Addition-
ally, Pyk2 KO also improves dendritic spine loss induced 
by Aβo, likely by alleviating the inhibition of Graf1c, a 
RhoA GTPase-activating protein by Pyk2 [74]. Similarly, 
our results showed that despite the increased phagocytic 
function of microglia by Pyk2 inhibition, there was no 
significant difference in the number of neurons meas-
ured by the NeuN marker between the control group and 

Pyk2-Inh treated group. Therefore, Pyk2 inhibition may 
does not affect neuronal loss. Collectively, these find-
ings indicate that Pyk2 may contribute to tauopathy by 
directly and indirectly modifying Tau phosphorylation 
at multiple sites. Thus, Pyk2 is a promising candidate for 
linking Aβ and tau pathology within the amyloid cascade 
hypothesis.

In the current study, we developed an assay to assess 
microglial function, exploring Pyk2-Inh’s effects on Aβ 
clearance. Notably, Pyk2 inhibition induced multinu-
cleated microglia formation, associated with improved 
phagocytic and proteolytic capabilities. Multinucle-
ated microglia represent a unique and intriguing aspect 
of microglial biology, frequently associated with severe 
chronic pathological conditions [75]. These cells are 
prominently observed in conditions such as HIV/AIDS 
encephalopathy [75, 76], which suggests their gen-
esis may be attributed to cell fusion processes activated 
by viral presence within microglia. The formation of 
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multinucleated cells deviates from the conventional 
behavior of microglia, which are typically character-
ized by a territorial disposition and exhibit pronounced 
contact inhibition, delineated by a slim and extensively 
branched morphology [77]. The precise biological pur-
pose and consequence of multinucleated microglia for-
mation are yet to be elucidated. These cells may arise 
through mechanisms such as failed cell division, cell 
fusion or other forms of cellular stress [76, 78, 79]. Unlike 
osteoclasts, where multinucleation is irreversible [80], 
microglial multinucleation is reversible. This raises ques-
tions about the functional relevance of this phenomenon. 
The increased size of multinucleated microglia hints at 
a potential specialization for enhanced phagocytosis, 
allowing them to engulf larger cellular debris or particu-
late matter.

Pyk2 also plays an important role in inflammatory 
diseases [54, 81]. In  vitro, Pyk2 acts downstream of 
PKC to mediate the secretion of neurotoxic factors by 
microglia in response to Aβ stimulation [82]. TRPM2, a 
ROS-sensitive calcium channel expressed in neurons, 
astrocytes, and microglia, has been linked to numerous 
neurological diseases [83]. In monocytes (circulating 
macrophages), TRPM2 activates the Pyk2/ERK pathway, 
leading to chemokine production and increased inflam-
mation [84]. This pathway is crucial for microglia activa-
tion by Aβ1-42, resulting in the release of cytotoxic tumor 
necrosis factor-ɑ (TNF-ɑ). Pyk2 enhances this process 
through positive feedback on the TRPM2 channel [85]. 
In microglia treated with Pyk2-Inh, we observed a sig-
nificant decrease in LPS-induced inflammatory response, 
accompanied by decrease of phosphorylated NF-kB and 
reduced transcriptional expression of inflammatory 
genes, including IL1β, IL6, and TNF. This reduction in 
inflammatory response could be attributed to Pyk2 inhi-
bition potentially interfering with the Pyk2 and MyD88 
interaction [42]. MyD88 is essential for linking LPS-acti-
vated TLRs with the Pyk2/IRF4 complex [42, 86], under-
scoring the significance of targeting these interactions in 
therapeutic strategies designed to enhance Aβ clearance 
mechanisms in neuroinflammatory and neurodegenera-
tive disorders while simultaneously reducing pro-inflam-
matory signals.

One limitation of this study is the specificity of the Pyk2 
inhibitor, PF-431396. This small molecule inhibitor tar-
gets PTK2B, but due to Pyk2’s 65% homology and shared 
domain structure with FAK [87–89], PF-431396 can 
also inhibit FAK activity, as demonstrated in immunob-
lot assay (Fig.  1E). Despite this limitation, our research 
identifies a significant benefit of PF-431396 in trigger-
ing multinucleated microglia formation, associated with 
enhanced phagocytic capabilities. The exclusive enhance-
ment of phagocytic activity in multinucleated microglia 

treated with PF-431396 underscores the potential sig-
nificance of Pyk2/FAK pathways in microglial phagocy-
tosis, meriting further exploration. Additionally, ongoing 
Phase II clinical trials of FAK inhibitors for breast cancer 
metastasis inhibition [90], and studies on the efficacy of 
dual Pyk2/FAK inhibitors in such contexts, underscore 
the broader therapeutic potential of targeting these sign-
aling pathways [91]. 

There is a critical need for further research to eluci-
date the mechanisms that Pyk2 plays in diverse AD ani-
mal models and to assess their applicability to human 
diseases. AD genetic mouse models (e.g., App/Psen1 or 
5xFAD) are commonly used to mimic the pathophysiol-
ogy of AD and evaluate potential therapeutic interven-
tions [92, 93]. However, the fact that we only validated 
the effects of the Pyk2 inhibitor in an acute AD model 
and did not assess its efficacy in an AD genetic mouse 
model raises important consideration for discussion. 
While acute AD models allow for rapid assessment of 
therapeutic effects, AD genetic mouse model more 
closely recapitulate the progressive nature and complex-
ity of AD observed in humans. Therefore, the lack of vali-
dation in AD genetic models raises questions about the 
translational potential of our findings and underscores 
the need for further investigation in models that bet-
ter represent the disease phenotype. Lastly, considering 
alternative models or experimental approaches that bet-
ter reflect the genetic complexity and progressive nature 
of AD can enhance the translational relevance of our 
findings. This may include utilizing transgenic mouse 
models expressing familial AD mutations or incorporat-
ing in vitro models with human-derived cells and genetic 
variants associated with AD.

Supporting the positive role of Pyk2, studies have 
shown reduced Tyr402 phosphorylation levels in the hip-
pocampus can be mitigated by overexpressing Pyk2 in 
this brain region. This overexpression restores autophos-
phorylated Pyk2 levels, enhances synaptic markers, and 
improve performance in behavioral tasks, despite a slight 
increase in plaque number in 5XFAD mice [94]. Fur-
thermore, overexpressing Pyk2 in hippocampal neurons 
within a microfluidic culture system has been shown to 
protect these neurons from Aβ1-42 toxicity [95]. Although 
the precise role of elevated Pyk2 expression in micro-
glia and its contribution to AD pathology has yet to be 
explored, it is conceivable that Pyk2 significantly modu-
lates microglial activity, neuroinflammatory responses, 
and synaptic integrity. While inhibition of Pyk2 has been 
shown to reduce pathological tau phosphorylation and 
neuroinflammation as discussed in earlier, overexpres-
sion studies indicate that Pyk2 may also play a protec-
tive role by enhancing synaptic plasticity and neuronal 
survival. The seemingly contradictory effects of Pyk2 
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inhibition and overexpression could be attributed to the 
specific cellular contexts or stages of the disease in which 
Pyk2 activity is modulated. Additionally, compensatory 
mechanisms and the precise levels of Pyk2 activity might 
critically influence the outcomes. Therefore, further stud-
ies are required to elucidate the conditions under which 
Pyk2 inhibition or overexpression can be therapeutically 
beneficial, take into account the functional diversity and 
regulatory mechanisms of Pyk2 in AD pathology.

In this study, we found a novel discovery that microglia 
undergo multinucleation upon inhibition of Pyk2 using 
PF-431396, and we demonstrated that this multinuclea-
tion correlates with an increased ability of the cells to 
engulf Aβ. Specifically, activated microglia are known 
to exert phagocytotic activity particularly heightened 
by inflammation. However, these multinucleated micro-
glia not only do not exacerbate inflammatory responses 
induced by LPS but also facilitate the clearance of Aβ. 
Intriguingly, we noted an increased affinity for amy-
loid spots around Pyk2-Inh-treated microglia, particu-
larly in multinucleated microglia in  vitro, and observed 
enhanced migration of microglia around amyloid depos-
its in vivo. These findings suggest a potential therapeutic 
avenue for inflammatory neurodegenerative disorders, 
where inflammation could be mitigated while promoting 
Aβ clearance.
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