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A B S T R A C T

Converging evidence from clinical and experimental studies suggest the potential significance of 
Polo-like kinase 2 (PLK2) in regulating the phosphorylation and toxicity of the Alzheimer’s dis-
ease (AD)-related protein, amyloid precursor protein (APP). These findings have prompted 
various experimental trials aimed at inhibiting PLK2 kinase activity in different transgenic mouse 
models of AD. While positive impacts on cognitive decline were reported in these studies, the 
cellular effects remained controversial. In the present study, we sought to assess the cognitive and 
cellular consequences of chronic PLK2 inhibitor treatment in the APP/PS1 transgenic mouse 
model of AD. First, we confirmed that inhibiting PLK2 prevented cognitive decline in a sex- 
dependent manner, particularly by enhancing working memory in male APP/PS1 mice. Sur-
prisingly, cellular analysis revealed that treatment with PLK2 inhibitor increased the load of 
amyloid plaques and elevated levels of soluble amyloid β (Aβ) 40 and Aβ42 in the cortex, as well 
as insoluble Aβ42 in the hippocampus of female mice, without affecting APP pathology in males. 
These results underscore the potential of PLK2 inhibition to mitigate cognitive symptoms in 
males. However, paradoxically, it intensifies amyloid pathology in females by enhancing APP 
amyloidogenic processing, creating a controversial aspect to its therapeutic impact. Overall, these 
data highlight the sex-dependent nature of the effects of PLK2 inhibition, which may also be 
influenced by the genetic background of the transgenic mouse model utilized.

1. Introduction

Alzheimer’s disease (AD), the most common cause of dementia, is estimated to affect more than 55 million people worldwide [1,2]. 
This progressive neurodegenerative disorder, characterized by memory impairment and cognitive decline, is in part instigated by the 
aberrant accumulation of amyloid β (Aβ), a peptide derived from the sequential cleavage of the amyloid precursor protein (APP) by β- 
and γ-secretases [1,3–5]. Aβ deposits are the main component of amyloid plaques, one of the main neuropathological hallmarks of AD 
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[3,6–8]. Mutations in the genes coding for APP and presenilin 1 and 2 (PS1/2), the catalytic subunits of the γ-secretase complex, 
enhance the production and aggregation of Aβ, and are associated with early onset familial AD (FAD) [9–13]. Moreover, several studies 
have demonstrated that animal models injected with Aβ oligomers or overexpressing FAD mutated genes present with neuronal 
dysfunction and cognitive deficits [14–20]. These observations suggest that APP amyloidogenic cleavage and the subsequent Aβ 
production and accumulation represent a major pathological pathway in AD. Therefore, identifying the molecular components 
involved in regulating APP processing could aid in the development of disease-modifying therapies for AD.

Converging lines of evidence from clinical and experimental studies suggest that post-translational modifications (PTMs), and 
particularly phosphorylation, can regulate the fate of APP [21,22]. Recently, Polo-like kinase 2 (PLK2) has been identified as one of the 
key kinases involved in APP phosphorylation, and as a new player in AD pathogenesis [23–25]. Indeed, studies have reported elevated 
levels of this serine/threonine (S/T) kinase in the brain of patients and animal models of AD [25–27], in addition to an association 
between PLK2 polymorphisms and AD risk [28]. Moreover, our team and others have reported that PLK2 activity-dependent phos-
phorylation of APP at threonine 668 (T668) decreases full-length APP protein levels in cell culture, possibly by increasing its amy-
loidogenic processing [23,24]. These observations suggested that modulating the activity of PLK2 may have a potential therapeutic 
application for the treatment of AD. Although a beneficial effect of PLK2 inhibition on the cognitive symptoms has been reported in 
vivo, in transgenic mouse models of AD, the effect of this treatment on Aβ pathology led to controversial results. While Lee and col-
leagues reported that treatment with the pan-specific PLK inhibitor, volasertib (BI6727), lowered Aβ formation and accumulation in 
5XFAD transgenic mice [25]. In contrast, our recent study showed that treatment with a selective PLK2 inhibitor, PLK2i #37, did not 
affect Aβ pathology, but rather reduced Tau burden, in a sex-dependent manner, in 3xTg-AD mouse model of AD [23], a model 
presenting Aβ and Tau pathologies [29,30]. These observations imply that, beyond the influence of sex, the outcomes of inhibiting 
PLK2 activity may be contingent upon the specific attributes of the transgenic models of AD that are employed. Of note, transgenic 
models of AD with different genetic backgrounds and modifications exhibit unique disease onset and progression patterns [20,31–38]. 
This implies that the response to approaches targeting the reduction of APP phosphorylation by inhibiting PLK2 activity may also be 
influenced by the genetic background.

To validate this hypothesis, in the present study, we investigated the impact of PLK2 pharmacological inhibition, using a potent, 
highly selective, and brain-penetrant inhibitor, PLK2i #37 [39–41], on Aβ pathology and AD-like symptoms in a transgenic mouse 
model of AD with a pure Aβ pathology, namely APP/PS1 mice [42,43]. Our results revealed a sex-specific effect of the treatment at 
both the molecular and behavioral levels. Indeed, chronic treatment with PLK2i #37 prevented working memory impairment in male 
APP/PS1 mice, while both Aβ accumulation and synaptic protein expression levels remained unchanged by the treatment. In contrast, 
amyloidogenic pathology was increased in treated APP/PS1 females. Collectively, our data support the therapeutic potential of PLK2 
pharmacological inhibition for the treatment of AD. Moreover, our study underscores the significance of considering not only 
sex-dependent effects, but also genetic context when using animal models to assess AD therapeutics.

2. Materials and methods

2.1. Treatment with PLK2 pharmacological inhibitor

Animals were housed at a constant temperature (⁓22 ◦C) and under a 12 h light/dark cycle, with free access to food and water 
[23]. APP/PS1 mice (B6; C3-Tg (APPswe, PSEN1dE9) 85Dbo/Mmjax) were acquired from The Jackson Laboratory and maintained on 
a C57BL/6J background in an in-house colony at the CHU de Québec-Université Laval Research Center. This transgenic mouse model 
of Aβ pathology expresses both mouse and human APP695 harboring the double Swedish mutation (K595N/M596L) and the mutant 
human presenilin-1 (exon 9 deletion (dE9) variant) genes under the control of the mouse prion protein promoter [42,43].

Three-month-old (±1 week) APP/PS1 mice underwent a regimen of daily intraperitoneal administration of PLK2i #37 [39] at a 
concentration of 10 mg/kg (APP/PS1 PLK2i #37, n = 8–10 per sex) for 4 months. Control age- and sex-matched WT and APP/PS1 
littermates received injections of 0.9 % NaCl solution (WT Saline, n = 13 per sex; APP/PS1 Saline, n = 9–13 per sex). The treatment 
assigned to each APP/PS1 mouse was randomized.

2.2. Behavioral analysis

Five different behavioral tests were performed during the last month of treatment. All behavioral tests were performed in the 
morning, after receiving the daily treatment by a different experimenter, as previously described [23]. Three days before the first test, 
mice underwent a 4 h-habituation to the testing room. Before each test, animals were allowed to acclimate to the room for 30 min. 70 
% ethanol was used to clean the arenas between animals for all tests, except for the water maze. ANY-maze video tracking software 
(Version 4.8; Stoelting Co., Wood Dale, Il) was used for all the tests, except for the open field. The experimenter was out of view for all 
the tests.

2.2.1. Elevated plus maze test
Anxiety-like behavior was evaluated using the elevated plus maze (EPM) [44,45]. The apparatus, constructed from beige Plexiglass, 

featured two opposite enclosed arms (15 cm-high walls) and two opposite open arms (no walls), 5 cm wide and 30 cm long each, and 
raised 40 cm above the base. Mice were placed at the intersection between the four arms (maze center) facing the open arms for 5 min. 
An animal was considered inside a zone whenever its center point (body’s middle) was within it. The experimenter scored the time 
spent and the number of entries in each arm.
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2.2.2. Open field test
The open field (OF) test was performed in a photobeam activation system (PAS) arena, as previously described [46]. The distance 

traveled was retrieved from the PAS software in 5-min bins and used to evaluate locomotor activity (distance traveled during the first 
10 min of the test) and intrasession habituation (activity change ratio calculated as distance traveled during the last 5 min divided by 
the sum of the distances traveled during the first 5 min and the last 5 min) [47–49].

2.2.3. Spontaneous alternation (Y-maze) task
Spatial working memory was evaluated by the spontaneous alteration test [50,51] using a symmetrical Y-maze with three identical 

equal-sized arms, as previously described [52]. To prevent animals from relying on visual or spatial cues, the arms of the apparatus 
were covered with black laminated paper, while the bottom was covered by white laminated paper to provide better contrast [52]. 
Mice were placed at the intersection between the three arms (maze center) for 5 min. The sequence and number of entries to the 
different arms were recorded by the experimenter, with an entry counted only when the animal had fully entered the corresponding 
arm. Data were analyzed based on the percentage of correct alternations, as previously described [52].

2.2.4. Morris water maze test
Spatial learning and memory as well as cognitive flexibility were evaluated using the Morris water maze (MWM) task by training 

the animals to find the location of an escape platform (reinforcement) [53–55]. The MWM apparatus consisted of a circular pool (40 cm 
height and 78 cm diameter) made of clear acrylic and divided into four quadrants (N, S, E, and W). An escape platform (9 cm diameter 
and 15 cm height) was submerged at the center of the target quadrant, 1–2 cm under the water surface [56]. The water was kept at 
25 ◦C (±0.5 ◦C) and made opaque with powder milk to hide the platform. Four extra-maze clues, one for each quadrant, were affixed to 
the outer walls of the pool to provide spatial configuration and allow for the identification of the target quadrant containing the hidden 
platform. The spatial clues had different colors, shapes, and dimensions, and along with all other visual stimuli in the room, remained 
constant during the entire experiment.

The test was performed over ten consecutive days and divided into an acquisition phase and a reversal phase, both followed by a 
probe trial. During the acquisition and the reversal phases, consisting of 4 consecutive days each (acquisition: days 1–4, reversal: days 
5–9), mice underwent four trials per day every 30–60 min. For each trial, mice were positioned along the edge of the pool with their 
heads directed towards the wall of the pool at one of the quadrants’ intersections (NE, NW, SW, and SE). The starting intersection was 
randomly altered between trials and was never repeated within the same day. Mice had 60 s per trial to find the platform. The test 
ended when the animal reached the platform, where it remained for 5 s. If the animal failed to reach the platform within 60 s, it was 
gently guided to it and allowed to stay there for 15 s. After each trial, the mice were dried and given time to rest in their home cage 
between trials. The location of the platform (target quadrant: E) was maintained during the four acquisition days. For the reversal 
phase, the platform was placed on the opposite quadrant (W) to test the animals’ cognitive flexibility [53]. One day after both the 
acquisition and the reversal phase (days 5 and 10), retention of the task was assessed by a probe trial [47,53–55], consisting of a 60-s 
free swim in the absence of the platform. For the probe trials, mice were positioned at the cardinal point opposite to the platform’s 
location from the previous day (acquisition: W, reversal: E). For the acquisition and reversal trials, the latency and distance traveled to 
reach the platform were recorded. For each parameter, the average from the four trials was calculated per training day. For the probe 
trial, the time and distance swam in each quadrant were recorded. Reaching the platform for at least half the trials was necessary to be 
included in the analysis.

2.2.5. Social approach test
The animals’ social behavior was evaluated using Crawley’s social approach test [57–59]. Three days prior to the testing (at the end 

of the MWM reversal probe trial), mice were separated and individually housed for the remainder of the protocol. The test was 
performed in an apparatus with three compartments made of clear Plexiglas. Each compartment measured 40 cm in length, 20 cm in 
width, and 22 cm in height. Each lateral compartment (left and right) was separated from the central compartment by a wall presenting 
a door on its center (an opening of 6 cm in width and 8 cm in height) and contained a metal mesh cup (container of 9 cm in diameter 
and 10 cm in height placed in the center, 5 cm from the compartment’s lateral wall) that permitted visual, olfactory, and auditory 
interaction. The test consisted of two sessions: habituation and social interaction. For each session, mice were placed in the central 
compartment and were allowed to freely explore for 5 min. Between sessions (3-min interval), mice were briefly placed back in their 
cages. During the habituation session, the experimenter recorded the time spent by the mice in each compartment in real time. In the 
second session (social interaction), a new mouse with the same age, sex, and genotype as the tested mouse was placed in the container 
(social container) of the less explored compartment during the habituation session, while the other container remained empty. The 
time spent by the tested mouse in each compartment and the time that the animal spent exploring each container (social and empty) 
were recorded by the experimenter. A social preference ratio was determined as follows: time exploring the social container divided by 
the time exploring both containers.

2.3. Tissue collection and preparation

After the last behavioral test, mice were deeply euthanized with an intraperitoneal injection of ketamine (100 mg/ml) and xylazine 
(10 mg/ml) (0.1 ml/30 g). Mice were intracardially perfused with ice-cold PBS (0.1 M; pH 7.4) containing phosphatases (50 mM 
sodium fluoride and 1 mM sodium pyrophosphate) and protease inhibitors (S8820; Sigma-Aldrich, St. Louis, USA). Brains were 
collected and the two hemispheres were separated. One brain hemisphere was immediately fixed in 4 % PFA for 24 h, then incubated in 
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4 % PFA and 20 % sucrose for 24 h and processed for immunohistochemistry. The other hemisphere was dissected and kept at − 80 ◦C 
until processing for biochemical analysis.

2.3.1. Tissue processing for biochemical analysis
The cortex and hippocampus of the frozen hemisphere were micro dissected and homogenized with a tissue homogenizer (Bio-Gen 

PRO200 Homogenizer; ProScientific, Oxford CT, USA) in 800 μl or 240 μl (eight volumes), respectively, of Radioimmunoprecipitation 
assay (RIPA) buffer with 1 % protease inhibitor cocktail 100× (B14001; Bimake, Houston, TX, USA) and 1 % phosphatase inhibitor 
cocktail 100× (B15002; Bimake, Houston, TX, USA). Tissue lysates were then sonicated in ice-cold H2O (bath sonication; 90 % 
amplitude; 45 s with 1 s on and 2 s off) (Fisherbrandtm Model 505 sonicator). After sonication, lysates were centrifuged at 13000 rpm 
at 4 ◦C for 30 min, generating a detergent-soluble fraction (supernatant).

The residual pellets, considered as the detergent-insoluble fraction, were further homogenized in 600 μl or 160 μl (cortex and 
hippocampus, respectively) of 5 M guanidine-HCl (in 50 mM Tris-HCl; pH 8) by pipetting up and down. After homogenization, samples 
were sonicated in an ice-cold H2O (bath sonication; 90 % amplitude; 45 s with 1s on and 2 s off) (Fisherbrandtm Model 505 sonicator). 
The samples were then sonicated a second time (same parameters). Next, a portion of each sample was diluted tenfold in cold 0.1 M 
PBS with 1 % protease inhibitor (B14001; Bimake, Houston, TX, USA), then centrifuged at 16 000 g to generate the insoluble fraction 
(guanidine extracts, supernatant). Total protein concentration was determined for each fraction (soluble and insoluble) using a 
Bicinchoninic acid (BCA) Protein Assay Kit (ThermoFisher Scientific, Waltham, MA, USA). After aliquoting, all samples were kept at 
− 80 ◦C for biochemical analysis.

2.3.2. Tissue processing for immunohistochemistry
Using a frozen microtome (Leica Microsystems, Concord, ON, Canada), the fixed brain tissue was cut into 25 μm-thick coronal 

sections. These sections were collected serially, preserved in a cryoprotection solution (0.05 M sodium phosphate buffer (pH 7.3), 20 % 
glycerol, and 30 % ethylene glycol) and stored at − 20 ◦C.

Table 1 
List of antibodies used in the present study.

Antigen/Species Antibody name/Catalog number Epitope Concentration 
Western Blot

Concentration 
Immunostaining

Source

Primary antibodies
α-syn pS129 

/mouse
Phosphorylated α-synuclein pSyn 
#64/015–25,191

Phospho-serine 
129

200 ng/μL  FUJIFILM Wako Pure Chemical 
Corporation (Richmond, VA, 
USA)

α-syn 
/rabbit

Anti-Alpha-synuclein antibody 
[MJFR1] 
/ab13850

118–123 1:1000  Abcam (Cambridge, UK)

Aβ 
/mouse

β-amyloid clone 6E10/803001 1–16 1:1000 1:1000 Biolegend (San Diego, CA, 
USA)

APP 
/mouse

Amyloid precursor protein clone 
Y188/ab32136

750 to C-terminus 1:2500  Abcam (Cambridge, UK)

APP pT668 
/rabbit

Amyloid precursor protein phospho 
T668 
clone 
EPR7074(N)/ab206297

Phospho-threonine 
668

1:1000  Abcam (Cambridge, UK)

Drebrin 
/mouse

Drebrin clone MX823/612128 C-terminal 
632–649 coupled 
to KLH

1:1000  Progen (Heidelberg, Germany)

GAPDH GAPDH loading control/G041 – 1:5000 – 
1:2500

 Abm (Vancouver, BC, Canada)

PSD95 
/mouse

PSD95 clone K28/43/75-028 77-299 (PDZ 
domains 
1 and 2)

1:1000  UC Davis 
/NIH NeuroMab Facility 
(Davis, CA, USA)

Synapto-physin 
/rabbit

Synaptophysin/PA1-1043 253–272 1:25000  Invitrogen (Waltham, MA, 
USA)

Secondary antibodies
Alexa Fluor 633 

anti-mouse (H 
+ L) 
/goat

Alexa Fluor 633 goat anti-mouse/ 
A-21052

  1:1000 Invitrogen (Waltham, 
MA, USA)

Mouse IgG (680RD) 
/goat

IRDye® 680RD- conjugated anti- 
mouse secondary antibody/ 
926–68070

 1:10000  LI-COR Biosciences (Lincoln, 
NE, USA)

Rabbit IgG 
(800CW) 
/goat

IRDye® 800CW-conjugated 
anti-rabbit secondary antibody/ 
926–32211

 1:10000  LI-COR Biosciences (Lincoln, 
NE, USA)
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2.3.3. Western blot (SDS-PAGE)
For each brain structure (cortex and hippocampus), proteins from the detergent-soluble fraction were diluted in 4× Laemmli buffer 

(Bio-Rad, Hercules, CA, USA) and incubated at 95 ◦C for 5 min. Subsequently, 15 μl-samples, containing 20 μg of proteins, were 
separated in a 8–16 % Tris-Glycine gel (Bio-Rad, Hercules, CA, USA) for the analysis of synaptic proteins, and a 4–20 % Tris-Glycine gel 
(Bio-Rad, Hercules, CA, USA) for the detection of APP and its C-terminal fragments (CTFs). After gel electrophoresis (100–180 V), wet 
transfer (90 V for 90 min) or the Trans-Blot Turbo Transfer system (Bio-Rad, Hercules, CA, USA) were used to transfer proteins into 
nitrocellulose membranes. For α-synuclein, samples were loaded on a 12 % SDS-Polyacrylamide gel electrophoresis (PAGE) gel, ran at 
60–90 V, and transferred into a nitrocellulose membrane using wet transfer on ice (at 200–350 mA). The membranes were then heated 
in 0.1 M PBS to enhance epitope exposure, followed by an incubation with blocking solution (0.1 M PBS-0.1 % Tween (PBS-T) with 3 % 
gelatin from coldwater fish) for 1 h at room temperature (RT). Afterward, the membranes were either incubated for 2 h at RT or 
overnight (ON) at 4 ◦C with primary antibodies (Table 1). After three washes in PBS-T, membranes were incubated with appropriate 
secondary antibodies (Table 1). Finally, membranes were scanned using the LI-COR Odyssey scanner (LI-COR Lincoln, NE, USA). 
Protein levels were normalized using Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) or the corresponding total protein for 
phosphorylated forms. The obtained ratios were then normalized to WT Saline group for synaptic markers, or to APP/PS1 Saline group 
for human APP and its cleavage products, and α-synuclein.

2.3.4. Enzyme-linked immunosorbent assay (ELISA)
Aβ40 and Aβ42 levels were evaluated in both the soluble and insoluble fractions of APP/PS1 mice for each brain structure (hemi- 

cortex and hemi-hippocampus) using a human Aβ ELISA kit (KHB3481 and KHB3544; Invitrogen, Waltham, MA, USA). Samples from a 
male and a female WT mice were used as negative controls. All samples were diluted in standard diluent buffer as follows: 1:15 (Aβ40) 
or 1:30 (Aβ42) for the detergent-soluble fraction and 1:100 (Aβ40) or 1:1500 (Aβ42) for the insoluble fraction (guanidine extracts). Aβ 
peptide standards were diluted in standard diluted buffer with the corresponding extraction buffer (RIPA or guanidine-HCl) at the 
corresponding dilution to maintain the same composition of buffers used for the diluted experimental samples. Briefly, 50 μl of 
standards and samples were dispensed in pre-coated plates containing anti-Aβ40 or anti-Aβ42 antibodies together with 50 μl of human 
Aβ40 or Aβ42 detection antibody solution, respectively, and incubated at RT for 3 h. Next, samples were washed four times with 1×
wash buffer and incubated with 100 μl of horse peroxidase (HRP)-conjugated anti-rabbit IgG antibody at RT for 30 min, followed by 
four additional washes. HRP reaction was catalyzed using 3,3′,5,5′-Tetramethylbenzidinesolution (30 min incubation at RT with 100 μl 
of stabilized chromogen, protected from light). Finally, the reaction was terminated with 100 μl of Stop solution, and absorbance was 
measured at 450 nm using a Synergy HT microplate reader (BioTek, Winooski, VT). A 4-parameter algorithm was used to generate the 
standard curve and determine the levels of Aβ40 and Aβ42 peptides, and then normalized to the total protein for each sample.

2.3.5. Immunofluorescence and quantification of amyloid plaques
Free-floating hippocampal sections were rinsed three times with PBS for 10 min and blocked for 2 h at RT in PBS-0.3 % Triton X-100 

with 5 % normal goat serum (NGS) and 1 % bovine serum albumin (BSA). Sections were then incubated at 4 ◦C ON with primary 
antibodies (1:1000) (see Table 1) in PBS-0.1 % Triton X-100 with 3 % NGS and 1 % BSA, followed by an incubation with the cor-
responding secondary antibody for 2 h at RT (see Table 1). Finally, nuclear staining was performed by incubating tissue sections in 4′,6- 
diamidino-2-phenylindole (DAPI) (1:10000) for 7 min at RT. Afterward, sections were serially mounted on glass slides in Fluoromount- 
G mounting media (17984–25; EMS, Hatfield, PA, USA) for microscopy imaging.

Images of the entire hemisphere were captured using epifluorescence Axio Observer microscope. Evaluation of the number and the 
size of Aβ plaques in the cortex and the hippocampus were performed in a blinded manner by analyzing every twelfth serial coronal 
section covering the entire hippocampus (5–7 sections per animal for the cortex, 4 to 5 sections per animal for the dorsal hippocampus; 
25 μm in thickness). Briefly, the regions of interest were delineated (full surface of the cortex and full surface of the dorsal hippo-
campus), and the contour of 6E10-positive plaques was traced using the Neurolucida software (Microbrightfield, Williston, VT, USA). 
The number of plaques was adjusted to the total surface of the corresponding analyzed brain structure. The size of the plaques was 
calculated by averaging the plaque surfaces per animal.

2.4. Experimental blinding

Blinding procedures were applied in this study. During the behavioral testing phase, treatments to animals were administered by an 
independent experimenter. This experimenter was responsible for assigning a unique code to each animal, obscuring the animals with 
respect to their genotype and the specific treatment they received. This protocol ensured that the experimenter responsible for con-
ducting the behavioral testing and analysis remained blinded to these variables.

A similar blinding approach was applied for immunohistological analysis. The application of unique codes to each animal during 
the imaging and quantification of amyloid plaques was used to maintain the blindness of the experimenter to the experimental group of 
the animals for this phase of the study.

Following the completion of data collection, the unique codes were decoded, and statistical analysis and graphical representation of 
the results were performed.

2.5. Statistical analysis

Outliers, identified as values that exceeded the 1.5 interquartile ranges below the first quartile or 1.5 interquartile ranges above the 

L. Martínez-Drudis et al.                                                                                                                                                                                             Heliyon 10 (2024) e39571 

5 



third quartile, were excluded from the analysis on a test-by-test basis. We used Student’s unpaired two-sample t-tests to compare the 
two groups (Saline and PLK2i#37). We also used one-way ANOVA followed by Tukey’s multiple comparisons test to compare one 
independent variable between the three experimental groups (WT Saline, APP/PS1 Saline, and APP/PS1 PLK2i#37). We used two-way 
ANOVA followed by Sidak’s multiple comparisons tests to compare differences between males and females for each experimental 
group. We used one sample t-tests to evaluate if habituation, spontaneous alternation, and social preference ratios obtained in the OF, 
the Y-maze, and the social approach tests, respectively, were significantly different from 50 % for each experimental group. To 
evaluate differences between groups over time and within each group over time during the acquisition and reversal phases of the MWM 
task, a two-way repeated measures ANOVA was performed, followed by Tukey’s or Dunnett’s multiple comparisons tests. P < 0.05 was 
defined as statistically significant. Data are presented as the means ± standard error of the mean (S.E.M.). We used Prism 8 software 
(GraphPad software, San Diego, CA, USA) to prepare Graphs and perform statistical analysis.

3. Results

3.1. Chronic treatment with PLK2i #37 reduces cognitive decline in APP/PS1 mice in a sex-specific manner

Puzzled by inconsistent findings in prior research conducted in our laboratory and by others, which reported conflicting results on 
the cellular impact and the involvement of the Aβ pathway in the positive outcomes of pharmacological inhibition of PLK2 activity in 
different transgenic mouse models of AD [23,25], we sought to better understand the effect of PLK2 inhibition on Aβ pathology in a 
pure APP-based transgenic mouse model of AD, namely APP/PS1 mice [42,43]. This model exhibits an age-dependent and 
region-specific progression of Aβ deposition, starting at the age of 3–4 months, in the frontal cortex and the hippocampus [43,60] 
(Fig. 1A). Thus, we decided to treat 3-month-old (±1 week) male and female mice with a daily intraperitoneal injection with PLK2i 
#37 at the concentration of 10 mg/kg or saline for 4 months (Fig. 1A). This experimental paradigm was designed to investigate the 
impact of chronic administration of PLK2 inhibitor on the disease progression. Of note, the treatment’s efficacy was assessed by 
measuring α-synuclein (α-syn) phosphorylation levels, a well-established PLK2 substrate [26,40,41,61–66]. We observed a decrease of 
phosphorylated-S129 α-syn (pS129) in the cortex of treated APP/PS1 mice, compared to their non-treated counterparts (Fig. S1), 
corroborating previous reports [39–41], and supporting the capacity of PLK2i #37 to reduce PLK2 activity in mice brains.

During the last month of treatment, from 6 to 7 months of age, the behavioral performance of the mice was evaluated using multiple 
behavioral tests to assess the treatment’s ability to halt cognitive decline (Fig. 1B). First, we evaluated the animals’ anxiety-like 
behavior, as well as their locomotor and exploratory activities, using the EPM [44,45] and the OF [47,48] tests, respectively [44,
45,67]. The EPM test was used to measure the conflict between exploring a new environment and avoiding brightly lit open areas [47]. 
In this test, APP/PS1 females allocated more time in the open arms (Fig. 1C) while spending less time in the enclosed arms of the maze 
(Fig. 1D), compared to the performances of WT littermates. This effect was not impacted by PLK2i #37 treatment (Fig. 1C and D). Of 
note, while no significant differences were observed amongst male groups (Fig. 1C and D), the two-way ANOVA test revealed no effect 
of sex in this test (Table 2). Similarly, consistent with previous reports [31,68–72], both male and female APP/PS1 mice exhibited 
increased travel distance in the OF, compared to WT mice (Fig. 1E). This increased locomotor activity was not affected by the treatment 
with PLK2i #37 (Fig. 1E). Collectively, our results demonstrated that the hyperactivity and behavioral disinhibition displayed by 
APP/PS1 mice in EPM and OF tests, also found in other AD models and human patients [70,73–78], remained unchanged upon 
treatment with PLK2i #37.

Moreover, evaluation of the animals’ performances in the OF test was also used to test cognition by examining the intrasession 
habituation during the 1 h trial [49]. All groups, with or without treatment, displayed an activity change ratio significantly lower than 
50 % (Fig. 1F), indicating a reduction of exploratory activity over time, hence reflecting a normal short-term memory and habituation 
behavior.

Next, we used Y-maze spontaneous alternation [50,51] and the MWM [53–55] tests to assess spatial working memory and reference 
memory. In the Y-maze test, saline-treated APP/PS1 males exhibited working memory deficits, as shown by a reduced percentage of 
spontaneous alternation when compared to WT mice (Fig. 1G). Interestingly, this deficit was prevented by the treatment with PLK2i 
#37 (Fig. 1G). Of note, no deficits were observed for the females, all groups scoring above chance level (50 %) (Fig. 1G). Moreover, 
while the main effect of sex was not significant, multiple comparisons revealed significant differences between males and females for 
the APP/PS1 Saline group (Table 2).

The MWM task was used to assess spatial learning and memory [53–55]. During the acquisition phase of the test (days 1–4), the 
distance traveled and latency to reach the platform were significantly reduced over time for all groups when compared to the first day 
of training (day 1) (Fig. 1H and Fig. S2A), suggesting good spatial learning and memory levels, as previously reported [79,80]. 
However, while the mean distance did not significantly differ between male groups, a notable difference in overall performance of the 
mice was observed between APP/PS1 and WT females, when all days were considered (Fig. 1H and Fig. S2A). Supporting these 
findings, in the probe trial (day 5), although differences between groups and sexes were not significant and two-way ANOVA revealed 
no effect of sex (Table 2), non-treated APP/PS1 females tended to explore less the target quadrant where the platform was previously 
located than treated APP/PS1 and WT mice, while no differences were observed for the males (Fig. 1I and Fig. S2B). Together, these 
results suggest that spatial learning might be mildly affected in APP/PS1 females in the absence of treatment, as shown by their poorer 
discrimination of the target quadrant and thus, weaker retention of the task [47,81].

Following the acquisition phase, mice underwent another set of 4 days in which the platform was relocated to the opposite 
quadrant, referred to as the reversal phase (days 6–9), to test their cognitive flexibility [53]. Male and female APP/PS1 saline mice 
exhibited trouble in learning the new position of the platform, as indicated by the significantly higher traveled distance and latency 
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Fig. 1. Chronic treatment with PLK2i #37 reduces cognitive decline in APP/PS1 mice in a sex-dependent manner. (A) Temporal line of the 
experimental design used to evaluate the effect of chronic PLK2 pharmacological inhibition with PLK2i #37 in the APP/PS1 transgenic mouse model 
of AD. Time represents the age of the mice in months (M). (B) Temporal line of the tests used to evaluate behavioral performance in 6- to 7-month- 
old (±1 week) non-treated WT and non-treated and treated APP/PS1 mice: open field (OF) test, elevated plus maze (EPM) test, Y-maze spontaneous 
alternation task, Morris water maze (MWM) task, and social approach test (sociability). (C, D) Percentage of time spent in (C) the open arms and (D) 
the enclosed arms during the EPM test. (E) Distance traveled in the arena during the first 10 min of the OF test. (F) Percentage of activity change 
(habituation ratio) in the distance traveled between the first 5 min and the last 5 min of the OF test. (G) Percentage of correct alternations in the Y- 
maze spontaneous alternation task. (H) Learning curve of the mean distance traveled to reach the platform per day (4 trials per day) during the 
acquisition phase of the MWM task (days 1–4). (I) Percentage of distance traveled in the target quadrant during the post-acquisition probe trial (day 
5). (J) Learning curve of the mean distance traveled to reach the platform per day (4 trials per day) during the reversal phase of the MWM task (days 
6–9). (K) Percentage of distance traveled in the target quadrant during the post-reversal probe trial (day 10). (L) Percentage of social interaction 
(social preference ratio) in the three-compartment social approach test. Data are expressed as the group mean ± S.E.M. WT Saline, white (n = 13 per 
sex); APP/PS1 Saline, blue (n = 9–13 per sex); APP/PS1 PLK2i #37, red (n = 8–10 per sex). One-way ANOVA followed by Tukey’s multiple 
comparisons test (B-F, H, J and K); *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. One-sample t-test (% ∕= 50) (C, F and K); $ p < 0.05, $$ p <
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compared to WT mice, which showed significantly decreased distance over time compared to the first day of reversal (day 6) (Fig. 1J 
and Fig. S2C). Interestingly, treatment with PLK2i #37 did not prevent these deficits in males, as reflected by the significant differences 
in the overall performance observed between WT mice and both non-treated and treated APP/PS1 groups (Fig. 1J and Fig. S2C). 
However, while the two-way ANOVA test revealed no sex-related effects (Table 2), performance of treated APP/PS1 females was not 
different from WT nor non-treated APP/PS1 mice, both for the distance traveled to reach the platform during the reversal phase 
(Fig. 1J) and the time and distance spent in the target quadrant in the post-reversal probe trials (day 10) (Fig. 1K and Fig. S1D), 
suggesting an amelioration in their cognitive flexibility.

Finally, the mice’s preference for social interaction was measured using the three-compartment social approach test [57–59]. All 
groups spent more time exploring the social container rather than the empty container (social preference ratio >50 %) (Fig. 1L), 
indicating good sociability levels. Nevertheless, treated APP/PS1 females were less social than WT counterparts (Fig. 1L), suggesting a 
potential off-target effect of the treatment in this behavioral aspect. Of note, two-way ANOVA test revealed no effect of sex in this test 
(Table 2).

Overall, our results suggest that treatment with PLK2i #37 helped in preventing working memory deficits in APP/PS1 males, while 
slightly improving memory, cognitive flexibility and spatial learning in females.

3.2. Chronic treatment with PLK2i #37 exacerbates Aβ burden in APP/PS1 mice in a sex-specific manner

At the cellular level, we first used immunostaining with anti-Aβ 6E10 antibody to assess the number and the size of amyloid plaques 
in the cortex and dorsal hippocampus of APP/PS1 mice, two parameters commonly used as indicators of the extent of Aβ pathology [5,
82,83]. As previously reported [43,60,84], we observed a prominent accumulation of Aβ plaques in the hippocampus and the cortex of 
APP/PS1 mice (Fig. 2A). This accumulation is more pronounced in female brains [85,86], as reflected by the higher number of plaques 
(Fig. 2B and D) (Table 3). Interestingly, we observed that treatment with PLK2i #37 further aggravated Aβ pathology, specifically in 
APP/PS1 females, as reflected by the notable increase in the number of Aβ plaques in the cortex (Fig. 2B) and dorsal hippocampus 
(Fig. 2D). Of note, the average size of the plaques was not affected by PLK2i #37 treatment (Fig. 2C and E) or by the sex of the animals 
(Table 3). Together, these results demonstrated that chronic treatment with PLK2i #37 fosters amyloid pathology in female brains, a 
phenomenon not observed in other transgenic mouse models of AD [23,25].

Next, we evaluated soluble and insoluble Aβ40 and Aβ42 peptide levels in the cortex and hippocampus by ELISA. These two forms 
of Aβ are particularly relevant because their relative abundance can provide insights into disease pathology and progression [4,87–89]. 
In line with our immunohistology observations, treatment with PLK2i #37 did not impact the levels of soluble (Fig. 2F and G) or 
insoluble (Fig. 2H and I) Aβ40 and Aβ42 in the cortex of APP/PS1 males. However, we observed increased cortical Aβ40 (Fig. 2F) and 
Aβ42 levels (Fig. 2G) in the detergent-soluble fraction in treated APP/PS1 females, compared to non-treated mice. No effects of PLK2 
inhibition were detected in the cortical insoluble fraction (guanidine extracts) (Fig. 2H and I). In the hippocampus, no differences 
between groups were reported for the soluble levels of Aβ40 and Aβ42 (Fig. 2J and K) or the insoluble levels of Aβ42 (Fig. 2M) in either 
sex. Whereas the levels of insoluble Aβ40 were amplified by the treatment in APP/PS1 females (Fig. 2L). Moreover, soluble, and 
insoluble Aβ40 and Aβ42 peptide levels differed between males and females in both brain structures (Table 3). Together, these ob-
servations show that PLK2i #37 treatment aggravates Aβ pathology and deposition in a sex-specific manner.

To further explore the impact of PLK2 inhibition on Aβ pathology in APP/PS1 mice brains, we used Western blot to evaluate the 
protein levels of the total and the phosphorylated forms of APP, as well as the APP-derived CTFs, two additional markers of Aβ pa-
thology [22,90,91]. In male APP/PS1 mice, PLK2i #37 treatment induced a decrease in the levels of full-length APP (Fig. 3A and B), as 

0.01, $$$ p < 0.001, $$$$ p < 0.0001. Two-way repeated measures ANOVA followed by Tukey’s multiple comparison (differences between groups 
over time) (G and I); #p < 0.05, ##p < 0.01, ###p < 0.001. Two-way repeated measures ANOVA followed by Dunnett’s multiple comparison 
(versus day 1 for (G) and versus day 6 for (I)); & p < 0.05, && p < 0.01, &&& p < 0.001, &&&& p < 0.0001 for WT Saline group; Ω p < 0.05, ΩΩ p 
< 0.01 for APP/PS1 Saline; £ p < 0.05, ££ p < 0.01, £££ p < 0.001, ££££ p < 0.0001 for APP/PS1 PLK2i #37. (For interpretation of the references to 
color in this figure legend, the reader is referred to the Web version of this article.)

Table 2 
Statistical analysis of sex differences at the behavioral level.

Two-way ANOVA Sidak’s multiple comparisons test (Males versus 
females)

Effect of sex WT Saline APP/PS1 
Saline

APP/PS1 PLK2i #37

Elevated plus maze Time in the open arms F (1, 57) = 0.5048 p = 0.4803 p = 0.9978 p = 0.9994 p = 0.5581
Time in the enclosed arms F (1, 56) = 0.3372 p = 0.5638 p = 0.4661 p = 0.9951 p = 0.1817

Open field Distance traveled F (1, 58) = 0.5959 p = 0.4433 p = 0.8537 p = 0.9762 p = 0.3822
Activity change ratio F (1, 60) = 0.8267 p = 0.3669 p = 0.4962 p = 0.9881 p = 0.9992

Y-maze Correct alternations F (1, 58) = 0.06300 p = 0.8027 p = 0.7217 p = 0.0434 p = 0.1561
Morris water maze Acquisition - Distance in the target quadrant F (1, 48) = 0.01591 p = 0.9002 p = 0.9937 p = 0.7633 p = 0.7432

Reversal - Distance in the target quadrant F (1, 46) = 0.1521 p = 0.6984 p = 0.9722 p = 0.7928 p = 0.9992
Sociability Social approach ratio F (1, 46) = 1.494 p = 0.2279 p = 0.6802 p = 0.3663 p = 0.4325
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Fig. 2. Chronic treatment with PLK2i #37 increases amyloid plaques and Aβ peptide levels in the cortex and hippocampus of female but not male 
APP/PS1 mice (A) Representative microscopy images of Aβ (6E10) immunofluorescence staining of amyloid plaques in the brain of 7-month-old (±1 
week) non-treated and treated APP/PS1 mice. (B, C) Quantification of (B) the number of plaques and (C) their average surface in the cortex of non- 
treated and treated APP/PS1 mice. (D, E) Quantification of (D) the number of plaques and (E) their average surface in the dorsal hippocampus of 
non-treated and treated APP/PS1 mice. (F-I) ELISA quantification of the cortical levels of (F, H) Aβ40 and (G, I) Aβ42 peptides in the (F, G) soluble- 
detergent fraction or (H, I) insoluble fraction (guanidine extracts) of non-treated and treated APP/PS1 mice normalized to total protein. (J-M) ELISA 
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well as α- and β-CTFs (Fig. 3A, C and D) in the cortex. On the contrary, the treatment increased cortical levels of APP (Fig. 3A and B) and 
β-CTF (Fig. 3A and C) in APP/PS1 females, without affecting α-CTFs expression levels (Fig. 3A and D). These results support our 
observation of the sex-dependent increase of amyloid burden in this model upon PLK2 inhibition. In the hippocampus, we did not 
notice significant effects of the treatment on human APP or β-CTFs levels in APP/PS1 males or females (Fig. 3F–H). However, we did 
observe a selective reduction in the hippocampal levels of α-CTF, in female, but not in male APP/PS1 mice (Fig. 3F and I). Of note, 
Western blot analysis showed similar levels of phosphorylated APP at T668 in treated and non-treated groups in the cortex (Fig. 3A and 
E) and hippocampus (Fig. 3F and J), suggesting that PLK2 may not be the primary kinase catalyzing APP phosphorylation at T668 in 
vivo.

Altogether, these findings demonstrate that chronic PLK2i #37 treatment exacerbates Aβ accumulation and deposition, specifically 
in female but not male APP/PS1 mice, probably through enhancing APP amyloidogenic processing.

3.3. Chronic treatment with PLK2i #37 does not affect synaptic content in APP/PS1 mice

Our previous work revealed that treatment with PLK2 inhibitor improved synaptic markers in 3xTg-AD mice [23]. These synaptic 
markers, when reduced, reflect a synaptic dysfunction, a common neuropathological feature of AD [89,92–99]. To investigate whether 
treatment with PLK2i #37 has also an impact on synaptic pathology in APP/PS1 mice, we used Western blot to analyze the levels of 
different synaptic proteins, including the pre-synaptic marker Synaptophysin [95], the post-synaptic density protein 95 (PSD95) [94] 
and Drebrin, present at both the pre- and post-synaptic levels [100]. Our data revealed that the levels of these synaptic proteins in the 
cortical and hippocampal tissue of APP/PS1 mice remain largely unaffected when compared to WT littermates (Fig. 4A–C and E-G), 
except for synaptophysin, for which hippocampal and cortical levels were significantly reduced in male and female brains (Fig. 4A, D, E 
and H). Interestingly, PLK2i #37 treatment did not affect the levels of the three synaptic markers, neither in males nor females 
(Fig. 4A–H). Unlike our previous study reporting a treatment-induced increase of synaptic marker levels in 3xTg-AD males [23], the 
present results suggest that chronic treatment with PLK2i #37 does not improve synaptic content in APP/PS1 mice. Moreover, we did 
not note a sex-dependent effect of the genotype or the treatment for this pathological feature.

4. Discussion

Over the past decades, abnormal protein phosphorylation has emerged as a viable modulable target for the treatment of AD and 
related dementia [21,22,101–103]. Accumulating evidence place PLK2, a member of a cell-cycle serine/threonine kinase family, 
among the potential kinases responsible for such imbalance and contributing to AD pathogenesis [23–27]. This suggests that phar-
macologically targeting its activity may represent a viable therapeutic strategy for AD and related disorders [23–27]. The present study 
provides evidence that chronic treatment with PLK2i #37 partially prevented cognitive decline in APP/PS1 mice, in a task- and 
sex-specific manner. At the cellular level, we observed that the treatment aggravated Aβ accumulation and deposition specifically in 
female APP/PS1 mice, probably by enhancing APP amyloidogenic processing. Together, our findings demonstrate that PLK2 phar-
macological inhibition might have the potential to alleviate cognitive symptoms, but paradoxically exacerbates Aβ pathology in a 
sex-dependent manner.

At the behavioral level, we observed that chronic PLK2i #37 treatment reduced spatial working memory deficits in male APP/PS1 
mice and partially improved female cognitive flexibility-dependent spatial learning and memory. This beneficial effect on the cognitive 

quantification of the hippocampal levels of (J, L) Aβ40 and (K, M) Aβ42 peptides in the (J, K) soluble-detergent fraction or (L, M) insoluble fraction 
(guanidine extracts) of non-treated and treated APP/PS1 mice normalized to total protein. Data are expressed as the mean group ± S.E.M. APP/PS1 
Saline, blue (n = 8 per sex); APP/PS1 PLK2i #37, red (n = 7–8 per sex). Unpaired student t-tests; *p < 0.05, **p < 0.01, ***p < 0.001, ***p <
0.0001. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

Table 3 
Statistical analysis of sex differences in Aβ pathology.

Two-way ANOVA Sidak’s multiple comparisons test (Males versus females)

Effect of sex APP/PS1 Saline APP/PS1 PLK2i #37

Number of plaques Cortex F (1, 25) = 66.29 p < 0.0001 p < 0.0001 p < 0.0001
Hippocampus F (1, 23) = 93.36 p < 0.0001 p = 0.0013 p < 0.0001

Average plaque size Cortex F (1, 24) = 2.559 p = 0.1227 p = 0.4588 p = 0.4725
Hippocampus F (1, 25) = 0.9647 p = 0.3354 p = 0.4512 p = 0.9606

Soluble Aβ40 levels Cortex F (1, 25) = 12.49 p = 0.0016 p = 0.4428 p = 0.0021
Hippocampus F (1, 27) = 5.173 p = 0.0311 p = 0.1416 p = 0.3343

Soluble Aβ42 levels Cortex F (1, 24) = 26.22 p < 0.0001 p = 0.285 p < 0.0001
Hippocampus F (1, 26) = 9.780 p = 0.0043 p = 0.0052 0.4418

Insoluble Aβ40 levels Cortex F (1, 25) = 32.26 p < 0.0001 p = 0.0024 p = 0.0004
Hippocampus F (1, 24) = 24.83 p < 0.0001 p = 0.0341 p = 0.0003

Insoluble Aβ42 levels Cortex F (1, 25) = 19.51 p = 0.0002 p = 0.009 p = 0.0089
Hippocampus F (1, 26) = 19.13 p = 0.0002 p = 0.0402 p = 0.002
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Fig. 3. Chronic treatment with PLK2i #37 affects APP protein expression levels and amyloidogenic processing in APP/PS1 mice in a sex-dependent 
manner without affecting T668 phosphorylation. (A) Western blot analysis of phosphorylated APP (pAPP) T668, full-length human APP (tAPP) 
(6E10), APP β- and α-CTFs (Y188), and GAPDH in the cortex of 7-month-old (±1 week) non-treated and treated APP/PS1 mice. (B-D) Quantification 
of cortical protein levels of (B) tAPP, (C) β-CTF, and (D) α-CTF expressed as APP/GAPDH percentage normalized to APP/PS1 Saline group. (E) 
Quantification of cortical protein levels of pAPP T668 expressed as pAPP/tAPP percentage normalized to APP/PS1 Saline group. (F) Western blot 
analysis of phosphorylated APP (pAPP) T668, full-length human APP (tAPP) (6E10), APP β- and α-CTFs (Y188), and GAPDH in the hippocampus of 
7-month-old (±1 week) non-treated and treated APP/PS1 mice. (G-J) Quantification of hippocampal protein levels of (G) tAPP, (H) β-CTF, and (I) 
α-CTF expressed as APP/GAPDH percentage normalized to APP/PS1 Saline group. (J) Quantification of hippocampal protein levels of pAPP T668 
expressed as pAPP/tAPP percentage normalized to APP/PS1 Saline group. Data are expressed as the group mean ± S.E.M. APP/PS1 Saline, blue (n 
= 8 per sex); APP/PS1 PLK2i #37, red (n = 7–8 per sex). Unpaired student t-tests; *p < 0.05, **p < 0.01, ***p < 0.001, ***p < 0.0001. Uncropped 
original scan images for Western blot membranes are available in Fig. S3. (For interpretation of the references to color in this figure legend, the 
reader is referred to the Web version of this article.)
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symptoms is in line with previous studies from our laboratory and others, reporting the rescue of recognition memory deficits in 3xTg- 
AD and 5XFAD mice, respectively, as well as a reduction of cognitive flexibility impairment in 3xTg-AD mice upon pharmacological 
inhibition of PLK2 [23,25].

Intriguingly, at the cellular level, PLK2 pharmacological inhibition seems to have variable -and even opposite-effects on Aβ 
accumulation depending on the animals’ genotype and sex. One of the most striking changes reported in the brains of treated APP/PS1 
female mice was the increase in the number of amyloid plaques and Aβ peptide levels. In contrast, as we previously reported, transient 
treatment with PLK2i #37 led to a lower plaque burden in 3xTg-AD females [23]. In males, Aβ pathology remained unchanged by the 
treatment in both APP/PS1 and 3xTg-AD mouse models [23]. Conversely, in an independent study, the authors reported a reduction in 
Aβ production and deposition upon genetic or pharmacological inhibition of PLK2 in APP-SwDI and 5XFAD male mice, respectively 
[25]. While the treatment regimen differed between the studies -and its influence remains to be investigated-, we speculate that 
additional factors such as the mouse strain, as well as their genetic modifications may also contribute to these differences.

Over the last decades, several studies have demonstrated that genetic background can influence APP processing and Aβ deposition 
in transgenic mouse models of AD [31–34,104–106]. In addition, a study reported that despite presenting similar Aβ clearance across 
the blood brain barrier under basal conditions [107,108], various mouse strains commonly used for the development of AD models 
(C57BL/6, FVB/N, BALB/c, and SJL/J) showed a different response to rifampicin treatment when examining the brain levels of both Aβ 
clearance and clearance-related proteins [107]. Our results, along with these findings, uphold the hypothesis that the genetic context 
in which the FAD-mutated transgenes are expressed, have a non-negligible impact on both the resulting AD-associated phenotypes and 
the effect of pharmacological treatments.

While several research groups have examined the impact of the animals’ strain on Aβ pathology specifically, its role in other 
pathological aspects of the disease remains understudied. Nonetheless, Onos and colleagues reported strain- and sex-specific differ-
ences in neurodegeneration upon overexpression of APPswe and PSEN1dE9 transgenes in mice [31]. In line with their findings, our 
study revealed genotype- and sex-dependent differences in the effect of PLK2 pharmacological inhibition on synaptic pathology, 
another component of AD [93,99,109]. Here we showed that the treatment did not affect the synaptic content in APP/PS1 mice 
(harboring APPswe and PSEN1dE9 mutations), whereas we and others had previously observed an increase in synaptic protein levels 
upon treatment with a PLK2 inhibitor in 3xTg-AD and 5XFAD males, respectively [23,25]. Moreover, neuronal, and synaptic damage 
are linked to the cognitive deterioration observed in AD [89,95,96,110,111]. Given the impact that genetic variations are postulated to 
have in the latter [31,32,112,113], our observations could contribute to explain the results obtained at the behavioral level.

In addition to the genetic background of each strain, the differences observed among transgenic mouse models of AD are also 
strongly dependent on the selected transgenes used to overexpress disease-linked proteins such as APP and Tau. Other factors such as 
the aggressiveness of the FAD mutations incorporated, as well as the promoter under which the transgenes are expressed, and their 
number of copies may also play a crucial role [15,20,32,37,112,114,115]. The combination of this myriad of elements results in unique 
disease-associated phenotypes, age of onset, and progression for each model [35–38]. Thus, the conflicting findings between the 
present study, our previous results [23], and Lee et al. work [25] regarding the effect of PLK2 pharmacological inhibition may be due, 
in part, to the use of different AD transgenic lines, namely APP/PS1, 3xTg-AD, and 5XFAD, respectively.

Furthermore, the use of male and female mice in our studies allowed us to investigate the effect of PLK2 pharmacological inhibition 
on another important AD characteristic, namely sexual dimorphism [116,117]. Our data revealed a strong sex-specific effect of the 
treatment, both at the behavioral and the cellular levels. Here, we report a prominent exacerbation of Aβ pathology specifically in 
APP/PS1 females. Similarly, in our previous study, we showed that PLK2i #37 treatment exacerbated Tau pathology in female 
3xTg-AD mice, while lowering Tau burden and increasing synaptic protein content in treated males [23]. These findings are of 
particular relevance, since the sexual dimorphic nature of the disease is also observed in humans, with higher prevalence, worsened 
pathological features, and faster cognitive decline reported in women [118–123]. Collectively, our findings emphasize the importance 
of considering sex during both pre-clinical and clinical phases when creating treatments for AD [124].

While the discrepancies observed at the cellular level, especially regarding Aβ pathology, could be attributed to factors such as 
treatment regimen, animal model, and biological sex. Our results also suggest that the implication of PLK2 in AD might involve 
mechanisms other than its direct role on APP phosphorylation and processing [23–25]. For instance, PLK2 has been postulated to 
regulate synaptic homeostasis in the adult brain [125–130] and has been reported to phosphorylate different neuronal targets such as 
glycogen synthase kinase 3β (GSK-3β), Spine-associated Rap guanosine triphosphatase-activating protein (SPAR), and α-syn [26,41,62,
64,125,128]. Thus, we hypothesize that the effects of PLK2 kinase activity and its inhibition on AD pathology might occur at the 
neuronal level, through the regulation of various cellular processes and signaling pathways, although the exact molecular mechanisms 
remain to be further investigated. Moreover, the differences observed on the APP levels and its proteolytic derivatives between the 

Fig. 4. Chronic treatment with PLK2i #37 does not affect synaptic protein levels in APP/PS1 mice. (A) Western blot analysis of Drebrin, PSD95, 
Synaptophysin (Synapto), and GAPDH in the cortex of 7-month-old (±1 week) non-treated WT, and non-treated and treated APP/PS1 mice. (B-D) 
Quantification of cortical protein levels of (B) Drebrin, (C) PDS95, and (D) Synaptophysin expressed as synaptic marker/GAPDH percentage 
normalized to WT Saline group. (E) Western blot analysis of Drebrin, PSD95, Synaptophysin (Synapto), and GAPDH in the hippocampus of 7-month- 
old (±1 week) non-treated WT, and non-treated and treated APP/PS1 mice. (F-H) Quantification of hippocampal protein levels of (F) Drebrin, (G) 
PDS95, and (H) Synaptophysin expressed as synaptic marker/GAPDH percentage normalized to WT Saline group. Data are expressed as the group 
mean ± S.E.M. WT Saline, white (n = 8 per sex); APP/PS1 Saline, blue (n = 8 per sex); APP/PS1 PLK2i #37, red (n = 7–8 per sex). One-way ANOVA 
followed by Tukey’s multiple comparisons test; *p < 0.05, **p < 0.01, ***p < 0.001, ***p < 0.0001. Uncropped original scan images for Western 
blot membranes are available in Fig. S3. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version 
of this article.)
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cortex and hippocampus of treated APP/PS1 mice suggest a brain region-dependent effect of the treatment. It is plausible that the 
expression levels and function of PLK2 and its substrates may vary between brain structures, leading to these differences. Additionally, 
amyloid plaques and Aβ levels remained unchanged in treated APP/PS1 male mice despite the reported reduction of total APP and 
β-CTF, suggesting a potential role of PLK2 in other aspects of Aβ pathology such as Aβ degradation and/or clearance [131–134]. Thus, 
effects of PLK2 pharmacological inhibition through additional targets, whether central or peripheral, such as immune or vascular cells, 
known to be involved in AD pathology [135–137], cannot be disregarded.

In conclusion, our results highlight the therapeutic capacity of PLK2 inhibition as a treatment for AD, even though its cellular and 
molecular mechanisms remain elusive. Moreover, our results highlight the importance of sex- and genetic context-dependent differ-
ences in studying AD pathophysiology.

They also encourage the need for thorough evaluation and validation of the effects of a potential treatment across different AD 
models, while taking sex dimorphism into account [23].
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