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A B S T R A C T

Behavioral and psychological symptoms of dementia are almost ubiquitous in Alzheimer's disease (AD) but 
current therapies are not fully effective and safe. In this study, we aim to evaluate the role played by the interplay 
among striatal D2, adenosine A2A (A2AR) and cannabinoid CB1 (CB1R) receptors in some of these non-cognitive 
impairments in a well-established animal model of AD, the double transgenic APP/PS1 mice. Our results reveal 
that the alterations existing in the ratios between these three receptors significantly correlate with the sensori-
motor gating and the social interaction impairments occurring in APP/PS1 mice at 12 months of age. Moreover, 
the pharmacological stimulation of A2AR and CB1R blunted the sensorimotor gating deficiencies in APP/PS1 
mice. To note, we observed some age-dependent differences among male and female mice. In conclusion, the 
present study provides evidence for the contribution of an altered interplay between dopaminergic, adenosi-
nergic and endocannabinoid systems in the sensorimotor gating deficits and social withdrawal occurring in AD 
and points to A2AR and CB1R as a potential target to reverse these non-cognitive symptoms in AD patients.

1. Introduction

Behavioral and psychological symptoms of dementia (BPSD) are 
almost ubiquitous in Alzheimer's disease (AD) patients and are associ-
ated with poor outcomes in terms of function, quality of life, disease 
course, mortality and economic cost (Peters et al., 2015; Devanand et al., 
2022). These non-cognitive symptoms include impairments in motiva-
tion, social behavior and awareness, mood disorders, anxiety, agitation, 
impulsivity and psychosis, all of which often require clinical interven-
tion. Among them, psychotic symptoms, including hallucinations and 
delusions, are some of the most clinically relevant because they are 
associated with a more rapid progression to severe dementia and earlier 
death, confer greater risk of institutionalization and substantially in-
crease caregiver burden (Ismail et al., 2022). Psychotic symptoms are 
estimated to occur in 41 % of people with AD and emerge at a rapid rate 
during progression from mild cognitive impairment to early and middle 
stages of disease (Ropacki and Jeste, 2005; Ballard et al., 2020). 

Antipsychotic drugs used to mitigate these symptoms are mainly dopa-
mine (DA) D2 receptors (D2R) antagonists. These antipsychotic drugs are 
not fully effective and are associated with substantial side effects 
including somnolence, extrapyramidal symptoms, gait abnormalities 
and, more importantly, increased mortality in AD patients (Schneider 
et al., 2006; Ballard et al., 2020). Therefore, there exists a significant 
need to develop safer and more effective antipsychotic treatments for 
AD. However, a better understanding of the neurobiological bases of 
these non-cognitive symptoms in AD is essential to achieve this goal.

In this sense, the present study aims to evaluate the role played by 
the interplay among striatal D2, adenosine A2A (A2AR) and cannabinoid 
CB1 (CB1R) receptors in two of the BPSD symptoms occurring in AD that 
are also present in psychotic disorders such as schizophrenia (i.e. 
sensorimotor gating and social interaction deficits). For doing so, we use 
double transgenic APP/PS1 mice, a well-established animal model of AD 
(Borchelt et al., 1997). We have focused on the striatum since this brain 
area has been demonstrated to be a key substrate for these symptoms in 
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schizophrenia (Millan et al., 2014; Swerdlow and Light, 2018). Our in-
terest in D2R, A2AR and CB1R is sustained by three main reasons. First, it 
is well accepted that psychotic symptoms such as hallucinations and 
delusions are sustained by hyperactivity of the mesolimbic dopami-
nergic pathway, which correlates with increased activity of D2R in 
striatum and sustains the efficacy of current antipsychotic drugs 
(Seeman, 2013; Simpson et al., 2022). Second, increasing evidence 
suggest that glutamatergic and dopaminergic signaling are altered 
during psychosis as a consequence of adenosine hypofunction (Boison 
et al., 2012; Pasquini et al., 2022). The adenosinergic control of the 
striatal dopaminergic system largely depends on the strong antagonistic 
interaction between adenosine A2AR and dopamine D2R at a behavioral 
and cellular level (Ferré et al., 2018). In fact, genetic deletion of A2AR 
induced a psychotic-like phenotype in mice (Moscoso-Castro et al., 
2016). Moreover, some previous evidence points to the involvement of 
adenosinergic and dopaminergic systems in the development of non- 
cognitive symptoms in preclinical models of AD (Abad et al., 2016; 
Liu et al., 2020). Interestingly, β-amyloid-treated mice showed increased 
spontaneous locomotion, increased response to amphetamine and a 
blunted response to caffeine when compared to their respective control. 
This could mean that β-amyloid peptide predisposes to psychotic 
symptoms of AD by increasing the dopaminergic activity, likely 
decreasing adenosinergic inhibitory tone (Dall'Igna et al., 2004). Third, 
CB1R is known to be expressed in mesolimbic areas, which project to 
dopaminergic neurons of the ventral tegmental area (VTA), and partic-
ipates in the control of dopaminergic activity (Manzanares et al., 2018). 
CB1R and D2R have been demonstrated to reciprocally exert a negative 
allosteric modulation in the striatum (Marcellino et al., 2008), as it also 
occurs between CB1R and A2AR (Tebano et al., 2012). Additional evi-
dence support a crucial role for CB1R in the progression of AD: (i) al-
terations in the expression or functionality of CB1R have been described 
both in AD patients' brains and animal models (Aso et al., 2012; Manuel 
et al., 2014); (ii) the pharmacological stimulation of CB1R led to a 
reduction of the neurotoxic effect of Aß peptide in some in vitro models 
and to a reversion of Aß-induced memory impairment in different in vivo 
models (reviewed in Aso and Ferrer, 2014); and (iii) the genetic deletion 
of CB1R in APP/PS1 mice drastically reduced their survival and accel-
erated their memory impairment (Aso et al., 2018). Similarly, a relevant 
role in cognitive decline and synaptic loss in AD has been also described 
for A2AR (Horgusluoglu-Moloch et al., 2017; Temido-Ferreira et al., 
2020; Viana da Silva et al., 2016).

In summary, previous reports suggest that alterations in A2AR and 
CB1R occur during AD progression and that a complex interplay between 
D2R, A2AR and CB1R finely regulate dopaminergic activity and, there-
fore, could play a role on the sensorimotor gating and social interaction 
deficits associated to AD. The present study supports this hypothesis and 
for the first time evaluates the complex balance between dopaminergic, 
adenosinergic and endocannabinoid systems as potential substrate for 
non-cognitive symptoms in AD, in contrast to previous reports 
addressing the role of each specific neurotransmitter system or the 
interaction between only two of them. The consecution of our aims 
could help to optimize a potential therapy against these non-cognitive 
symptoms in AD based on targeting D2R, A2AR and CB1R interplay.

2. Experimental procedures

2.1. Animals

Male and female 4 and 12 month-age APP/PS1 mice and wild-type 
littermates (WT, C57BL/6 J background) were used for the study. The 
generation of mice expressing the human mutated APPswe and PS1dE9 
has been described elsewhere (Borchelt et al., 1997). Animals were 
housed 3–4 per cage and maintained under standard animal housing 
conditions in a 12-h dark-light cycle with free access to food and water. 
Mice were randomly assigned to treatment groups and the experiments 
were conducted under blind experimental conditions. All animal 

procedures were carried out by following the guidelines of the European 
Communities Council Directive 2010/63/EU and with the approval of 
the local ethical committee of the University of Barcelona.

2.2. Pharmacological treatment

The CB1R agonist ACEA and the selective A2AR agonist CGS-21680 
were purchased from Sigma-Aldrich Química SL (Madrid, Spain) and 
Abcam (Cambridge, UK), respectively. CGS-21680 (0.5 mg/kg) (Sills 
et al., 2001) was dissolved in 1 % DMSO and ACEA (1.5 mg/kg) (Aso 
et al., 2012) in 5 % ethanol, 5 % Tween and 90 % saline for intraperi-
toneal (i.p.) injection. The drugs were administered 10 min before the 
behavioral test. The administered volume was 10 mL/kg of body weight.

2.3. Behavioral evaluation and sample collection

2.3.1. Three-chamber test
Social interaction and social memory of mice were evaluated in the 

three-chamber test (Kaidanovich-Beilin et al., 2011). The apparatus 
consists of a box divided into three chambers that are separated by two 
removable walls. First, the subject mouse was placed at the center of the 
middle chamber for 5 min as a habituation phase. Next, the session 1 
(sociability test) consisted on positioning a novel mouse (hereinafter 
referred to as mouse 1) inside a wire cage in one of the lateral chambers 
and a novel object (identical but empty wire cage) in the opposite one. 
The time spent exploring the novel mouse (mouse 1, TM) or the novel 
object (TO), was analyzed during 10 min. The social memory and nov-
elty test (session 2) began immediately after the sociability test. In this 
test, the previous mouse (mouse 1) remained in its wire cage (now called 
the familiar mouse) and a novel mouse (mouse 2) was placed in the wire 
cage in the opposite side. Again, time spent exploring the familiar mouse 
(mouse 1, TF) or the novel mouse (mouse 2, TN), was manually recorded 
during 10 min. Then, Sociability Index (SI) and Social Memory Index 
(SMI) were respectively calculated for the first and the second sessions: 
SI = (TM-TO)/(TM + TO); SMI = (TN-TF)/(TN + TF). At the end of the 
behavioral testing, the animals were sacrificed and their brains rapidly 
dissected, frozen, and stored at − 80 ◦C until use.

2.3.2. Prepulse inhibition test (PPI)
The PPI was performed to evaluate the sensorimotor gating in mice, 

which is known to be impaired in psychotic conditions (Valle-León et al., 
2021). The animals were submitted to a 5-minute session in the startle 
chamber with 65 dB white noise (acclimation phase) followed by a trial 
pulse basal consisting of 10 pulse-alone trials sessions of 120 dB and 20 
ms (habituation phase). Subsequently, 5 randomly distributed blocks 
with 10 trials were presented. The blocks consist on i) trial without 
stimulation, background noise only (65 dB); ii) trial pulse with a startle 
stimulus (120 dB, 8000 Hz, 40 ms); iii) trial with 70 dB prepulse (70 dB, 
10,000 Hz, 20 ms) + pulse (120 dB, 8000 Hz, 40 ms); iv) 75 dB prepulse 
(75 dB, 10,000 Hz, 20 ms) + pulse (120 dB, 8000 Hz, 40 ms); v) 80 dB 
prepulse (80 dB, 10,000 Hz, 20 ms) + pulse (120 dB, 8000 Hz, 40 ms). 
Inter-trial intervals were 30 s long and a background noise level of 65 dB 
was maintained. Startle amplitude after prepulse (70, 75 and 80 dB) and 
pulse (120 dB) were measured. The percentage of prepulse inhibition (% 
PPI) for each prepulse intensity, was calculated as: %PPI = (startle 
amplitude on pulse alone – startle amplitude on prepulse trial)/(startle 
amplitude on pulse alone) x 100.

2.4. Gel electrophoresis and immunoblotting

Striatal samples from mice were homogenized in ice-cold 10 mM Tris 
HCl (pH 7.4), 1 mM EDTA and 300 mM KCl buffer containing a protease 
inhibitor cocktail (Roche Molecular Systems, USA). The homogenates 
were centrifuged for 10 min at 1000 ×g. The resulting supernatants were 
centrifuged for 30 min at 12,000 ×g and the pellets were resuspended in 
50 mM Tris HCl (pH 7.4) and 10 mM MgCl solution. Protein 
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concentration was determined using the BCA protein assay kit (Thermo 
Fisher Scientific, Inc., Rockford, IL, USA) and equal amounts of protein 
(10 μg) for each sample were loaded and separated by electrophoresis on 
sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) 
(10 %) gels. Proteins were transferred onto Hybond®-LFP poly-
vinylidene difluoride (PVDF) membranes (GE Healthcare, Chicago, IL, 
USA) using a Trans-Blot® SD Semi-Dry Transfer Cell (Bio-Rad, Hercules, 
CA, USA). Then, PVDF membranes were blocked with 5 % non-fat milk 
in phosphate buffered saline (PBS) buffer containing 0.05 % Tween-20 
(PBS-T) during 45 min. After washing, membranes were incubated 
overnight at 4 ◦C with rabbit polyclonal anti-D2R (1:1500; Frontier 
Institute Co. Ltd., Shinko-nishi, Ishikari, Hokkaido, Japan; 
AB_2571596), mouse monoclonal anti-A2AR (1:1000, Santa Cruz 
Biotechnology, Dallas, TX, USA, sc-32261), rabbit polyclonal anti-CB1R 
(1:1500; Abcam; ab23703), goat polyclonal anti-DAT (1:1000; Santa 
Cruz, sc-1433), mouse monoclonal anti-ENT1 (1:250; Santa Cruz, sc- 
377283) and rabbit polyclonal anti-β-tubulin (1:10,000, Abcam, Cam-
bridge, UK; ab21058) antibodies in blocking solution overnight at 4 ◦C. 
PVDF membranes were washed with PBS-T three times (5 min each) 
before incubation with either a horseradish peroxidase (HRP)-conju-
gated goat antirabbit IgG (1/30,000; Pierce Biotechnology, Rockford, IL, 
USA), HRP-conjugated rabbit anti-goat IgG (1/10,000; Pierce Biotech-
nology) or HRP-conjugated goat anti-mouse (Thermo Fisher Scientific) 
in blocking solution at room temperature during 2 h. After washing the 
PVDF membranes with PBS-T 20 three times (5 min each), the immu-
noreactive bands were developed using a chemiluminescent detection 
kit (Thermo Fisher Scientific) and were detected with an Amersham 
Imager 600 (GE Healthcare Europe GmbH, Barcelona, Spain). When 
needed, membranes were stripped to remove the primary and secondary 
antibodies. The stripping efficacy was routinely tested by incubating 
again the secondary antibody to confirm the absence of signal before 
incubating additional primary antibodies, except on those cases when 
the MW of the expected bands was very different (i.e. D2R and ENT-1). 
The sequence of primary antibodies incubated in each membrane is 
included in Supplementary material (uncropped blots). Densitometric 
quantification was carried out with Image J (NIH, US). Protein loading 
on the gel was normalized by β-tubulin detection. Six animals per group 
were analyzed.

2.5. Colocalization study by immunofluorescence and confocal imaging

Fixed brain samples were cut with a vibratome in 25 μm thick cor-
onal sections. Sections were blocked with 4 % normal donkey serum 
solution and then incubated at 4 ◦C overnight with the rabbit polyclonal 
anti-D2R (1:200; Frontier Institute Co. Ltd., AB_2571596), goat poly-
clonal anti-A2AR (1:200, Santa Cruz Biotechnology, Dallas, TX, USA, sc- 
7504) and mouse monoclonal anti-CB1R (1:500; Synaptic Systems, 
Göttingen, Germany, 258011). Negative control sections were incubated 
with blocking solution instead of primary antibodies After washing, the 
sections were incubated with Alexa647 (1:1000, Thermo Fisher Scien-
tific), Cy2 or Cy3 (1:1000, Jackson ImmunoResearch, Ely, United 
Kingdom) fluorescence secondary antibodies against the corresponding 
host species. After washing, the sections were mounted in In Situ 
Mounting Medium with DAPI (Sigma-Aldrich), sealed, and dried over-
night. Sections were examined with a Carl Zeiss LSM880 confocal mi-
croscope at 40×. Manders split coefficients were calculated by using 
ImageJ software.

2.6. Statistical analyses

Statistical analysis was performed with GraphPad Prism 9 (RRID:
SCR_002798; San Diego, CA, USA). Statistical difference was set at P <
0.05. The number of samples/animals (n) in each group is indicated in 
the corresponding figure legend. Data normality was assessed by the 
Shapiro–Wilk test. Univariate outliers were assessed by the Grubbs' test, 
while multivariate outliers were detected by Mahalanobis distance 

method. Comparisons among experimental groups were performed by 
three-way ANOVA with genotype, age, and sex as between factors 
(behavioral test results, immunoblotting quantifications), followed by 
Tukey's post hoc when required. When sex factor was not significant, 
data were analyzed with two-way ANOVA with genotype and age as 
between factors, followed by Tukey's post hoc when required. Pearson's 
or Spearman's correlation coefficients were calculated for parametric 
and non-parametric data, respectively.

3. Results

3.1. APP/PS1 mice exhibit non-cognitive symptoms at 12 months of age

Psychosis and impairments in social behaviors occur in most AD 
patients throughout the course of their illness. Our aim was to investi-
gate whether a classic preclinical model of AD, the APP/PS1 mouse, 
recapitulates these common symptoms. Therefore, we evaluated social 
interaction, social memory, and sensorimotor gating in APP/PS1 mice in 
early (4 months) and advanced (12 months of age) stages of the 
neurodegenerative process. First, we observed that APP/PS1 mice at 12 
months, but not at 4 months of age, exhibited impairments in social 
interaction (P < 0.001) and social memory (P < 0.05) when compared to 
WT littermates (Fig. 1A and B) in the three-chamber test. No significant 
differences were observed due to the sex in this behavioral test (see 
Supplementary Table 1 for statistical details). Next, the sensorimotor 
gating responses of these animals were evaluated using the PPI test. 
Interestingly, APP/PS1 mice at 12 months of age, but not at 4 months of 
age, showed sensorimotor gating impairment (Fig. 1C). A three-way 
ANOVA (genotype x age x sex) confirmed a significant effect of geno-
type, age, and sex on the percentage of prepulse inhibition (%PPI) at all 
prepulse intensities tested, except for genotype at 75 dB (see Supple-
mentary Table 1 for statistical details). Tukey's post hoc test demon-
strated a significant reduction in the % PPI in male APP/PS1 mice with 
respect to WT littermates at 12 months (P < 0.01 at 70 dB) and in male 
APP/PS1 mice at 12 months with respect to APP/PS1 mice at 4 months 
(P < 0.01 at 70 dB; P < 0.001 at 75 dB; P < 0.05 at 80 dB; Fig. 1C). 
Similarly, a significant decrease in % PPI was observed in female APP/ 
PS1 mice at 12 months versus female APP/PS1 mice at 4 months (P <
0.05 at 70 dB; P < 0.01 at 75 dB; P < 0.001 at 80 dB; Fig. 1C). Inter-
estingly, no differences between genotypes were observed in female 
mice aged 12 months in any of the prepulse intensities tested, likely due 
to an age-dependent decrease in %PPI in WT mice compared to 4 months 
WT animals (P = 0.06 at 70 dB; P < 0.01 at 75 dB; P < 0.001 at 80 dB; 
Fig. 1C).

3.2. Colocalization of the D2R A2AR, CB1R in the striatum of mice

Previous findings demonstrated that the D2R, A2AR, and CB1R are 
expressed in striatum and that they can colocalize in the same neurons, 
being able to form even heteromeric complexes (Bonaventura et al., 
2014; Moreno et al., 2018). We performed a study based on immuno-
fluorescence techniques and confocal imaging to determine the degree 
of colocalization between each pair of receptors in the striatum of 
control mice (WT mice at 4 months of age). The mean ± SEM (n = 14) 
for the Manders split coefficients, which reveal the proportional to the 
amount of fluorescence of the colocalizing pixels in each colour channel 
(Manders et al., 1993), were the following: 0.790 ± 0.024 for A2AR-D2R, 
0.382 ± 0.035 for A2AR- CB1R and 0.381 ± 0.058 for D2R- CB1R cor-
relations. Thus, our results confirm that D2R, A2AR, and CB1R colocalize 
in the striatum but that a higher colocalization occurs between D2R and 
A2AR than between CB1R and the other two receptors (Fig. 2).

3.3. The density of the A2AR, CB1R, DAT and ENT1 is reduced in the 
striatum of aged male APP/PS1 mice

We aimed to evaluate the density of key components within the 
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dopaminergic, adenosinergic and endocannabinoid systems in striatal 
samples of APP/PS1 mice at 4 and 12 months of age. To this end, we 
conducted immunoblot experiments on striatal membrane extracts from 
these animals. The density of D2R, A2AR, and CB1R was established by 
the presence of protein bands of molecular weight ~70–80 kDa, ~50 
kDa, and ~60 kDa, respectively (Fig. 3A), as previously described 
(Carriba et al., 2007; Valle-León et al., 2021). Similarly, the density of 
the DAT and ENT1 transporter was assessed by detecting a protein band 
of ~75 kDa, and ~50 kDa, respectively (Fig. 3A), as previously 
described (Song et al., 2017; Valle-León et al., 2021). A three-way 
ANOVA (genotype x age x sex) confirmed a significant main effect of 
genotype (A2AR, CB1R and ENT1), age (CB1R) and sex (A2AR) as well as 
interaction between some of the factors for all proteins tested, except 
ENT1 (see Supplementary Table 2 for statistical details). Thus, Tukey's 

post hoc test revealed that male APP/PS1 mice at 12 months, but not at 4 
months of age, exhibited decreased levels of all the transmission com-
ponents studied, except D2R, compared to male WT mice (Fig. 3B). 
Interestingly, no genotype differences were observed between female 
mice of any age. It should be noted that female WT mice showed a 
significant reduction in the density of D2R (P < 0.05), A2AR (P < 0.01) 
and DAT (P < 0.05), compared to male WT littermates of 12 months of 
age (Fig. 3B). In general, an age- and sex-dependent density reduction of 
the A2AR, CB1R, DAT and ENT1 transporter was demonstrated in APP/ 
PS1 mice, while D2R levels remained constant. To contextualize these 
alterations within the well-known functional and molecular interaction 
between dopaminergic, adenosinergic and endocannabinoid systems in 
the striatum (Carriba et al., 2007; Moreno et al., 2018), we determined 
the density ratios for D2R, A2AR and CB1R to assess potential 

Fig. 1. Behavioral evaluation of non-cognitive symptoms in young and aged APP/PS1 mice. Social interaction and sensorimotor gating impairment in APP/PS1 mice 
at 12 months of age. (A) Sociability index and (B) Social memory index evaluated in the three-chamber test revealed a social interaction impairment in APP/PS1 mice 
at 12 months of age. (C) The percentage of the prepulse inhibition (%PPI) of the acoustic startle response was reduced in 12-months-old male APP/PS1 mice at all the 
acoustic prepulse intensities tested (left: 70 dB; middle: 75 dB; right: 80 dB). A significant reduction in the %PPI was observed in wild-type (WT) female mice at 12 
months of age compared to 4-months-old female WT mice. Data are expressed as the mean ± SEM (n = 5–17). As sex factor was not significant for sociability and 
social memory, data were analyzed by two-way ANOVA with genotype and age as between factors, followed by Tukey's post hoc test. PPI test was analyzed by three- 
way ANOVA with Tukey's post hoc test. * P < 0.05, ** P < 0.01, *** P < 0.001, Tukey's post hoc test.

Fig. 2. Immunoblot detection of D2R, A2AR, CB1R, DAT and ENT1 transporter in the striatum of young and aged APP/PS1 mice. (A) Representative immunoblots 
showing the density of D2R, A2AR, CB1R, DAT and ENT1 transporter in striatal membranes from WT and APP/PS1 mice at 4 and 12 months of age. Striatal membranes 
were analyzed by SDS-PAGE (10 μg of protein/lane) and immunoblotted using rabbit anti-D2R, mouse anti-A2AR, rabbit anti-CB1R, goat anti-DAT, mouse anti-ENT1, 
and rabbit anti-α-actinin antibodies (see Methods). (B) Relative quantification of D2R, A2AR, CB1R, DAT and ENT1 transporter. The immunoblot protein bands 
corresponding to D2R, A2AR, CB1R, DAT and ENT1 transporter from WT and APP/PS1 mice at 4 and 12 months of age (n = 5–6) were quantified by densitometric 
scanning. Values were normalized to the respective amount of β-tubulin in each lane to correct for protein loading. Results are expressed as percentage (mean ± SEM) 
and referred to WT mice at 4 months of age. * P < 0.05, ** P < 0.01, *** P < 0.001, three-way ANOVA with Tukey's post hoc test.
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stoichiometric alterations. A three-way ANOVA (genotype x age x sex) 
revealed a significant effect of genotype and age, but not sex, on the 
D2R/A2AR, D2R/CB1R and CB1R/A2AR ratios. Consequently, a two-way 
ANOVA (genotype x age) confirmed a significant effect of genotype 
and age in the three evaluated ratios, as well as the interaction between 
factors in the D2R/CB1R ratio (Fig. 4). Tukey's post hoc tests revealed that 
at 12 months of age, APP/PS1 mice exhibited a significant increase in 
the D2R/A2AR (P < 0.001) and the D2R/CB1R (P < 0.01) ratios (Fig. 4A 
and B), but not in the CB1R/A2AR ratio (Fig. 4C). Interestingly, the 
CB1R/A2AR ratio increased significantly (P < 0.05) at 4 months of age 
(Fig. 4C), mirroring the increase observed in the D2R/A2AR ratio (P <
0.05; Fig. 4A). Finally, a significant age-dependent increase in the D2R/ 
A2AR (P < 0.01) and D2R/CB1R (P < 0.001) ratios was observed in APP/ 
PS1 mice, while the CB1R/A2AR ratio was reduced with age (P < 0.01; 
Fig. 4C). In summary, these findings revealed alterations on the relative 
densities of D2R, A2AR, and CB1R across age in APP/PS1 mice, although 
they do not show a significant correlation with sex.

3.4. Multiple cross-correlations of D2R, A2AR and CB1R densities and 
non-cognitive symptoms

An accurate balance of D2R, A2AR, and CB1R expression is assumed to 
be instrumental for their precise neurochemical interaction under 
physiological conditions. Therefore, we assessed potential correlations 
between receptors densities in the striatum and between these receptor 

densities and non-cognitive symptoms. First, we found a positive cor-
relation between the density of D2R and A2AR (P < 0.001, n = 46), D2R 
and CB1R (p < 0.05, n = 46), as well as A2AR and CB1R (p < 0.001, n =
46), in the striatal samples from all mice analyzed (Supplementary 
Fig. 1). Later, we calculated these correlations for each experimental 
group. Importantly, these correlations were not observed in APP/PS1 
mice, independently of age, except the correlation of D2R and A2AR, 
which was preserved in APP/PS1 mice at 4 but not at 12 months of age 
(Supplementary Fig. 1A). Next, we evaluated whether the observed al-
terations in D2R, A2AR, and CB1R density (Fig. 3) and receptor ratios 
(Fig. 4) could correlate with the non-cognitive symptoms observed in 
aged APP/PS1 mice (Fig. 1). Interestingly, our results revealed a positive 
correlation between SI and %PPI at 80 dB with the levels of CB1R (SI: P 
< 0.05; %PPI: P < 0.01; Fig. 5C and D) and the CB1R/A2AR ratio (SI: P <
0.05; %PPI: P < 0.05; Fig. 5E and F), but a negative correlation between 
SI and %PPI at 80 dB with D2R/A2AR ratio (SI: p < 0.01; %PPI: p < 0.05; 
Fig. 5A and B) and the D2R/CB1R ratios (SI: p < 0.001; %PPI: p < 0.01; 
Fig. 5C and D). In summary, this analysis suggested that increased 
relative density of D2R respect to A2AR or CB1R (i.e., increased density 
ratio) is associated to SI and PPI impairments, whereas increased striatal 
CB1R density or CB1R/A2AR ratio is associated to better performance in 
SI an PPI tests.

Fig. 3. Colocalization of D2R, A2AR and CB1R in the striatum of mice detected by immunofluorescence techniques and confocal imaging. Representative images of 
D2R (A, green), A2AR (B, red) and CB1R (C, blue) immunoreactivity in striatal sections of control mice (see Methods). D panel shows the merge of all three channels. 
Scale bar represents 20 μm. Calculated Manders split coefficients revealed that a higher colocalization occurs between D2R and A2AR than between CB1R and the 
other two receptors (n = 14). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 4. Ratio between the expression of receptors evaluated by immunoblot in striatal samples from APP/PS1 and WT mice at 4 and 12 months of age. APP/PS1 mice 
exhibited higher D2R/A2AR ratio at 4 and 12 months of age (A), higher D2R/CB1R ratio at 12 months of age (B) and higher CB1R/A2AR ratio at 4 months of age (C) 
than their respective age-matched WT littermates. In contrast to the age-induced increase in the D2R/A2AR (A) and D2R/CB1R (B) ratios in APP/PS1 mice, the CB1R/ 
A2AR ratio (C) was decreased in transgenic mice at 12 months respect to 4 months of age. Data are expressed as the mean ± SEM (n = 11–12 per group). * P < 0.05, 
** P < 0.01, *** P < 0.001, two-way ANOVA with genotype and age as between factors, followed by Tukey's post hoc test.
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3.5. Activation of A2AR and CB1R reversed the sensorimotor gating 
deficits of aged APP/PS1 mice

Based on our findings, we interrogated whether the activation of 
A2AR and CB1R, to hypothetically counteract D2R function, could 
potentially ameliorate any of the non-cognitive symptoms observed in 
aged APP/PS1 mice. To this end, we administered an acute dose of the 
A2AR agonist CGS21680 (0.5 mg/kg, i.p) and the CB1R agonist ACEA 
(1.5 mg/kg, i.p.) to APP/PS1 mice at 12 months of age before assessing 
their behavioral performance using the three-chamber and the PPI test. 
Importantly, animals administered with CGS 21680 (0.5 mg/kg, i.p.) 
showed a significant reduction in locomotor activity. This decrease in 
locomotion hindered the testing of animals for social interaction and 
social memory, as their exploratory capacity was significantly impaired. 
However, this well-known hypolocomotion effect of CGS 21680 (Janusz 
and Berman, 1992) did not affect any of the acoustic startle reflex 
assayed in the PPI test. Interestingly, CGS 21680 (0.5 mg/kg, i.p) and, to 
a lesser extent, ACEA (1.5 mg/kg, i.p.), were able to reverse the senso-
rimotor gating deficit shown by male APP/PS1 at 12 months (P < 0.05; 
Fig. 6). However, the A2AR agonist also induced a decrease in the %PPI 
at 80 dB in female WT animals (P < 0.05 vs. vehicle, Fig. 6). Supple-
mentary Table 3 includes all the statistical details. In general, these re-
sults are indicative that the selective activation of A2AR and CB1R may 
have therapeutic potential to alleviate non-cognitive symptoms in AD.

4. Discussion

In the present study, we show compelling evidence that some non- 
cognitive symptoms associated with AD correlate with a reduction and 
an imbalance in the density of key components within the striatal 
dopaminergic, adenosinergic and endocannabinoid systems of aged 
APP/PS1 mice. Specifically, we report that sensorimotor gating deficits 
and social behavior impairments observed in aged APP/PS1 mice 
correlate with an age- and sex-dependent reduction in the density of the 
A2AR, CB1R, DAT and ENT1 transporters in the striatum, while D2R 
levels remained constant. Importantly, the increase in the D2R/A2AR and 

D2R/CB1R ratios was associated with a worsening of those non-cognitive 
symptoms, while increased striatal CB1R density and CB1R/A2AR ratio 
was associated to better performance in the three-chamber and PPI tests. 
Finally, the selective activation of A2AR and CB1R alleviated sensori-
motor gating deficits in aged male APP/PS1 mice, thus highlighting 
potential therapeutic use against this AD-associated BPSD.

APP/PS1 mice have been extensively used in preclinical studies to 
investigate AD pathogenesis and potential therapeutic interventions. 
Interestingly, the non-cognitive symptoms of dementia here observed in 
APP/PS1 mice are comparable to those previously described (Krivinko 
et al., 2020), and partially replicate those observed in AD patients (Jafari 
et al., 2020; Porcelli et al., 2019), thus supporting the validity of this 
animal model as a valuable tool for investigating new therapeutic stra-
tegies against BPSD in AD. Importantly, we observed some sex- 

Fig. 5. Correlations between the D2R, A2AR and CB1R densities and their ratios in the striatum and non-cognitive symptoms of young and aged APP/PS1 mice. A 
negative correlation exists between the sociability index and percentage of the prepulse inhibition of the acoustic startle response at 80 dB prepulse intensity (%PPI 
80 dB) with the D2R/A2AR (A-B) and D2R/CB1R (C-D) ratios. In contrast, positive correlations between the sociability index and %PPI 80 dB respect (C-F) CB1R levels 
and (E-F) CB1R/A2AR were observed. All correlation coefficients are Pearson's, unless indicated otherwise (Spearman's; rs). N = 46–48.

Fig. 6. Sensorimotor gating performance of aged APP/PS1 mice acutely treated 
with A2AR and CB1R agonists. WT and APP/PS1 mice at 12 months of age were 
treated with an acute dose of a selective A2AR agonist (CGS 21680 0.5 mg/kg, i. 
p., CGS), a synthetic CB1R agonist (ACEA 1.5 mg/kg, i.p.) or vehicle and 
evaluated in the PPI test 10 min later. Vehicle (VEH)-treated male APP/PS1 at 
12 months of age exhibited a sensorimotor gating impairment characterized by 
a reduced %PPI at 80 dB prepulse intensity, which was not observed in CGS- 
and ACEA-treated APP/PS1 mice. Data are expressed as the mean ± SEM (n =
5–9). * p < 0.05, three-way ANOVA with Tukey's post hoc test.
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dependent differences among the experimental groups during our 
behavioral evaluations. Of particular interest was the observation that 
female WT mice at 12 months, but not at 4 months of age, exhibited a 
deficit in PPI compared to their male littermates, what limited the 
possibilities to assess specific sensorimotor gating impairment in aged 
female APP/PS1 mice. To our knowledge, this is the first time a similar 
age-dependent deficit in sensorimotor gating has been reported for fe-
male mice with a C57Bl6/J background. A previous study showed 
opposite results in female mice from a slightly different strain (C57Bl6/ 
N), but only at 2 months of age (Zhang et al., 2015). Interestingly, this 
PPI deficit in female WT mice at 12 months of age was correlated with a 
decrease in the density of striatal D2R, A2AR and DAT, highlighting the 
importance of these key signaling components in regulating sensori-
motor gating also under physiological aging conditions.

Dopaminergic dysfunctions have been previously postulated to 
contribute to AD progression, although the nature of this contribution is 
still a matter of debate (Martorana and Koch, 2014). Remarkably, our 
findings suggest for the first time that an imbalance in the relative 
density of D2R with respect to A2AR and CB1R within the striatum may 
contribute to a putative hyperdopaminergic state, which was suggested 
previously by the increased DA levels found in the striatum of APP/PS1 
mice at earlier stages (Abad et al., 2016). That hyperdopaminergic ac-
tivity in the striatum could lead to the manifestation of psychotic-like 
symptoms (i.e. sensorimotor gating and social interaction impair-
ments) in this animal model of AD. The decrease in the density of DAT 
observed in the striatum of aged APP/PS1 mice might theoretically 
contribute also to this hyperdopaminergic state by reducing the DA re-
uptake from the synaptic cleft. However, this assumption should be 
taken with caution considering the heterogenous results about DAT 
levels observed in schizophrenia. On one hand, [3H]mazindol in situ 
radioligand binding and autoradiography in gray matter necropsies of 
schizophrenic patients revealed that DAT levels in the dorsal striatum 
and in the cortex were reduced and increased, respectively (Sekiguchi 
et al., 2019). In contrast, neuroimaging studies investigating DA func-
tion support the opposite, thus demonstrating increased DAT availabil-
ity detected by PET and selective DAT radioligand in the midbrain, 
striatal, and limbic regions in those patients with chronic disease and 
long-term antipsychotic exposure (Artiges et al., 2017). These findings 
align with an increase in presynaptic DA function in patients with 
schizophrenia, underscoring the contribution of both striatal and 
extrastriatal DA dysfunction to positive psychotic symptoms (Artiges 
et al., 2017). Nevertheless, a recent meta-analysis of variance demon-
strated a significant heterogeneity of the striatal DA function in 
schizophrenia, with no differences in the mean DAT availability be-
tween control and schizophrenic patients because of this heterogeneity, 
which could indicate that altered DAT availabilities may occur only in a 
subgroup of patients (Brugger et al., 2020). Thus, the increased ratio of 
D2R/A2AR and D2R/CB1R will be compatible with an enhanced dopa-
minergic signaling in aged APP/PS1 mice, while the observed decrease 
in striatal DAT density would be indicative of neuroanatomical affec-
tations of dopaminergic neurotransmission in these animals. Therefore, 
unlike to other psychotic disorders such as schizophrenia, this hyper-
dopaminergic activity in aged APP/PS1 mice would not rely on 
increased striatal D2R levels rather than on decreased levels of A2AR and 
CB1R, two GPCRs known to negatively control D2R activity (Ferré et al., 
2018; Marcellino et al., 2008). In fact, the diminished expression of A2AR 
and ENT1 observed in APP/PS1 mice at 12 months of age is compatible 
with the hypoadenosinergic state that characterizes other psychotic 
disorders (Boison et al., 2012). Thus, a reduction in the antagonistic 
effect of A2AR on D2R could lead to enhanced DA signaling through this 
receptor in the striatum. Similarly, decreased activity of CB1R could 
facilitate D2R activity, leading to exacerbated DA signaling in the mes-
olimbic dopaminergic system. Consistent with this hypothesis (sum-
marized in Fig. 7), previous studies have found that decreased CB1R 
activity is associated with psychosis in animal models (Ortega-Álvaro 
et al., 2015) and schizophrenic patients (Borgan et al., 2019). 

Collectively, these findings suggested that increasing A2AR and CB1R 
activity could reduce psychotic symptoms in APP/PS1 mice. To test this 
possibility, we administered an acute dose of the selective A2AR agonist 
CGS 21680 and the CB1R agonist ACEA to aged APP/PS1 mice. Our 
results revealed that male APP/PS1 mice treated with CGS 21680 and 
ACEA did not show the decreased %PPI at 80 dB prepulse intensity 
observed in vehicle-treated littermates, suggesting an improvement of 
the sensorimotor gating deficits shown by these AD-like animals.

In summary, the present study provides evidence supporting the role 
of an altered interaction among the dopaminergic, adenosinergic, and 
endocannabinoid systems in the sensorimotor gating deficits and social 
withdrawal observed in AD and points toward A2AR and CB1R as a po-
tential target to reverse these non-cognitive symptoms in AD patients.

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.pbb.2025.173970.
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Fig. 7. Graphical summary of the results and hypothesis of the study. Under 
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between the activity of D2R (green), A2AR (red) and CB1R (blue) exists, 
contributing to finely regulate dopaminergic activity in the striatum. At 
advanced AD stages (right panel), an hyperdopaminergic activity can occur due 
to the reduction in the antagonistic effect of A2AR and CB1R on D2R, leading to 
non-cognitive symptoms such as sensorimotor gating impairment and socia-
bility deficits. Thus, increasing A2AR and CB1R activity could help to mitigate 
the exacerbated DA signaling in the mesolimbic brain areas and, in conse-
quence, to reduce these non-cognitive symptoms in AD. The size of the circles 
represents the amount of receptors expressed in each condition, whereas the 
width of the lines is proportional to the intensity of each receptor effects. (For 
interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.)
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