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Abstract

ArfGAP, with dual PH domain-containing protein 1/Centaurin-a1 (ADAP1/CentA1), is a brain-enriched and
highly conserved Arf6 GTPase-activating and Ras-anchoring protein. CentA1 is involved in dendritic out-
growth and arborization, synaptogenesis, and axonal polarization by regulating the actin cytoskeleton
dynamics. CentA1 upregulation and association with amyloid plagues in the human Alzheimer’s disease
(AD) brain suggest the role of this protein in AD progression. To understand the role of CentA1 in neurode-
generation, we crossbred CentA1 knock-out (KO) mice with the J20 mouse model of AD. We evaluated AD-
associated behavioral and neuropathological hallmarks and gene expression profiles in J20 and J20
crossed with CentA1 KO (J20xK0) male mice to determine the impact of eliminating CentA1 expression
on AD-related phenotypes. Spatial memory assessed by the Morris water maze test showed significant
impairment in J20 mice, which was rescued in J20xKO mice. Moreover, neuropathological hallmarks of
AD, such as amyloid plaque deposits and neuroinflammation, were significantly reduced in J20xKO
mice. To identify potential mediators of AD phenotype rescue, we analyzed differentially expressed genes
between genotypes. We found that changes in the gene profile by deletion of CentA1 from J20 (J20xKO vs
J20) were anticorrelated with changes caused by APP overexpression (J20 vs wild type), consistent with
rescue of J20 phenotypes by CentA1 KO. In summary, our data indicate that CentA1 is required for the
progression of AD phenotypes in this model and that targeting CentA1 signaling might have therapeutic
potential for AD prevention or treatment.

Key words: aging; Alzheimer’'s disease; dendritic spines; neuroinflammation; neuronal signaling;
transcriptome

Significance Statement

ADAP1/Centaurin-a1 (CentA1) is highly enriched in the brain, and an increased CentA1 level has been
linked to Alzheimer’s disease (AD). However, the precise role of CentA1 in the pathogenesis of AD is
poorly understood. We found that genetic deletion of CentA1 in the AD model mice rescues the path-
ological hallmarks of AD, including loss of dendritic spines in the hippocampus, amyloid plaque deposi-
tion, neuroinflammation, and spatial memory deficits. Transcriptome analysis of the forebrain
demonstrated that gene expression changes caused by APP overexpression were restored in J20
mice lacking CentA1. These findings support the role of CentA1 in AD progression.

Introduction
Alzheimer’s disease (AD) is a pervasive neurodegenerative condition characterized
by progressive decline of memory and cognitive function (McKhann et al., 2011; Dawson
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et al., 2018; van der Flier et al., 2023). Extracellular amyloid plaque depositions, formation of
intracellular neurofibrillary tangles, widespread neuroinflammation, neuronal cell death, and
alterations in brain morphology are the major pathologies of AD (De Strooper and Karran,
2016; Long and Holtzman, 2019; Manno et al., 2019). However, the molecular complexity
underlying these pathological transformations is poorly understood. Early in AD, soluble
AB oligomer-induced loss of dendritic spines, aberrant synaptic remodeling, and abnormal
synaptic transmission cause deficits in the activity of the networks mediating cognitive func-
tions and learning and memory (Jacobsen et al., 2006; Wei et al., 2010; Li et al., 2011;
Kommaddi et al., 2018). Several molecular signaling mechanisms have been implicated in
the AB-triggered synaptic dysfunction, including elK2a kinases, NMDA receptor signaling,
the Ras-ERK pathway, CAMKK2-AMPK kinase pathway, GSK3, and the Centaurin-a1
(CentA1)-Ras-Elk1 signaling at mitochondria (Ma et al., 2013; Mairet-Coello et al., 2013;
Szatmari et al., 2013; Sinnen et al., 2016; Kirouac et al., 2017). CentA1 is highly expressed
in brain areas involved in AD, including the hippocampus (Hammonds-Odie et al., 1996;
Sedehizade et al., 2002; Aggensteiner and Reiser, 2003). In neurons, CentA1 is expressed
in the axon (Kreutz et al., 1997; Stricker et al., 1997), dendrites, dendritic spines, and
the nucleus (Yoshimura et al., 2004; Moore et al., 2007), and it is localized to the plasma
membrane and the mitochondria (Stricker and Reiser, 2014).

Structurally, CentA1 is a multidomain protein with an ArfGAP domain, which targets
Arf6, and two PH domains (Thacker et al., 2004; Venkateswarlu et al., 2005). CentA1
interacts with several signaling molecules, including PI3K; cytoskeletal, nuclear, and
mitochondrial proteins; and cytosolic kinases, providing a scaffolding platform for these
proteins (Stricker and Reiser, 2014). Additionally, CentA1 interacts with Ras and facilitates
the activation of the Ras-ERK1/2 pathway (Hayashi et al., 2006; Szatmari et al., 2013).

Several studies suggested that CentA1 is involved in AD progression. In the postmortem
human AD brain, the level of CentA1 increases, particularly around neuritic plaques (Reiser
and Bernstein, 2002, 2004; Stricker and Reiser, 2014). Using cellular models of AD, it was
previously reported that in cultured neurons and hippocampal slices, AB-induced dendri-
tic spine loss and aberrant spine structural plasticity are significantly suppressed if CentA1
is downregulated via shRNA (Szatmari et al., 2013). In addition, CentA1 knock-out
(KO) mice exhibited enhanced dendritic spine density and structural LTP in the hippocam-
pus and improved performance in a hippocampus-dependent spatial memory task
(Szatmari et al., 2021).

In this study, to verify the involvement of CentA1 in the molecular pathogenesis of AD,
we evaluated AD-related phenotypes in the J20 mouse model of AD, in which CentA1 is
knocked out (J20xKO). The J20 mouse model overexpresses human APP (hAPP) with
Swedish and Indiana mutations. These mice simulate several hallmarks of sporadic and
autosomal dominant AD, including neuroinflammation, cerebral A plaque burden, synap-
tic dysfunction, spontaneous epileptic activity, and deficits in spatial memory and learning
(Mucke et al., 2000; Verret et al., 2012; Suberbielle et al., 2013; Wright et al., 2013). Using
histological analysis, biochemical studies, and behavioral assay, we found that the
removal of CentA1 rescues many of the pathological hallmarks of J20, including dendritic
spine elimination, amyloid plaque deposition, inflammatory elevation, and learning impair-
ment. Differentially expressed gene (DEG) analysis indicated that CentA1 KO restores the
expression of many genes abnormally regulated in J20 animals. Thus, we conclude that
CentA1 signaling represents a promising therapeutic target for treating AD.

Materials and Methods
Animals

All mice were housed in an Animal Resource Facility compliant with the US National
Institutes of Health Guide for Care and Use of Laboratory Animals. CentA1 KO mice
previously described (Szatmari et al., 2021) were crossbred with the J20 mouse model
of AD. J20 mice (Mucke et al., 2000) were in-house bred by crossing heterozygous and
wild-type (WT; C57BL/6) mice. J20 mice were heterozygous for transgene. Genotyping
was performed before experiments using PCR of genomic DNA extracted from ear snip
material (Transnetyx). At the end of the experiment, the genotype was reconfirmed
by Western blotting of brain samples. Mice were group-housed (2-4 mice/cage), and lit-
termates were randomly distributed over different cages. Nontransgenic littermates,
referred to as WT mice, were used as controls. Only male mice were used for this study.
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The experimental groups were J20, J20 crossed with CentA1 KO (J20xKO); controls were WT littermates, ensuring that the
mice were from the same parents, living in the same cage and uniformly affected by environmental factors.

Immunofiluorescence (IF) staining and imaging

We used a previously described method (Szatmari et al., 2021). Briefly, mice were deeply anesthetized with a ketamine/
xylazine cocktail and then perfused transcardially with saline, followed by fixative [4% paraformaldehyde (PFA) in 0.1 M
phosphate buffer (PB)] perfusion. Brains were postfixed at 4°C overnight. The 50 pm free-floating coronal sections
were cut and collected inice-cold 0.1 M PB, followed by incubation in blocking buffer (0.3% Triton X-100 and 0.5% normal
goat serum in 0.1 M PB; 30 min). Samples were then incubated overnight with anti-NeuN antibody (ABN78, rabbit poly-
clonal, Millipore; 1:1,000 in blocking buffer). After awash in 0.1 M PB, samples were incubated at room temperature for 2 h
with Alexa Fluor 488-conjugated secondary antibodies (A-11008, Life Technologies) diluted 1:500 in blocking buffer. After
a wash in 0.1 M PB, the nuclei were stained with Hoechst (1:10,000, H3570, Life Technologies) for 10 min. Sections were
mounted with Fluoromount-G on Superfrost Plus slides (Thermo Fisher Scientific) and then imaged using a Zeiss LSM
710 confocal microscope. We imaged four sections from four mice for each condition (WT, J20, J20xKO). To ensure
unbiased counting, we systemically sampled across each section, taking z-series every 150 pm for the dorsal CA1 hippo-
campus and 300 um for the motor cortex, obtaining ~12 images per section. Each z-series was imaged at a 20x magni-
fication with a 0.23 x 0.23 pm pixel size at a 1 ym z-step for the hippocampus and 0.83 x 0.83 ym at a 1 ym z-step for the
cerebral cortex.

Cell number quantification. To determine density, we performed a blinded, manual three-dimensional cell count using
Fiji (NIMH). Within the CA1 hippocampus, we counted Hoechst-stained neuronal nuclei, since it was difficult to distinguish
individual neuronal cells bodies immunoreactive with NeuN. Nuclei of non-neuronal cells were easy to distinguish and not
included in our counts. Given that within the cerebral cortex neuronal density is lower, we used sections stained for NeuN,
since Hoechst staining would include non-neuronal cells. Our cell count was based on the optical dissector method. We
used a 16 by 16 by 41 um three-dimensional counting frame for the hippocampus and 50 by 50 by 41 pm three-
dimensional counting frame for Layer 5 of the cerebral cortex. Counting frame borders were divided into inclusion lines
or exclusion lines (three each). Cell bodies were included in the count if they lie completely inside the counting frame or
if they were touching an inclusion line. Cell bodies overlapping an exclusion line were not counted. Density was calculated
by dividing average neuron cell numbers by the optical dissector volume.

SDS-PAGE and immunoblotting

Hippocampi were extracted with T-PER protein extraction buffer (Pierce) supplemented with protease and phosphatase
inhibitors (Roche). The lysates were centrifuged at 15,000 x g for 15 min at 4°C, and the supernatants were used for further
analysis. Samples were prepared for standard SDS-PAGE and separated on 4-20% gradient acrylamide gel
(Mini-PROTEAN TGX precast gels, Bio-Rad Laboratories) and then transferred onto 0.45 pm pore size PVDF membranes
(Millipore) using semi-dry immunoblotting. Membranes were blocked with 5% nonfat milk in TBS-T (Tris-buffered saline
with 0.2% Tween 20) for 1 h at room temperature and then incubated overnight at 4°C with primary antibodies diluted in
5% BSA in TBS-T. The following commercially available antibodies were used: mouse anti-B-amyloid (clone 6E10,
Covance/BioLegend; 1:1,000), goat anti-CentA1 (Abcam; 1:500), and mouse anti-B-actin (Sigma-Aldrich, 1:1,000).
Membranes were washed three times for 15 min in TBS-T, followed by incubation for 2 h at room temperature with
HRP-conjugated donkey anti-goat or rabbit anti-mouse secondary antibodies (Bio-Rad Laboratories), diluted 1:2,000
in 5% nonfat milk in TBS-T. Membranes were washed three times for 15 min in TBS-T and then incubated with Pierce
ECL Plus Western blotting substrate to detect Western blotted proteins. We used the Bio-Rad ChemiDoc imaging system
to visualize protein bands. The Fiji software was used for Western blot quantification.

Morris water maze (MWM) test

We used a previously described MWM protocol (Szatmari et al., 2021) to evaluate spatial learning and memory. Briefly,
mice were handled and habituated to the testing facility for 3 d before testing. The water maze was a 1.4 m diameter white
tank with a 10 cm diameter platform submerged ~1 cm below the surface. The water temperature was kept at 22-24°C. To
make the platform invisible during trials, nontoxic white washable paint was added to the water. Visual cues were placed
around the tank for spatial reference. To verify the mice’s visual ability and rule out motor deficits, we administered a visual
platform test by removing the spatial cues and elevating the platform marked with a cue above the water’s surface. During
the acquisition phase of the hidden platform test, mice were given four trials/day for 8 consecutive days. If a mouse did not
find the platform within 60 s, it was guided to it and kept on the platform for 15 s. To prevent hypothermia, mice were dried
after each trial and placed into cages atop heating pads. On Day 9, mice were given a probe test without the platform. The
EthoVision XT software (Noldus Information Technology) was used to record activity and performance. Total quadrant
time, total number of entries into the target quadrant, total number of platform crossings, latency to first platform crossing,
average distance to the platform center, and the number of trials to criterion for reaching platform center (20 s) were
analyzed in a double-blinded manner.
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Golgi-Cox staining for dendritic spine density measurements

We employed the FD Rapid Golgi Staining protocol for Golgi—-Cox staining of brain slices. Mice were deeply anesthetized
and then decapitated. Each brain was rinsed with Milli-Q water and placed in an impregnation solution provided by the man-
ufacturer. FD NeuroTechnologies performed sample processing and slice cutting at 100 um thickness. Pyramidal neurons
from the CA1 area of the hippocampus were imaged on slices using a Zeiss 780 confocal microscope (transmission
mode; 488 nm wavelength laser; Plan-Neofluar 63x water objective with 1.3 numerical aperture). Each frame was acquired
eight times and then averaged to obtain noise-free images. The number of spines/100 pm in the stratum lacunosum
moleculare (SLM) and stratum radiatum (SR) regions of the CA1 pyramidal neurons was calculated using the Fiji software.

Immunohistochemistry (IHC) staining and imaging

For IHC studies, mice were deeply anesthetized with a ketamine/xylazine cocktail until a lack of response to toe pinch
was recorded. Mice were transcardially perfused with 50 ml PBS and 50 ml 4% PFA, and the brain was harvested and
postfixed in 4% PFA for at least 24 h. Paraffin-embedded sagittal brain sections (5 um thickness) were mounted on
Superfrost Plus slides (Fisherbrand). Sections were deparaffinized and then either pretreated with 70% formic acid
(6E10, Covance/BiolLegend) or heat retrieved in a BioCare Decloaker (anti-GFAP; Abcam, anti-lba1, Abcam). We used
Rodent Block M (BioCare Medical) for 30 min at room temperature for blocking. Samples were incubated overnight at
4°C with primary antibody diluted in Van Gogh Diluent (BioCare Medical): 1:4,000 (6E10, Covance), 1:200 (Ibai,
ab12267, Abcam), and 1:1,000 (anti-GFAP, Abcam). Sections were rinsed with TBS-T and incubated with secondary
HRP-polymers (Mouse-on-Mouse, Rabbit-on-Rodent, or Goat-on-Rodent; BioCare Medical) for 30 min at room temper-
ature. After several TBS-T rinses, the samples were reacted with Betazoid DAB (BioCare Medical), followed by TBS
washes, then stained with hematoxylin, dehydrated, and coverslipped with Leica Micromount mounting medium.

Immunohistochemical imaging and image processing. Immunohistochemically stained sections were captured using a
BZ-X800 digital microscope (Keyence) and analyzed using the Aperio ImageScope program as previously described
(Chakrabarty et al., 2010). Amyloid plague burden and neuroinflammation in the forebrain (cortex and hippocampus)
were calculated using the Positive Pixel Count program within the Aperio ImageScope software. Four sections per brain
(n =3-4 mice/group) cut at 30 um apart were analyzed and averaged for each mouse by an investigator blinded to the
genotype. The final images and layouts were created using Creative Cloud Photoshop and lllustrator (Adobe).

RNA extraction and analysis

RNA was isolated from the frozen mouse cortical tissue and purified using the Qiagen RNeasy kit. RNA concentration
was determined using Nanodrop (Thermo Fisher Scientific), and the quality was confirmed using the Bioanalyzer system
with RNA pico chips. All samples had RNA integrity number score between 9.7 and 10 (Extended Date Fig. 6-1).

Gene expression analysis

Gene expression analysis was performed as previously described (Bunner et al., 2023). Briefly, RNA was isolated from
the fresh-frozen cortical tissue (3—4 mice/genotype). A 100 ng of the total RNA was hybridized with a reporter and capture
probes for nCounter Gene Expression code sets (Neuropathology and Neuroinflammation by NanoString Technologies).
Data were normalized to spiked positive controls and housekeeping genes using the NanoString nSolver Analysis system.
Transcript counts less than the mean of the negative control transcripts plus 2STDEV for each sample was considered
background. The gene profile was further analyzed in Python.

Experimental design and statistical analysis

For all experiments, all genotypes were processed in parallel. Specific sexes (males only) were used for behavioral, IF,
and immunohistology studies. GraphPad Prism (version 10 for Windows, GraphPad Software, www.graphpad.com) was
used for most statistical analysis. Unpaired student’s t test was used to compare two independent datasets. We used one-
way ANOVA followed by Tukey’s multiple-comparison test for multiple comparisons. Differences between genotypes or
samples were considered significant at p <0.05. Data are reported as mean + SEM unless otherwise stated. GraphPad
Prism was also used to calculate a 95% confidence intervals (Cl) for the difference between means (Calin-Jageman
and Cumming, 2019; Ho et al., 2019; Bernard, 2021). For DEG analysis, the significance was calculated with unpaired t
test. The correlation and its significance of fold changes were calculated as Pearson’s R (Python).

Results

Normal gross brain morphology of J20 and J20 x CentA1 KO mice

We generated J20 x CentA1 KO mice by crossing J20 mice with CentA1 KO mice. To assess whether CentA1 deletion
affects gross brain structure in AD model mice, we compared the overall brain morphology between J20, J20 x CentA1
KO, and their nontransgenic (WT) littermates. NeuN immunostaining of coronal sections was indistinguishable between
genotypes, suggesting that these animals have normal brain gross anatomy (Fig. 1A). Neuronal density was not statisti-
cally different between genotypes in the hippocampal CA1 region [Fig. 1B; neuronal density (x10°); WT, 4.30 +0.17; J20,

November 2025, 12(11). DOI: https://doi.org/10.1523/ENEURO.0063-25.2025. 4 of 12


https://doi.org/10.1523/ENEURO.0063-25.2025.f6-1
http://www.graphpad.com
https://doi.org/10.1523/ENEURO.0063-25.2025

r euro Research Article: New Research 5 of 12

WT J20 J20xKO

IF: NeuN

Age: 6 months

B C
HIPPOCAMPUS CA1 CORTEX Layer V
p=0.96 p=0.3
p=0.92 p=0.99 p=0.15

— _:? %w% T _p=0or
2 4 e | Fo] == o
x x 6 ° Owr
2 3] 2 O y20
2 @ [l Js20xk0
[ c 4
a a
c 2
e 3
=] s 2 —
Z 1 2

0] 0

Age: 12-14 months Age: 12-14 months
D
WT KO J20 J20xKO

[7)

3 S B B8 B8 <=hAPP

S

g e

2

I

Age: 12-14 months

Figure 1. Generation and validation of J20 x CentA1 KO mice. A, NeuN IHC of coronal sections from 6-month-old hAPP-J20 (J20); hAPP-J20 x CentA1 KO
(J20xKO) and nontransgenic littermate (WT) mice show normal brain morphology in the J20xKO mice. B, Neuron density in the CA1 region of the hippo-
campus evaluated on NeuN-stained coronal sections of 12-14-month-old J20; J20xKO and WT mice. C, Neuron density in Layer 5 of the cortex evaluated
on NeuN-stained coronal sections of 12-14-month-old J20; J20xKO and WT mice. D, Immunoblots show the presence of hAPP and the complete lack of

CentA1 protein in the hippocampus of J20xKO mice. B-Actin was used as a loading control. The number of mice was two/genotype. For full-length Western
blots, see Extended Data Figure 1-1.

4.24 +0.2; J20xKO, 4.26 + 0.15; n =4 mice/genotype; WT vs J20, p=0.92; 95% CI [-0.3872 to 0.5045]; WT vs J20xKO,
p=0.96; 95% CI [-0.4024 to 0.4893]; J20 vs J20xKO, p=0.1; 95% CI [-0.4611 to 0.4306]; SEM; one-way ANOVA fol-
lowed by Tukey’s multiple-comparison test] and in Layer 5 of the cortex [Fig. 1C; neuronal density (x10°%); WT, 6.92 +
0.43; J20, 6.18 £0.27; J20xKO, 6.36 + 0.34; n =4 mice/genotype; WT vs J20, p=0.15; 95% CI [-0.2642 to 1.772]; WT
vs J20xKO, p=0.3; 95% CI [-0.4459 to 1.590]; J20 vs J20xKO, p=0.87; 95% CI [-0.1.200 to 0.8365]; SEM; one-way
ANOVA followed by Tukey’s multiple-comparison test]. We also confirmed the lack of CentA1 protein and the expression

of the hAPP transgene in the J20xKO mice in the hippocampus using Western blotting (Fig. 1D). Full-length Western blots
are presented on Extended Data Figure 1-1.
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Deletion of CentA1 rescues spatial learning and memory in AD model mice

Next, we assessed whether the deletion of CentA1 influences the behavioral phenotypes of the J20 mice through the
MWM task to evaluate hippocampus-dependent spatial learning and memory. We trained the mice of four genotypes,
WT, CentA1 KO, J20, and J20 x KO (aged 6-7 months), using four trials/day for 8 d, with an intertrial interval of 20-30 min.
As animals learn the location of the hidden platform, the distance traveled to the target location decreased with training for
all genotypes, as indicated by a two-way repeated—measure ANOVA for the genotype and the trial block (Fz e37)=12.27;
p =0.001; n’p =0.06). Holm-Sidak post hoc analyses indicated that the J20 animals had a slower learning rate than other
genotype groups, as shown at Day 4 of training (compared with WT, t44,=3.16; p =0.001; average distance traveled for
Day 4 training, mean + SEM; WT, 138.37 +£5.95 cm; n=26; KO, 138.07 £6.19 cm; n=24; J20, 177.08 +6.07 cm; n=25;
J20xKO, 148.31 £6.78 cm; n=20; Fig. 2A). The number of trials to reach a predefined group criterion of performance,
which was set to 20 s of escape latency (Colgan et al., 2018), also indicated a slower learning rate for J20 mice
(Fig. 2B). A one-way (genotype) ANOVA revealed a significant genotype effect (F(391)=6.37; p=0.001; n’p=0.17), and
Holm-Sidak post hoc analyses indicated that it took significantly longer for the J20 mice to reach this predefined criterion
compared with WT (WT vs J20, t49=3.18; p=0.001). This effect was rescued in J20xKO (J20xKO vs J20, toq =3.30;
p = 0.007; the average number of trials to reach criterion, mean + SEM; WT, 11.42 + 0.83 trials; n=26; KO, 10.83 +1.21
trials; n =24; J20, 17.80 = 1.58 trials; n =25; J20xKO, 11.50 = 1.40 trials; n = 20; Fig. 2B). However, all genotypes showed
similar performance on the memory probe test administered on Day 9 [one-way (genotype) ANOVA on the percentage of
crossings into the target search zone, F(391)=0.66; p=n.s.; n?p =0.02; Fig. 2C]. These results suggest that J20 animals
have a spatial learning deficit and the removal of CentA1 rescues this phenotype.

Deletion of CentA1 rescues dendritic spines in the hippocampus of J20 mice

Loss of dendritic spines and synapses are early pathological hallmarks of AD that precede plaque deposits in the AD
brain (Dorostkar et al., 2015; Mijalkov et al., 2021). Therefore, we analyzed the effect of CentA1 KO on the loss of dendritic
spines in the hippocampus CA1 neurons of J20 mice. We counted the number of dendritic spines in the SLM and the SR of
the hippocampus of J20, J20xKO mice, and their WT littermates (Fig. 3A). Five neurons/animal were included in the anal-
ysis (n =4-6 mice/genotype). We found that spine density was reduced in the SLM of J20 mice compared with WT, while
CentA1 KO attenuated this effect (Fig. 3B; number of spines/100 um; WT =107.4 +1.28; J20=84.05+1.88; J20xKO =
93.6 £2.23; WT vs J20, p=0.0001, 95% CI [16.09-30.64]; WT vs J20xKO, p=0.0003; 95% CI [6.915-20.74]; J20 vs
J20xKO, p=0.012; 95% CI [-17.06 to —2.012]; SEM; one-way ANOVA followed by Tukey’s multiple-comparison test).
We found a small but statistically significant increase in the spine number in the SR area in J20 mice compared with
WT, while in the J20xKO mice, spine density was not statistically different when compared with WT mice (Fig. 3C; number
of spines/100 pm; WT =93.25 + 3.83; J20=109.5 +4.52; J20xKO =105.3 £2.6; WT vs J20, p=0.03; 95% CI [-31.08 to

A
MWM: Acquisition curve
200
—o— WT
— p=0.001***
£ 180 —Oo—kKo
S —y— J20
s —A— J20xKO
S 160 *
g
g
o 140
8
e
o]
B 120
o
s
5 100
2
80
4 8 12 16 20 24 28 32
Trials
B C
MWM: Trials to Criterion 100 MWM: Probe test
40 ° ° Owt
p=0.001*** p=0.007**
_— 80 . ¢ Oko
. @ J20
. . .
60 ' ' [ J20xK0
. .

Number of Trials
S
s
ecee oo

% Crossings into Target Zone
n
S

o

Figure 2. Lack of CentA1 protein rescues spatial memory deficit in the J20 mice. A, The acquisition curve of hippocampal-dependent spatial learning and
memory was evaluated using the MWM test. The distance traveled to reach the target escape platform decreased across training days for all genotypes.
However, the J20 mice demonstrated a significant deficit in learning acquisition by Day 4 of training compared with J20xKO mice (p =0.001). B, The num-
ber of trials needed to reach the predefined criterion of performance (escape latency maximum of 20 s) was significantly higher for the J20 mice compared
with WT (p =0.001) and J20xKO mice (p =0.007), indicating rescue of learning deficit by the lack of CentA1. C, All genotypes performed similarly on the
memory probe test administered on Day 9. The number of mice was WT, n =26; KO, n =24; J20, n = 25; and J20xKO, n = 20. All behavior data are presented
as mean + SEM.
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Figure 3. Lack of CentA1 rescues dendritic spine density in the hippocampus of J20 mice. A, The diagram depicts imaged dendritic segments of
Golgi-stained CA1 neurons within distinct hippocampal layers: stratum oriens (SO); stratum pyramidale (SP); stratum radiatum (SR), and stratum lacuno-
sum moleculare (SLM; created with BioRender.com). B, Significantly reduced dendritic spine density in the hippocampus lacunosum moleculare (SLM)
neurons of J20 mice compared with WT littermates (p =0.001). CentA1 KO partially restored dendritic spine density in the SLM of J20 mice (p =0.02).
C, Dendritic spine density in the SR of the hippocampus in J20 mice is significantly higher compared with WT littermates (p = 0.03), while CentA1 KO
does not rescue this effect (p = 0.9). The number of mice was 4-5/genotype, and five neurons/animal were analyzed. All data are presented as mean + SEM.

—1.381]; WT vs J20xKO, p=0.10; 95% CI [-26.16 to 2.054]; J20 vs J20xKO, p =0.76; 95% CI [-11.18 to 19.53]; SEM;
one-way ANOVA followed by Tukey’s multiple-comparison test).

Deletion of CentA1 reduces amyloid plaque deposition and neuroinflammation in J20 mice

To evaluate whether CentA1 regulates AR production in J20 animals, we compared the amyloid deposition in the hip-
pocampus and the neocortex between J20 and their J20xKO littermates at age 12-14 months (Fig. 4). Quantification of AR
plaque immunoreactivity in the hippocampus (Fig. 4A,B) showed a significant reduction in plaque burden in the J20 mice
lacking CentA1 (the percentage of the hippocampal area covered; J20, 0.64 + 0.34; J20xKO, 0.403 +0.21; n=4 mice/
genotype; p=0.0123; 95% CI [-0.4143 to —0.062]; SEM; two-tailed unpaired t test). However, amyloid deposition in
the neocortex showed no significant difference between J20 and J20xKO mice (Fig. 5A,B; the percentage of the cortical
area covered; J20, 0.64 +0.34; J20xKO, 0.45+0.24; n=4 mice/genotype; p=0.27; 95% CI [-0.551 to 0.175]; SEM;
two-tailed unpaired t test). Thus, CentA1 may regulate the amyloid plaque formation in a brain region-specific manner.

Next, we evaluated astrogliosis and microgliosis in the hippocampus (Fig. 4C—F), using immunohistochemical analysis
with antibodies against GFAP (Fig. 4C) and Iba1 (Fig. 4D), respectively. Quantitation of GFAP immunoreactivity in the hip-
pocampus (Fig. 4E) indicated a substantial increase in astrocytic activation in AD model mice compared with WT mice.
This increased astrocyte activation was significantly reduced in J20xKO compared with J20 mice (Fig. 4E; the percentage
of the hippocampal area covered; WT, 1.01854 +0.26; n=3; J20, 5.0226 + 0.84; n = 3; J20xKO, 02.5668 +0.81, n=3; WT
vs J20, p=0.0023; 95% CI [-6.043 to —1.966]; WT vs J20xKO, p=0.52; 95% CI [-2.797 to 1.281]; J20 vs J20xKO,
p=0.006; 95% CI [1.208-5.285]; SEM; one-way ANOVA followed by Tukey’s multiple-comparison test). In the cortex,
the J20xKO group had a significantly reduced level of astrogliosis than the J20 mice (Fig. 5C,E; the percentage of the cor-
tex area covered; WT, 0.355 +0.07; n=3; J20, 2.29 + 0.54; n = 3; J20xKO, 0.56 + 0.19, n=3; WT vs J20, p =0.026; 95% CI
[-3.599 to —0.283]; WT vs J20xKO, p =0.92; 95% CI [-1.870 to 1.447]; J20 vs J20xKO, p =0.04; 95% CI [0.0714-3.388];
SEM; one-way ANOVA followed by Tukey’s multiple-comparison test).

Widespread reactive microgliosis, indicated by increased immunoreactivity to Iba-1, was also observed in the brain of
the J20 mice, especially in and around the hippocampus (Fig. 4D). ANOVA analysis showed a statistically significant
increase in the expression of Iba-1 in J20 mice compared with WT and J20xKO in the hippocampus (Fig. 4F; the percent-
age of the hippocampal area covered; WT, 2.80+0.4; n=3; J20, 4.8 +1.17; n=3; J20xKO, 2.06 + 0.1, n=3; WT vs J20,
p=0.017; 95% CI [-6.070 to —0.7970]; WT vs J20xKO, p =0.89; 95% CI [-2.254 to 3.019]; J20 vs J20xKO, p =0.01; 95%
CI [1.180-6.453]; SEM; one-way ANOVA followed by Tukey’s multiple-comparison test). Similar effects were observed in
the cortex (Fig. 5D,F; percentage of the cortex area covered; WT, 2.2+0.7; n=3; J20, 4.47 +1.21; n=3; J20xKO, 2.4 +
0.9, n=3; WT vs J20, p=0.009; 95% CI [-6.501 to —1.262]; WT vs J20xKO, p =0.98; 95% CI [-2.473 to 2.766]; J20 vs
J20xKO, p =0.008; 95% ClI [1.408-6.647]; SEM; one-way ANOVA followed by Tukey’s multiple-comparison test).
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Figure 4. Effect of CentA1 KO on the histopathological hallmarks of AD in the hippocampus of the J20 mice. A, Representative images of amyloid plaque
burden in the hippocampus in paraffin-embedded whole-brain sections from J20 and J20xKO mice. B, The graph shows significantly reduced plaque bur-
den in the hippocampus of J20xKO mice compared with J20 mice (p =0.013). C, Representative images of GFAP immunoreactivity in the hippocampus in
paraffin-embedded whole-brain sections from WT, J20, and J20xKO mice. D, Representative images of Iba-1 immunoreactivity in the hippocampus in
paraffin-embedded whole-brain sections from WT, J20, and J20xKO mice. E, The graph shows significantly increased astrogliosis in the hippocampus
of J20 mice compared with control mice (p =0.006) and J20 mice on CentA1 KO background (p =0.01), while there was no significant difference between
WT and J20xKO genotypes (p = 0.13). F, The graph shows significantly increased microgliosis in the hippocampus of J20 mice compared with control mice
(p=0.003). CentA1 KO rescued microgliosis in the J20 mice (p =0.001). The number of mice was 3-4/genotype. All data are presented as mean + SEM.

Transcriptome profiling of J20 mice on CentA1 KO background

To gain insights into the molecular mechanisms by which CentA1 influences AD-related phenotypes, we employed the
NanoString nCounter platform. We evaluated the expression profile of genes associated with neurodegeneration, neuroin-
flammation, and aging in our cohorts. We isolated RNA from the brains of WT, J20, and J20xKO mice. We analyzed DEGs
between genotypes using a volcano plot analysis (Fig. 6). We identified 83 genes that are significantly downregulated in
J20xKO (cyan) compared with J20 mice, while 15 genes are upregulated (red) (p <0.05; Fig. 6A; Extended Data Fig. 6-2).
Almost all the genes downregulated in J20xKO versus J20 (82 out of 83) were upregulated in J20 compared with WT
(Fig. 6B, red points; Extended Data Fig. 6-2). Conversely, most genes significantly downregulated in J20xKO compared
with J20 were upregulated in J20 (13 out of 15; Fig. 6A,B, cyan plots; Extended Data Fig. 6-2). For these significantly reg-
ulated genes, the gene expression fold changes between J20 versus J20xKO and J20 versus WT were strongly anticor-
related (Pearson’s R —0.8; p <1072"; Fig. 6C).

Discussion

In the present study, we evaluated the involvement of CentA1 in the pathophysiology of AD using J20 mice, a well-
established mouse model of AD (Mucke et al., 2000; Wright et al., 2013; Lee et al., 2022). J20 crossed with CentA1 KO
(J20xKO) ameliorated many AD-related phenotypes, including behavioral deficits, dendritic spine loss, amyloid plaque
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Figure 5. Effect of CentA1 KO on the histopathological hallmarks of AD in the cortex of the J20 mice. A, Representative images of cortical amyloid plaque
burden in paraffin-embedded whole-brain sections from J20 and J20xKO mice. B, The graph shows the plaque burden in the cortex of J20 mice on CentA1
KO background (p = 0.27); however, the difference did not reach statistical significance. C, Representative images of GFAP immunoreactivity in the cortex
in paraffin-embedded whole-brain sections from WT, J20, and J20xKO mice. D, Representative images of Iba-1 immunoreactivity in the cortex in
paraffin-embedded whole-brain sections from WT, J20, and J20xKO mice. E, The graph shows significantly increased astrogliosis in the cortex of J20
mice compared with control mice (p=0.01) and J20 mice on CentA1 KO background (p = 0.04). F, The graph shows significantly increased microgliosis
in the cortex of J20 mice compared with control mice (p =0.03). CentA1 KO reduced microgliosis to a level that was not statistically significant from WT
mice (p=0.89).

deposition, and neuroinflammation. Furthermore, DEG analysis showed that lack of CentA1 can restore the expression of
many dysregulated genes in the J20 mice.

Our findings align with previous research showing that CentA1 is transiently upregulated by AB42 application and that
downregulation of CentA1 via shRNA reduces AB42-induced cellular phenotypes in organotypic hippocampal slice
cultures (Szatmari et al., 2013). Further studies using CentA1 KO models have indicated that CentA1 acts as a negative
regulator of dendritic spine density, synaptic long-term potentiation, and learning and memory functions (Szatmari et al.,
2021). However, the specific role of CentA1 in AD-related phenotypes in vivo has not been analyzed. This study
demonstrated that CentA1 mediates AD-related phenotypes in vivo by generating AD model mice lacking CentA1.

CentA1 deletion (J20xKO) improved many pathological phenotypes observed in the J20 animals. Since amyloid plaque
formation is reduced without a change in APP expression levels, CentA1 may play a role in amyloid production, clearance,
or aggregation. Prior research similarly indicates that CentA1 downregulation in neurons improves AD-related cellular
phenotypes when soluble amyloid is directly applied to organotypic slices (Szatmari et al., 2013). Thus, CentA1 may
function both upstream and downstream of AB42, contributing to multiple facets of AD pathology.

Our inflammation analysis suggests that CentA1 plays a role in glial activation in J20, as J20xKO mice showed signifi-
cantly lower astrocytosis and microgliosis. These results are consistent with previous studies showing that CentA1 is
highly expressed in the brain (Zhang et al., 2016), mainly in neurons and to a lower extent in glial cells, and that the level
of CentA1 increases in AD (Reiser and Bernstein, 2002, 2004). Moreover, neuronal CentA1 was shown to mediate
AB42-induced spine loss (Szatmari et al., 2013). Thus, it appears that CentA1 contributes to AD-related pathology in
both neurons and glial cells.

DEG analysis revealed that the deletion of CentA1 in J20 mice leads to the downregulation of numerous genes, partic-
ularly those involved in Ca®* signaling, such as Grin2a, Grin2b, Ryr2, Cacnalb, and Cacnalc. Many of these genes were
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Figure 6. DEGs between genotypes identified with NanoString nCounter profiling. A, B, Volcano plot analysis of DEGs between J20 and J20xKO mice (A)
and between WT and J20 mice (B). Colors indicate genes that show significantly down- (cyan) or upregulated (red) between J20 and J20xKO. C, The graph
shows that the fold changes in DEGs between J20 versus J20xKO and WT versus J20 are strongly anticorrelated (Pearson’s R —0.8; p < 1072"). RNA integ-
rity scores for individual samples are reported in Extended Data Figure 6-1. The list of all identified DEGs is reported in Extended Data Figure 6-2.

upregulated in J20 mice compared with WT mice, suggesting that aberrant Ca®* signaling plays a significant role in the
pathological development associated in the J20 model. This finding aligns with the existing research indicating that
NMDA receptor dysregulation is a core component of AD pathology (Palop et al., 2007; Talantova et al., 2013; Zhang
et al., 2021). Importantly, CentA1 deletion appears to mitigate this abnormal signaling gene profile. Thus, CentA1 deletion
appears to ameliorate many pathological phenotypes in J20 mice, at least partially by restoring the normal expression of
genes implicated in Ca®* signaling. Our data provide evidence for a neuroprotective outcome of lowering the level of
CentA1 in the brain.

Study limitations

The present study concentrated on the role of CentA1 in the development of AD-like phenotypes in the J20 mouse
model, which has amyloid pathology, however does not have tau pathology (Mucke et al., 2000); therefore, continued
investigation using other mouse models, such as the 3xTg-AD (Javonillo et al., 2021), is warranted. Biological sex differ-
ences associated with AD onset and progression are well documented; however the underlying biological mechanisms
are poorly understood (Aggarwal and Mielke, 2023; Lopez-Lee et al., 2024a,b). For instance, males are at higher risk
for mid-life dementia risk and at lower risk for late-onset AD than females, while women are affected more frequently
and severely at both the cognitive and neuropathological level (Rosende-Roca et al., 2025). As only the male sex of the
J20 mice was used, future studies should include both sexes. We acknowledge that the present study was entirely per-
formed on a mouse model and validation of these findings on autopsied human brain samples is warranted.

Another limitation to note is the use of noncomprehensive RNA analysis. We employed nCounter as an exploratory
approach to analyze known, well-defined factors associated with neurodegeneration. We acknowledge that follow-up
studies using RNA-Seq are necessary for a comprehensive view of the transcriptome and to detect novel targets of
CentA1 signaling associated with neurodegeneration.
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