
Received: 11 February 2026

Revised: 28 February 2026

Accepted: 10 March 2026

Published: 13 March 2026

Copyright: © 2026 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license.

Article

Neurophysiological In Vitro Model of Amyloid-β-Induced
Deficits of Hippocampal LTP Involving Neuronal Adenosine A2A
Receptor Dysfunction Through CD73
Francisco Q. Gonçalves 1, Henrique B. Silva 1 , Ângelo R. Tomé 1,2 , Paula Agostinho 1,3 , Rodrigo A. Cunha 1,3

and João P. Lopes 1,*

1 Institute for Clinical and Biomedical Research (iCBR), Centre for Innovative Biomedicine and
Biotechnology (CIBB), University of Coimbra, 3004-504 Coimbra, Portugal

2 Department of Life Sciences, Faculty of Sciences and Technology, University of Coimbra,
3004-517 Coimbra, Portugal

3 Faculty of Medicine, University of Coimbra, 3004-504 Coimbra, Portugal
* Correspondence: uc44843@uc.pt

Abstract

Amyloid-β peptides (Aβ) are considered a main culprit of Alzheimer’s disease (AD), lead-
ing to synaptic dysfunction and memory deficits. Although studies in animal models of AD
converge to show alterations of synaptic plasticity, namely of long-term potentiation (LTP),
the mechanisms through which Aβ affects synaptic function remain to be unveiled. In this
study, we established experimental conditions showing that the acute exposure of mouse
hippocampal slices to optimized concentrations of Aβ impaired short-term (PPF-paired-
pulse facilitation) and long-term (LTP-long-term potentiation) plasticity without altering
basal synaptic transmission. We observed that the elimination of extracellular adenosine
with adenosine deaminase abrogated the impact of Aβ on synaptic plasticity, showing a
mandatory involvement of extracellular adenosine in the neurophysiological effects of Aβ.
Additionally, inhibiting adenosine receptor function with caffeine, as well as selectively
blocking adenosine A1 receptors (A1R) with DPCPX, or adenosine A2A receptor (A2AR)
with either an antagonist SCH58261 or through knocking out A2AR, demonstrated that
acute Aβ modified mouse hippocampal PPF via A1R and LTP through A2AR. Furthermore,
the use of slices from mice bearing forebrain-neuron A2AR deletion, along with the ap-
plication of α,β-methylene ADP, a CD73 inhibitor, confirmed that the neurophysiological
actions of Aβ on hippocampal LTP occur selectively through the overfunction of neuronal
A2AR via CD73-mediated formation of extracellular adenosine. Overall, the exploitation
of a neurophysiological model of early AD, based on the acute administration of Aβ to
hippocampal slices, confirmed the critical involvement of adenosine signaling in the impact
of Aβ on synaptic plasticity.

Keywords: Aβ; hippocampus; neurophysiological model; LTP; adenosine; A2A

receptor; neurons

1. Introduction
Amyloid peptides (Aβ) are the main constituents of senile plaques [1], one of the

core neuropathological hallmarks of Alzheimer’s disease (AD) [2]. However, a primordial
clinical feature of AD, the impairment of episodic memory [3], precedes the appearance
of such plaques [4,5]. Indeed, at its onset, AD is proposed to be a synaptic disease [6,7],
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a contention confirmed by the loss of synapses and of synaptic markers, particularly in
the hippocampus of early AD patients [8–10]. Likewise, we also previously reported a
loss of hippocampal synapse markers in different animal models of AD involving Aβ

accumulation [11–13]. This is associated with a synaptic dysfunction, typified by altered
patterns of synaptic plasticity, namely long-term potentiation (LTP) and depression (LTD),
considered the neurophysiological correlates of synaptic mechanisms underlying learning
and memory [14]. Importantly, Aβ also affects astrocytic function [15,16] and bolsters
neuroinflammation through the activation of microglia and astrocytes [17,18]. These glial
alterations have been linked to changes in synaptic function [19–21]. Therefore, the need
to devise novel candidate interventions with a solid rationale to manage early AD will
require exploiting innovative models to disentangle if these new interventions directly
control synaptic dysfunction or instead act on other mechanisms that indirectly affect
synaptic function.

One example is the role of adenosine A2A receptors (A2ARs) in AD. A2AR polymor-
phisms are associated with the incidence of AD [22] and with alterations of hippocampal
morphology in AD [23]. A2ARs are upregulated in neurons and synapses in the hippocam-
pus of AD patients [24,25] and of mouse models of AD [11–13,24], and their overactivation
potentiates the onset of AD [26,27]. The pharmacological or genetic blockade of A2AR
alleviates memory deficits in AD [11–13,24,28–30], an effect mimicked by caffeine [31–35],
whose main mechanism of action in non-toxic doses is the antagonism of adenosine re-
ceptors [36,37]. However, the way by which A2ARs control AD phenotypes is still unclear
since these adenosine receptors regulate hippocampal synaptic plasticity [24,38–40], but
also modulate astrocytic glutamate uptake [41] and neuroinflammation [42].

To directly investigate the control of synaptic plasticity, we now optimized a new
in vitro model of Aβ-induced alteration of synaptic plasticity in hippocampal slices af-
fording superior experimental reproducibility, mechanistic resolution, and translational
screening potential. The exploitation of this model allowed us to demonstrate that CD73-
dependent extracellular adenosine formation is mandatory for Aβ-induced LTP impair-
ment, which specifically involves neuronal A2ARs.

2. Materials and Methods
2.1. Animals

We used male and female C57bl\6j mice of 8–12 weeks of age, obtained from Charles
River (Barcelona, Spain). Global A2AR knockout (gA2ARKO), forebrain-selective A2ARKO
(fbA2ARKO), and CD73KO mice, as well as each individual control genotype (generi-
cally designated as wild type, WT), were generated and cross-bred as previously de-
scribed [11,43]. Male and female mice were analyzed together, as previously done [26].
Mice were housed under controlled temperature (23 ± 2 ◦C), subject to a fixed 12 h
light/dark cycle, with free access to food and water. Efforts were made to reduce the
number of animals used and to minimize their stress and discomfort. All studies were
conducted in accordance with the ARRIVE principles, with adherence to the guidelines
of the European Community guidelines (Directive 2010/63/EU) and Portuguese law on
animal care (1005/92), and approval from the Animal Care Committee of our Center
(#300_2021/09112024) and the Portuguese Animal Ethics Committee (Direcção Geral de
Veterinária, #0421/000/000/2021, 29 November 2021).

2.2. Drugs

Caffeine, α,β-methylene ADP (AOPCP), and adenosine deaminase (ADA) were
sourced from Sigma (St. Louis, MO, USA); 8-cyclopentyl-1,3-dipropylxanthine (DPCPX)
and 5-amino-7-(2-phenylethyl)-2-(2-furyl)-pyrazolo [4,3-e]-1,2,4-triazolo [1,5-c]pyrimidine
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(SCH58261) were obtained from Tocris (Bristol, UK). Drugs were used in supramaximal but
selective concentrations: 100 µM AOPCP, 2 U/mL ADA, 100 nM DPCPX, 50 nM SCH58261.
Caffeine was tested at a concentration of 50 µM (see [37]). AOPCP and caffeine were
prepared in milliQ water to stock concentrations of 10 mM and 100 mM, respectively,
and DPCPX and SCH58261 were prepared as 5 mM stock solutions in dimethylsulfoxide.
The Aβ1–42 peptide fragment was purchased from Bachem (Bubendorf, Germany) and
dissolved in milliQ water to obtain a solution mostly composed of Aβ oligomers [11,44]
with a final concentration of 2.25 mg/mL.

2.3. Intracerebroventricular Injection of Aβ to Model Early AD

Mice were subjected to stereotaxic surgery for unilateral intracerebroventricular (icv)
injection alternatively in the right or left hemisphere (dorsoventral: −2.00 mm; anteropos-
terior: −0.58 mm; lateral: +/−1.13 mm) of Aβ (single dose of 2 nmol of Aβ1–42 in 4 µL)
or vehicle (water, which caused no behavioral or neurochemical effects) under anesthesia
with avertin, as previously performed [11,30]. This dose of Aβ1–42 translates to levels
of 5–30 pmol Aβ1–42 within the hippocampus, causing synaptic and reference memory
dysfunction after 14 days without evidence of cellular damage [11], thus constituting a
model of early AD.

2.4. Slice Preparation

Following decapitation, the brains were quickly removed and placed in ice-cold, oxy-
genated (95% O2, 5% CO2) artificial cerebrospinal fluid (ACSF; in mM: 124.0 NaCl, 4.4 KCl,
1.0 Na2HPO4, 25.0 NaHCO3, 2.0 CaCl2, 1.0 MgSO4, 10.0 glucose). The hippocampus was
removed and 400 µm-thick slices were cut transversely to its long axis using a McIlwain
tissue chopper (Brinkmann Instruments, Westbury, NY, USA). The hippocampal slices were
placed in a holding chamber with oxygenated ACSF at 32 ◦C. The slices were allowed to
recover for at least 1 h before being transferred to a submerged recording chamber. In the
chamber, the slices rested on a nylon mesh and were superfused with oxygenated ACSF at
3 mL/min and kept at 30.5 ◦C.

2.5. Electrophysiological Recordings

Field excitatory postsynaptic potentials (fEPSP) were recorded as previously de-
scribed [30,37] with the recording electrode, filled with 4 M NaCl (2–5 MΩ resistance),
placed in the CA1 stratum radiatum targeting the distal dendrites of pyramidal neurons,
and the stimulating bipolar concentric electrode placed over the afferent Schaffer fibers
in the proximal CA1 stratum radiatum. Rectangular pulses of 0.1 ms were delivered every
20 s through a Digitimer pulse stimulator (DS3, Digitimer Ltd., Letchworth, UK). After
amplification (ISO-80, World Precision Instruments Ltd., Hitchin, Hertfordshire, UK), the
recordings were digitized (BNC-2110, National Instruments, Newbury, UK), averaged in
groups of 3, and analyzed using the WinLTP version 2.10 software [45]. The intensity of
stimulation was defined between 40 and 50% of maximal fEPSP response, determined on
the basis of input/output (I/O) curves in which fEPSP slope was plotted vs. stimulus
intensity. Alterations of synaptic transmission were quantified as the percentage modifica-
tion of the average value of the fEPSP slope taken from 36 to 40 min after beginning the
application of tested drugs (Aβ1–42) in relation to the average value during the 5 min before
drug application. Paired-pulse facilitation (PPF), used as an indirect measure of presy-
naptic alterations, was elicited by stimulating twice with 25–200 ms inter-pulse intervals
and quantified as the ratio between the slopes of the fEPSP elicited by the second and the
first stimulus. Long-term potentiation (LTP) was induced by high-frequency stimulation
(HFS—one train of 100 Hz for 1 s). LTP was quantified as the percentage change between
two values: the average slope of the ten potentials taken between 51 and 60 min after LTP
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induction in relation to the values measured during the 10 min that preceded the HFS. The
effect of tested drugs was assessed by comparing LTP magnitudes of untreated vs. slices
from the same animal with the different treatments. Electrophysiological recordings and
their analysis were performed in an unblinded manner.

2.6. Statistics

The values presented are mean ± S.E.M. of n experiments, corresponding to the
number of animals. Alterations compared to baseline were estimated with a one-sample
Student’s t-test, and the comparison of two experimental conditions was performed using
Student’s t-test. Otherwise, statistical analysis was performed by one-way analysis of
variance (ANOVA), followed by Tukey’s post hoc test. p < 0.05 was considered to represent
a significant difference. Statistical analysis was performed using GraphPad Prism (ver.
8.0.1; GraphPad Software, San Diego, CA, USA) software.

3. Results
3.1. Establishment of an In Vitro Model of Altered Synaptic Function by Acute Aβ Exposure

We first aimed to establish an in vitro model of neurophysiological alterations trig-
gered by Aβ in a representative neuronal circuit in the hippocampus. Considering the
clear discrepancies between the concentrations and exposure times used in different pre-
vious studies addressing the neurophysiological effects of Aβ1–42 in hippocampal slices
(e.g., [46–50]), we first opted for setting a fixed exposure period of 40 min and defining if
and how different concentrations of Aβ affected synaptic transmission in Schaffer fibers–
CA1 pyramid synapses of mouse hippocampal slices. Whilst 50 nM Aβ did not alter basal
transmission (−1.34 ± 3.96% vs. baseline; n = 8; p > 0.05, one-sample t test), we observed a
significant and incrementing decrease in basal synaptic transmission with the exposure to
200 nM Aβ (−20.39 ± 5.08% vs. baseline; n = 4; p < 0.05) and 500 nM Aβ (−30.24 ± 3.68%
vs. baseline; n = 6; p < 0.001; one-sample t test for both concentrations) (Figure 1A,B). The
impact of 500 nM Aβ on synaptic transmission was reversible, since a 10 min washing pe-
riod with ACSF (without Aβ) was sufficient to recover synaptic transmission after exposure
to 500 nM Aβ (n = 6; p < 0.05, one-sample t test) (insert in Figure 1B).

High-frequency stimulation (100 Hz for 1 s) elicited long-term potentiation (LTP), the
magnitude of which was decreased by the different tested concentrations of Aβ (vs. control:
−32.46 ± 4.63% for 50 nM Aβ, −40.32 ± 5.43% for 200 nM Aβ, and −44.53 ± 4.82% for
500 nM Aβ; n = 7, 4, and 6, respectively; p < 0.001 for all conditions, one-way ANOVA
followed by Tukey’s multiple comparison post hoc test) (Figure 1C,D). The ability of 50 nM
Aβ to selectively decrease LTP magnitude to an extent similar to higher Aβ concentrations
without altering basal synaptic transmission prompted us to select the concentration of
50 nM of Aβ1–42 to establish the in vitro Aβ neurophysiological model of early AD.

The 40 min exposure to 50 nM Aβ1–42 did not alter basal synaptic strength, as
confirmed by the absence of significant differences in the input/output (I/O) curves
with or without Aβ (Figure 2A). As shown in Figure 2B, Aβ (50 nM) decreased paired-
pulse facilitation (PPF, a surrogate of presynaptic alterations) with inter-pulse intervals of
25 (1.60 ± 0.11 for Aβ vs. 2.04 ± 0.07 for control; n = 6-7; p < 0.01, Student’s t test), 50
(1.63 ± 0.09 for Aβ vs. 2.04 ± 0.07; n = 6–7; p < 0.01, Student’s t test) and 100 ms (1.52 ± 0.05
for Aβ vs. 1.77 ± 0.06; n = 6–7; p < 0.01, Student’s t test). Interestingly, in mice that were
injected intracerebroventricularly with 2 nmol Aβ, PPF was similar in Aβ and H2O-injected
mice (controls) (Figure 2E). This discrepancy between in vivo and in vitro exposure to Aβ

was not observed for LTP. In fact, both in vitro (Figure 2C,D) and in vivo exposures to Aβ

(Figure 2F,G) similarly decreased LTP magnitude (55.61 ± 6.78% over baseline without vs.
21.32 ± 3.21% with 50 nM Aβ acutely applied to slices; n = 22; p < 0.001; and 60.40 ± 5.37%
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over baseline in slices from control mice and 27.06 ± 5.96% in slices from Aβ-injected mice;
n = 6; p < 0.001). Overall, these results indicate that the incubation of hippocampal slices
for 40 min with Aβ (50 nM) selectively impairs synaptic plasticity without altering basal
synaptic transmission.

 

Figure 1. Oligomeric Aβ1–42 lowers synaptic transmission and impairs synaptic plasticity in a
different concentration-dependent manner. Synaptic transmission was measured in Schaffer fibers–
CA1 pyramid synapses by measuring the slope of field excitatory postsynaptic potentials (fEPSP).
(A,B) Superfusion for 40 min with 200 and 500 nM but not with 50 nM of oligomeric Aβ1–42 (started
as indicated by the vertical dashed line in (A)) decreased basal synaptic transmission. The insert in
(B) is a time course experiment showing that the effect of 500 nM Aβ on synaptic transmission was
reversible, since a 10 min washing period with ACSF (without Aβ) was sufficient to recover synaptic
transmission after exposure to 500 nM Aβ. (C,D) The magnitude of long-term potentiation (LTP),
triggered by a high-frequency train (HFS, 100 Hz for 1 s, indicated by the vertical dashed line in
(C)) was similarly decreased by all tested concentrations of Aβ. Data are mean ± SEM of 4–8 (A,B)
and 4–7 (C,D) experiments (number of animals tested); * p < 0.05, *** p < 0.001 compared to the
absence of Aβ, depicted as baseline (horizontal dashed line in (B)), or control (CTR, (D)), one-sample
Student’s t test (B) or one-way ANOVA followed by Tukey’s multiple comparison post hoc test (D).

3.2. The Neurophysiological Effects of Aβ Depend on the Presence of Extracellular Adenosine

Adenosine signaling operates an activity-dependent fine-tuning neuromodulation
system, the blockade of which has previously been shown to attenuate the impact of Aβ

on memory performance [11,12,32]. To evaluate if the effects of Aβ on synaptic plasticity
depend on adenosine-mediated neuromodulation, we superfused hippocampal slices with
adenosine deaminase (ADA, 2 U/mL), an enzyme that converts extracellular adenosine
into inosine, an inactive metabolite in hippocampal slices. Similarly to what has been
previously reported by our group [37], ADA decreased PPF (n = 4; Figure 3A). Notably,
ADA completely occluded the effect of Aβ on PPF (n = 4; p > 0.05; Figure 3A). Moreover,
ADA also occluded the impact of Aβ on LTP (Figure 3B,C). Thus, as previously reported
by our group [37], ADA decreased LTP magnitude (−48.54 ± 12.32% decrease vs. control;
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n = 10; p < 0.01) and Aβ failed to cause any additional effect (p > 0.05 vs. effect of ADA
alone) in the presence of ADA (−51.15 ± 12.32% vs. control; n = 10).

Figure 2. In vitro application of Aβ1–42 to slices alters hippocampal LTP in a manner similar to in vivo
Aβ1–42 exposure. The input–output curves, measuring synaptic strength through the variation in
fEPSP with increasing stimulation intensity, showed no differences upon direct application of Aβ

(50 nM, 40 min) to mouse hippocampal slices (A). Conversely, acute Aβ significantly impaired
paired-pulse facilitation (PPF), i.e., the ratio of the fEPSP slope of two consecutive pulses (S2/S1) at
25, 50, and 100 ms intervals (B), as well as LTP (C,D). In hippocampal slices from mice icv-injected
with Aβ (14 days after a single injection of 2 nmol in 4 µL), although a similar impact was observed
on LTP magnitude when comparing slices from vehicle- and Aβ-treated mice (F,G), no differences
were observed on PPF (E). Data are mean ± SEM of 3–4 (A), 6–7 (B), 22 (C,D) 4–5 (E), and 6 (F,G)
experiments (number of animals tested); ** p < 0.01, *** p < 0.001 compared to control, Student’s t test.

Figure 3. Extracellular adenosine signaling is crucial for the impairments of LTP and PPF by Aβ1–42.
A previous superfusion with adenosine deaminase (ADA, 2 U/mL, which converts extracellular
adenosine into its inactive metabolite inosine) occluded the effect of acute Aβ on PPF at all inter-pulse
intervals (A) and on LTP magnitude (B,C), since Aβ had no additional effects in the presence of ADA
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on both forms of synaptic plasticity (A–C). Caffeine (50 µM, a non-selective antagonist of adenosine
receptors) alone displayed a similar behavior on PPF (D) and LTP (E,F) as ADA alone, and reverted
the impact of Aβ on both PPF (D) and LTP (E,F). Data are mean ± SEM of 4 (A), 10 (B,C), 5 (D), and
9 (E,F) experiments; * p < 0.05, ** p < 0.01 compared to control, # p < 0.05 compared to Aβ, n.s. p > 0.05
compared to ADA, + p < 0.05 compared to caffeine; one-way ANOVA followed by Tukey’s multiple
comparison post hoc test.

Since caffeine, at a concentration replicating that reached in the plasma upon moderate
consumption of coffee, acts by blocking adenosine receptors to control information flow in
hippocampal circuits [37], we next tested if caffeine (50 µM) also abrogated the impact of
Aβ on synaptic plasticity in hippocampal slices. As for ADA, caffeine also decreased PPF
inter-pulse ratio (Figure 3D) and impaired LTP magnitude (−55.21 ± 8.80% decrease vs.
control; n = 9; p < 0.01; one-way ANOVA followed by Tukey’s multiple comparison post
hoc test) (Figure 3E,F). Notably, caffeine reverted the effect of Aβ on PPF (p < 0.05 vs. Aβ

without caffeine; Figure 3D) and on LTP (p < 0.05 vs. Aβ without caffeine; Figure 3E,F).
This confirms that adenosine signaling is critically required for the ability of acute Aβ to
depress LTP in hippocampal slices, as occurs for the control of memory deterioration upon
chronic exposure to Aβ [11,12,32].

3.3. Aβ-Induced Impairment of PPF Involves A1R and Deterioration of LTP Involves A2AR

To reinforce the key role of adenosine signaling for the impact of Aβ on hippocampal
synaptic plasticity, we investigated the contribution of the main adenosine receptors in
the brain, namely A1 and A2A receptors (A1R and A2AR), on the in vitro effects of Aβ in
hippocampal slices. The selective A1R antagonist DPCPX (100 nM) significantly impaired
PPF (Figure 4A) but was devoid of effect on LTP (57.88 ± 4.89% increase over baseline
without and 45.49 ± 11.72% with DPCPX; n = 6; p > 0.05, Student’s t test) (Figure 4B,C).
DPCPX abolished the impact of Aβ on PPF (n = 6; Figure 4A) but failed to prevent the
impact of Aβ on LTP since Aβ decreased LTP magnitude to a similar extent (p > 0.05)
in the absence (−47.84 ± 10.82%, n = 6) or presence of DPCPX (−41.98 ± 11.35%, n = 6)
(Figure 4B,C).

The selective A2AR antagonist SCH58261 (50 nM) did not alter the PPF ratio (n = 5;
Figure 4D) and failed to prevent the impact of Aβ on PPF (n = 5; Figure 4D) since this is
essentially an A1R-regulated process [51]. In contrast, SCH58261 decreased LTP magnitude
(62.60 ± 10.14% over baseline in the absence and 1.42 ± 2.09% in the presence of SCH58261;
n = 5; p < 0.05; one-way ANOVA followed by Tukey’s multiple comparison post hoc
test) and reverted the impact of Aβ on LTP (42.45 ± 9.17% over baseline in the presence
of SCH58261 + Aβ; n = 5; p > 0.05 vs. SCH58261 alone) (Figure 4E,F). Likewise, the
in vivo administration of Aβ also reduced LTP magnitude, an effect also reverted by the
administration of SCH58261 to hippocampal slices from Aβ-treated mice (Figure 4G,H).
This reinforces the ability of our optimized in vitro model of slices exposed to Aβ to mimic
the effects of in vivo Aβ treatment on synaptic plasticity.

3.4. A2AR in Forebrain Neurons Are Involved in Aβ-Induced LTP Deficits

We next took advantage of mice where A2AR were selectively and globally deleted
(gA2ARKO), to confirm the involvement of A2AR in the control of Aβ-induced depression of
hippocampal LTP. As shown in Figure 5A,B, Aβ decreased LTP magnitude by 32.35 ± 6.12%
(n = 13; p < 0.001) in wild type (WT) mice, whereas it failed to modify LTP magnitude
in gA2ARKO (difference in LTP magnitude of −1.53 ± 8.38%, n = 13; p > 0.05, repeated
measures one-way ANOVA followed by post hoc Tukey’s multiple comparisons test)
(Figure 5A,B).
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Figure 4. Aβ-induced depression of hippocampal PPF and LTP occurs via A1R and A2AR, respectively.
The selective A1R antagonist DPCPX (100 nM) enhanced PPF (A), but did not modify LTP magnitude
(B,C) induced with a high-frequency stimulation train (one train of 100 pulses of 1 Hz for 1 s, vertical
dashed line in (B,E,G)) recorded in Schaffer fiber–CA1 pyramid synapses of mouse hippocampal slices
directly exposed or not to Aβ. In contrast, the selective A2AR antagonist SCH58261 (SCH, 50 nM) did
not significantly affect PPF deficits triggered by the superfusion with Aβ of naïve mouse hippocampal
slices (D) but reverted the Aβ-induced decline of LTP magnitude (E,F). Notably, SCH58261 (50 nM)
also reverted the depression of LTP magnitude in slices collected 14 days after in vivo icv injection of
Aβ (G,H). Data are mean ± S.E.M. of 4 (A), 5–6 (B,C), 5 (D–F), and 5–6 experiments (G,H); * p < 0.05,
** p < 0.01, *** p < 0.001 compared to control, # p < 0.05 compared to Aβ (A), n.s. p > 0.05 compared to
DPCPX (C) or SCH (H), ++ p < 0.01 compared to SCH (F); one-way ANOVA followed by Tukey’s
multiple comparison post hoc test.

To gauge the selective involvement of neuronal A2AR, we tested the effect of
Aβ in hippocampal slices of mice with a selective deletion of A2AR in forebrain neu-
rons (fbA2ARKO) [43]. Whereas Aβ decreased LTP magnitude in WT control slices
(83.53 ± 10.66% vs. baseline in the absence and 25.28 v 5.49% in the presence of Aβ;
n = 11; p < 0.001, one-way ANOVA followed by post hoc Tukey’s multiple comparisons test)
(Figure 5C,D), Aβ did not modify LTP magnitude in slices from fbA2ARKO (59.79 ± 3.68%
in the absence and 54.69 ± 4.62% in the presence of Aβ; n = 10–11; p > 0.05, one-way
ANOVA followed by post hoc Tukey’s multiple comparisons test) (Figure 5C,D). These
observations confirm the mandatory role of neuronal A2AR on Aβ-induced depression of
hippocampal LTP.
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Figure 5. The impact of in vitro acute exposure to Aβ1–42 on mouse hippocampal LTP requires
neuronal A2AR. Hippocampal slices from global A2AR knockout mice (gA2ARKO; A,B) or from
forebrain neuronal A2AR knockout mice (fbA2ARKO mice; (C,D)) displayed a significantly lower
LTP magnitude when compared with slices from control WT mice. Notably, acute Aβ administration
to slices attenuated LTP magnitude in WT mice, but was devoid of effects in both gA2ARKO (A,B)
or fbA2ARKO (C,D). Data are mean ± S.E.M. of 13 (A,B) and 10–11 (C,D) experiments; *** p < 0.001
compared to control, n.s. p > 0.05 compared to CTR gA2ARKO (B) or CTR fbA2ARKO (D); one-way
ANOVA followed by Tukey’s multiple comparison post hoc test.

3.5. CD73-Mediated Formation of Extracellular Adenosine Is Critical for Aβ-Induced Depression
of LTP

Since A2AR-mediated control of LTP in different brain areas depends on CD73-
mediated formation of extracellular adenosine [30,38,52], we tested the impact of a phar-
macological inhibition and of a genetic elimination of CD73 on the Aβ-induced depression
of hippocampal LTP.

In our optimized in vitro model, the CD73 inhibitor α,β-methylene ADP (AOPCP,
100 µM) mimicked the effects of SCH58261, decreasing LTP magnitude (64.31 ± 8.52% over
baseline in the absence and 13.79 ± 6.05% in the presence of AOPCP; n = 5; p < 0.05; one-way
ANOVA followed by Tukey’s multiple comparison post hoc test), and reverted the impact
of Aβ on LTP (45.37 ± 5.06% over baseline in the presence of AOPCP + Aβ; n = 5; p > 0.05 vs.
AOPCP alone) (Figure 6A,B). The effect of AOPCP on the in vitro effect of Aβ matched the
in vivo effect of Aβ. Thus, in slices from mice exposed to intracerebroventricularly injected
Aβ, the superfusion with AOPCP also reverted the effects of Aβ on LTP (Figure 6C,D).
Likewise, in vitro application of Aβ also failed to alter LTP magnitude in slices from
CD73KO mice (0.16 ± 9.98%; n = 7; p > 0.05), in contrast to the ability of Aβ to decreased
LTP magnitude in WT mice (−40.84 ± 9.98%; n = 7; p < 0.01, one-way ANOVA followed by
post hoc Tukey’s multiple comparisons test) (Figure 6E,F).
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Figure 6. Aβ-induced deficits of hippocampal LTP depend on CD73-mediated formation of extracellu-
lar adenosine. Acute in vitro exposure of mouse hippocampal slices to Aβ decreased LTP magnitude,
an effect that was not present upon a previous superfusion of the slices with the CD73 inhibitor
α,β-methylene ADP (AOPCP, 100 µM, 20 min) (A,B), an effect that is identical to what is observed in
hippocampal slices collected 14 days after in vivo icv injection of Aβ (C,D). This absence of impact of
acute Aβ (50 nM, 40 min) on LTP was also replicated in hippocampal slices from CD73 knockout mice
(CD73KO) (E,F). Data are mean ± S.E.M. of 5 (A,B), 5–6 (B,C), and 7 (E,F) experiments; ** p < 0.01,
*** p < 0.001 compared to control, ++ p < 0.05 compared to AOPCP (B), n.s. p > 0.05 compared to
AOPCP (D) or CTR CD73KO (F); one-way ANOVA followed by Tukey’s multiple comparison post
hoc test.

4. Discussion
The present study established an in vitro model of selective alterations of hippocampal

long-term potentiation (LTP) upon acute exposure to β-amyloid peptide fragment 1–42
(Aβ), which mimics the impact of the in vivo intracerebroventricular administration of
Aβ as a mouse model of early AD. This in vitro model affords superior experimental
reproducibility, mechanistic resolution, and translational screening potential to identify
drugs controlling Aβ-induced impairment of LTP. Indeed, the exploitation of this model
allowed us to demonstrate that the Aβ-induced impairment of LTP occurs through a
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mechanism involving the selective overfunction of neuronal adenosine A2A receptors
(A2AR) via CD73-mediated formation of extracellular adenosine.

There is a remarkable consensus indicating that synaptic plasticity, namely LTP, is
affected in different animal models of AD (reviewed in [53,54]), either based on the
in vitro [46–50] or in vivo exposure to amyloid peptides (e.g., [55,56]), tau protein frag-
ments (e.g., [57,58]), or different genetic AD models (e.g., [12,13,59]). Altered synaptic
plasticity is an early process in AD, in accordance with the hypothesis that the onset of
AD involves a synaptic dysfunction [6,7]. However, it is important to note that our data
indicate that Aβ does not trigger an overt synaptotoxicity (which would be expected to
curb all synaptic activity) but a rather selective alteration of synaptic adaptation. In fact,
Aβ caused a consistent alteration of LTP magnitude without modifying basal synaptic
transmission at hippocampal glutamatergic synapses, implying that Aβ is likely affecting
particular mechanisms that are selectively engaged during plasticity rather than fundamen-
tal mechanisms of excitatory neurotransmission. The inhibitory impact of Aβ on LTP is
observed both upon in vitro as well as upon in vivo exposure to Aβ, whereas there is a less
consistent alteration of short-term plasticity. Thus, we observed a reduced PPF after acute
in vitro Aβ exposure, and an unchanged PPF after in vivo Aβ injection. This likely results
from compensatory presynaptic adaptations, differential engagement of glial or other neu-
romodulation systems, or differences in Aβ aggregation state and exposure kinetics in vivo
rather than reflecting a presynaptic mechanism of action of Aβ, in agreement with different
studies reporting different alterations of PPF upon exposure to Aβ [60–62] or in different
mouse models of AD [12,59,63,64].

Several previous studies have reported that Aβ can bind, accumulate, and alter the
function of synapses (reviewed in [53,65–67]). Thus, Aβ can affect mitochondria and
the metabolic support of synapses (e.g., [68,69]), as well as glutamate receptors, namely
NMDA receptors (e.g., [48,70]), and different transducing pathways involved in synaptic
adaptation and silencing (e.g., [46–48,61,71,72]). Apart from direct effects in synapses,
Aβ can also act in non-synaptic targets indirectly, formatting synaptic function such as
depressing astrocytic-mediated glutamate uptake [73,74], microglia-associated neuroin-
flammation [18,75], the function of interneurons [76,77], and glymphatic and vascular
functions [78,79]. These multiple effects of Aβ in different cellular compartments cast
doubts on the mechanisms underlying the selective ability of Aβ to depress LTP without
affecting basal synaptic transmission. The present study unveiled a key role of the overacti-
vation of adenosine A2A receptors (A2AR) in the Aβ-induced depression of hippocampal
LTP. In fact, the removal of extracellular adenosine, impeding the formation of ATP-derived
extracellular adenosine, or the pharmacological or genetic blockade of A2AR were sufficient
to abrogate the ability of Aβ to inhibit hippocampal LTP. Notably, it is well-established that
A2AR selectively control hippocampal LTP without affecting basal synaptic transmission
or short-term plasticity [38–40]. This consists of a synapse-autonomous mechanism of
increased ATP release from synapses with increased intensity of stimulation [80,81] and a
conversion of this extracellular ATP into adenosine by a series of ecto-nucleotidases within
the synapse [82], leading to an overactivation of A2AR in these synapses [30,52]. This
scenario is fully consistent with the pivotal function of neuronal A2AR receptors to control
memory deterioration [12,24,27,30,83], which reinforces the idea that the suppression of
hippocampal plasticity by Aβ is primarily a synapse-autonomous phenomenon. This
conclusion should not completely eliminate a potential astrocytic or microglial contribution
to the extracellular adenosine pools [84,85] as well as a potential contribution of glial or
vascular A2AR-mediated components in the Aβ-mediated impairment of hippocampal
LTP [86,87].
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In recent years, compelling evidence has accumulated pointing towards a crucial
neuroprotective effect of adenosine signaling in several brain diseases (reviewed in [88]),
including in the pathogenesis of AD [11–13,24,28–30,32]. The participation of adenosine
and A2AR in the imbalance of LTP upon direct exposure to Aβ was evident when the
receptor was blocked, either by the antagonist SCH58261 or through genetic elimination
in a global A2AR knockout mouse. Likewise, in in vivo models of AD, the inhibition of
A2AR function similarly prevents deficits of synaptic plasticity, which correlates with a
reversion of memory impairment [12,13,24,28,30]. These findings are in notable agreement
with the reported prophylactic benefits of coffee and of caffeine, the most consumed psy-
choactive drug worldwide, mainly acting as an adenosine receptor antagonist in the brain
when consumed regularly and in moderate doses [37], to attenuate memory deteriora-
tion in AD [31–36]. Additionally, animal studies have revealed that A2AR overfunction
is both strictly necessary [11–13,24,28–30,32] and actually sufficient to trigger memory
impairments [24,83,89]. Overall, the evidence posits A2AR overfunction as a new target to
interfere with AD.

A2AR overfunction in AD has been conceived as resulting from the increased density
of A2AR in afflicted brain areas [11–13,24,28–30], in particular within synapses [11–13,30]
but also in astrocytes [73,86], although memory dysfunction has largely been attributed
to the dysregulation of neuronal A2AR [12,24,30,90]. The present study reinforces our
previous contention that A2AR overfunction further results from an increased extracellular
catabolism of ATP into adenosine via CD73/ecto-5′-nucleotidase. We previously observed
that the genetic elimination of CD73 leads to a positive outcome in an early AD model [30],
an effect also described in the control of fear memory [52]. Remarkably, the present data
obtained in our neurophysiological model were consistent with those previous observations,
suggesting that Aβ-induced changes in LTP involve a coordinated dysfunction of an
integrated axis of the purinergic system, consisting of increased ATP release, increased
CD73-mediated formation of extracellular adenosine, and overfunction of neuronal A2AR.
This conclusion prompts further studies to address the impact of Aβ on ATP release from
nerve terminals and to test if the control of the exacerbation of this ‘danger signaling’
mechanism [91] is a viable alternative to counteract the negative impact of Aβ on LTP.

Overall, our results show that acute administration of Aβ in mouse hippocampal
slices dampens LTP, mimicking in vivo models of AD, through a mechanism involving an
overfunction of the CD73-adenosine-A2AR axis, as previously concluded in in vivo models
of AD [30]. This novel neurophysiological model conveys a simplified yet robust approach
with significant advantages in terms of time and cost, to screen and select new drugs
controlling the impact of Aβ in hippocampal LTP as novel candidate drugs to manage AD.

Author Contributions: Conceptualization, R.A.C. and J.P.L.; methodology, F.Q.G., H.B.S., Â.R.T. P.A.,
R.A.C., and J.P.L.; software, H.B.S. and Â.R.T.; validation, F.Q.G., H.B.S., and J.P.L.; formal analysis,
F.Q.G. and J.P.L.; investigation, F.Q.G., R.A.C., and J.P.L.; resources, H.B.S. and Â.R.T.; data curation,
F.Q.G., P.A., and J.P.L.; writing—original draft preparation, F.Q.G., R.A.C., and J.P.L.; writing—review
and editing, F.Q.G., H.B.S., Â.R.T., P.A., R.A.C., and J.P.L.; visualization, F.Q.G. and J.P.L.; supervision,
J.P.L.; project administration, R.A.C. and J.P.L.; funding acquisition, R.A.C. and J.P.L. All authors have
read and agreed to the published version of the manuscript.

Funding: This work is supported by national funds through FCT—Foundation for Science and
Technology, I.P., via project 2023.13319.PEX.

Institutional Review Board Statement: All studies in this manuscript were conducted in accordance
with the ARRIVE principles, the guidelines of the European Community guidelines (Directive
2010/63/EU), and Portuguese law on animal care (1005/92), and approved by the Animal Care
Committee of our Center (#300_2021/09112024) and the Portuguese Animal Ethics Committee
(Direcção Geral de Veterinária, #0421/000/000/2021, 29 November 2021).

https://doi.org/10.3390/cells15060510

https://doi.org/10.3390/cells15060510


Cells 2026, 15, 510 13 of 17

Informed Consent Statement: Not applicable.

Data Availability Statement: The original contributions presented in this study are included in the
article. Further inquiries can be directed to the corresponding author.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Masters, C.L.; Simms, G.; Weinman, N.A.; Multhaup, G.; McDonald, B.L.; Beyreuther, K. Amyloid plaque core protein in

Alzheimer disease and Down syndrome. Proc. Natl. Acad. Sci. USA 1985, 82, 4245–4249. [CrossRef]
2. Braak, H.; Braak, E. Neuropathological stageing of Alzheimer-related changes. Acta Neuropathol. 1991, 82, 239–259. [CrossRef]
3. Jahn, H. Memory loss in Alzheimer’s disease. Dialogues Clin. Neurosci. 2013, 15, 445–454. [CrossRef]
4. Hsia, A.Y.; Masliah, E.; McConlogue, L.; Yu, G.Q.; Tatsuno, G.; Hu, K.; Kholodenko, D.; Malenka, R.C.; Nicoll, R.A.; Mucke, L.

Plaque-independent disruption of neural circuits in Alzheimer’s disease mouse models. Proc. Natl. Acad. Sci. USA 1999, 96,
3228–3233. [CrossRef]

5. Jacobsen, J.S.; Wu, C.C.; Redwine, J.M.; Comery, T.A.; Arias, R.; Bowlby, M.; Martone, R.; Morrison, J.H.; Pangalos, M.N.; Reinhart,
P.H.; et al. Early-onset behavioral and synaptic deficits in a mouse model of Alzheimer’s disease. Proc. Natl. Acad. Sci. USA 2006,
103, 5161–5166. [CrossRef]

6. Selkoe, D.J. Alzheimer’s disease is a synaptic failure. Science 2002, 298, 789–791. [CrossRef] [PubMed]
7. Tzioras, M.; McGeachan, R.I.; Durrant, C.S.; Spires-Jones, T.L. Synaptic degeneration in Alzheimer disease. Nat. Rev. Neurol. 2023,

19, 19–38. [CrossRef] [PubMed]
8. DeKosky, S.T.; Scheff, S.W. Synapse loss in frontal cortex biopsies in Alzheimer’s disease: Correlation with cognitive severity.

Ann. Neurol. 1990, 27, 457–464. [CrossRef] [PubMed]
9. Terry, R.D.; Masliah, E.; Salmon, D.P.; Butters, N.; DeTeresa, R.; Hill, R.; Hansen, L.A.; Katzman, R. Physical basis of cognitive

alterations in Alzheimer’s disease: Synapse loss is the major correlate of cognitive impairment. Ann. Neurol. 1991, 30, 572–580.
[CrossRef]

10. Scheff, S.W.; Price, D.A.; Schmitt, F.A.; Mufson, E.J. Hippocampal synaptic loss in early Alzheimer’s disease and mild cognitive
impairment. Neurobiol. Aging 2006, 27, 1372–1384. [CrossRef]

11. Canas, P.M.; Porciúncula, L.O.; Cunha, G.M.; Silva, C.G.; Machado, N.J.; Oliveira, J.M.; Oliveira, C.R.; Cunha, R.A. Adenosine A2A

receptor blockade prevents synaptotoxicity and memory dysfunction caused by β-amyloid peptides via p38 mitogen-activated
protein kinase pathway. J. Neurosci. 2009, 29, 14741–14751. [CrossRef]

12. Viana da Silva, S.; Haberl, M.G.; Zhang, P.; Bethge, P.; Lemos, C.; Gonçalves, N.; Gorlewicz, A.; Malezieux, M.; Gonçalves, F.Q.;
Grosjean, N.; et al. Early synaptic deficits in the APP/PS1 mouse model of Alzheimer’s disease involve neuronal adenosine A2A

receptors. Nat. Commun. 2016, 7, 11915. [CrossRef] [PubMed]
13. Silva, A.C.; Lemos, C.; Gonçalves, F.Q.; Pliassova, A.V.; Machado, N.J.; Silva, H.B.; Canas, P.M.; Cunha, R.A.; Lopes, J.P.;

Agostinho, P. Blockade of adenosine A2A receptors recovers early deficits of memory and plasticity in the triple transgenic mouse
model of Alzheimer’s disease. Neurobiol. Dis. 2018, 117, 72–81. [CrossRef] [PubMed]

14. Martin, S.J.; Grimwood, P.D.; Morris, R.G. Synaptic plasticity and memory: An evaluation of the hypothesis. Annu. Rev. Neurosci.
2000, 23, 649–711. [CrossRef]

15. Verkhratsky, A.; Parpura, V.; Rodriguez-Arellano, J.J.; Zorec, R. Astroglia in Alzheimer’s disease. Adv. Exp. Med. Biol. 2019, 1175,
273–324. [CrossRef]

16. Arranz, A.M.; De Strooper, B. The role of astroglia in Alzheimer’s disease: Pathophysiology and clinical implications. Lancet
Neurol. 2019, 18, 406–414. [CrossRef] [PubMed]

17. Han, J.; Zhang, Z.; Zhang, P.; Yu, Q.; Cheng, Q.; Lu, Z.; Zong, S. The roles of microglia and astrocytes in neuroinflammation of
Alzheimer’s disease. Front. Neurosci. 2025, 19, 1575453. [CrossRef]

18. Heneka, M.T.; van der Flier, W.M.; Jessen, F.; Hoozemanns, J.; Thal, D.R.; Boche, D.; Brosseron, F.; Teunissen, C.; Zetterberg, H.;
Jacobs, A.H.; et al. Neuroinflammation in Alzheimer disease. Nat. Rev. Immunol. 2025, 25, 321–352. [CrossRef]

19. Badimon, A.; Strasburger, H.J.; Ayata, P.; Chen, X.; Nair, A.; Ikegami, A.; Hwang, P.; Chan, A.T.; Graves, S.M.; Uweru, J.O.; et al.
Negative feedback control of neuronal activity by microglia. Nature 2020, 586, 417–423. [CrossRef]

20. Lopes, C.R.; Amaral, I.M.; Pereira, M.F.; Lopes, J.P.; Madeira, D.; Canas, P.M.; Cunha, R.A.; Agostinho, P. Impact of blunting
astrocyte activity on hippocampal synaptic plasticity in a mouse model of early Alzheimer’s disease based on amyloid-β peptide
exposure. J. Neurochem. 2022, 160, 556–567. [CrossRef]

21. Haydon, P.G.; Carmignoto, G. Astrocyte control of synaptic transmission and neurovascular coupling. Physiol. Rev. 2006, 86,
1009–1031. [CrossRef]

https://doi.org/10.3390/cells15060510

https://doi.org/10.1073/pnas.82.12.4245
https://doi.org/10.1007/BF00308809
https://doi.org/10.31887/DCNS.2013.15.4/hjahn
https://doi.org/10.1073/pnas.96.6.3228
https://doi.org/10.1073/pnas.0600948103
https://doi.org/10.1126/science.1074069
https://www.ncbi.nlm.nih.gov/pubmed/12399581
https://doi.org/10.1038/s41582-022-00749-z
https://www.ncbi.nlm.nih.gov/pubmed/36513730
https://doi.org/10.1002/ana.410270502
https://www.ncbi.nlm.nih.gov/pubmed/2360787
https://doi.org/10.1002/ana.410300410
https://doi.org/10.1016/j.neurobiolaging.2005.09.012
https://doi.org/10.1523/JNEUROSCI.3728-09.2009
https://doi.org/10.1038/ncomms11915
https://www.ncbi.nlm.nih.gov/pubmed/27312972
https://doi.org/10.1016/j.nbd.2018.05.024
https://www.ncbi.nlm.nih.gov/pubmed/29859867
https://doi.org/10.1146/annurev.neuro.23.1.649
https://doi.org/10.1007/978-981-13-9913-8_11
https://doi.org/10.1016/S1474-4422(18)30490-3
https://www.ncbi.nlm.nih.gov/pubmed/30795987
https://doi.org/10.3389/fnins.2025.1575453
https://doi.org/10.1038/s41577-024-01104-7
https://doi.org/10.1038/s41586-020-2777-8
https://doi.org/10.1111/jnc.15575
https://doi.org/10.1152/physrev.00049.2005
https://doi.org/10.3390/cells15060510


Cells 2026, 15, 510 14 of 17

22. Siokas, V.; Mouliou, D.S.; Liampas, I.; Aloizou, A.M.; Folia, V.; Zoupa, E.; Papadimitriou, A.; Lavdas, E.; Bogdanos, D.P.; Dardiotis,
E. Analysis of ADORA2A rs5760423 and CYP1A2 rs762551 genetic variants in patients with Alzheimer’s disease. Int. J. Mol. Sci.
2022, 23, 14400. [CrossRef]

23. Horgusluoglu-Moloch, E.; Nho, K.; Risacher, S.L.; Kim, S.; Foroud, T.; Shaw, L.M.; Trojanowski, J.Q.; Aisen, P.S.; Petersen, R.C.;
Jack, C.R., Jr.; et al. Targeted neurogenesis pathway-based gene analysis identifies ADORA2A associated with hippocampal
volume in mild cognitive impairment and Alzheimer’s disease. Neurobiol. Aging 2017, 60, 92–103. [CrossRef]

24. Temido-Ferreira, M.; Ferreira, D.G.; Batalha, V.L.; Marques-Morgado, I.; Coelho, J.E.; Pereira, P.; Gomes, R.; Pinto, A.; Carvalho, S.;
Canas, P.M.; et al. Age-related shift in LTD is dependent on neuronal adenosine A2A receptors interplay with mGluR5 and
NMDA receptors. Mol. Psychiatry 2020, 25, 1876–1900. [CrossRef]

25. Merighi, S.; Battistello, E.; Casetta, I.; Gragnaniello, D.; Poloni, T.E.; Medici, V.; Cirrincione, A.; Varani, K.; Vincenzi, F.; Borea, P.A.;
et al. Upregulation of cortical A2A adenosine receptors is reflected in platelets of patients with Alzheimer’s disease. J. Alzheimers
Dis. 2021, 80, 1105–1117. [CrossRef] [PubMed]

26. Lopes, C.R.; Silva, A.C.; Silva, H.B.; Canas, P.M.; Agostinho, P.; Cunha, R.A.; Lopes, J.P. Adenosine A2A receptor up-regulation
pre-dates deficits of synaptic plasticity and of memory in mice exposed to Aβ1–42 to model early Alzheimer’s disease. Biomolecules
2023, 13, 1173. [CrossRef]

27. Gomez-Murcia, V.; Launay, A.; Carvalho, K.; Burgard, A.; Meriaux, C.; Caillierez, R.; Eddarkaoui, S.; Kilinc, D.; Siedlecki-Wullich,
D.; Besegher, M.; et al. Neuronal A2A receptor exacerbates synapse loss and memory deficits in APP/PS1 mice. Brain 2024, 147,
2691–2705. [CrossRef] [PubMed]

28. Laurent, C.; Burnouf, S.; Ferry, B.; Batalha, V.L.; Coelho, J.E.; Baqi, Y.; Malik, E.; Mariciniak, E.; Parrot, S.; Van der Jeugd, A.; et al.
A2A adenosine receptor deletion is protective in a mouse model of Tauopathy. Mol. Psychiatry. 2016, 21, 97–107. Erratum in Mol.
Psychiatry. 2016, 21, 149. https://doi.org/10.1038/mp.2015.115. [CrossRef]

29. Orr, A.G.; Lo, I.; Schumacher, H.; Ho, K.; Gill, M.; Guo, W.; Kim, D.H.; Knox, A.; Saito, T.; Saido, T.C.; et al. Istradefylline reduces
memory deficits in aging mice with amyloid pathology. Neurobiol. Dis. 2018, 110, 29–36. [CrossRef] [PubMed]

30. Gonçalves, F.Q.; Lopes, J.P.; Silva, H.B.; Lemos, C.; Silva, A.C.; Gonçalves, N.; Tomé, A.R.; Ferreira, S.G.; Canas, P.M.; Rial, D.;
et al. Synaptic and memory dysfunction in a β-amyloid model of early Alzheimer’s disease depends on increased formation of
ATP-derived extracellular adenosine. Neurobiol. Dis. 2019, 132, 104570. [CrossRef]

31. Arendash, G.W.; Schleif, W.; Rezai-Zadeh, K.; Jackson, E.K.; Zacharia, L.C.; Cracchiolo, J.R.; Shippy, D.; Tan, J. Caffeine protects
Alzheimer’s mice against cognitive impairment and reduces brain β-amyloid production. Neuroscience 2006, 142, 941–952.
[CrossRef]

32. Dall’Igna, O.P.; Fett, P.; Gomes, M.W.; Souza, D.O.; Cunha, R.A.; Lara, D.R. Caffeine and adenosine A2a receptor antagonists
prevent β-amyloid (25-35)-induced cognitive deficits in mice. Exp. Neurol. 2007, 203, 241–245. [CrossRef]

33. Laurent, C.; Eddarkaoui, S.; Derisbourg, M.; Leboucher, A.; Demeyer, D.; Carrier, S.; Schneider, M.; Hamdane, M.; Müller, C.E.;
Buee, L.; et al. Beneficial effects of caffeine in a transgenic model of Alzheimer’s disease-like tau pathology. Neurobiol. Aging 2014,
35, 2079–2090. [CrossRef]

34. Cao, C.; Loewenstein, D.A.; Lin, X.; Zhang, C.; Wang, L.; Duara, R.; Wu, Y.; Giannini, A.; Bai, G.; Cai, J.; et al. High blood caffeine
levels in MCI linked to lack of progression to dementia. J. Alzheimer’s Dis. 2012, 30, 559–572. [CrossRef] [PubMed]

35. Blum, D.; Cailliau, E.; Behal, H.; Vidal, J.S.; Delaby, C.; Buee, L.; Allinquant, B.; Gabelle, A.; Bombois, S.; Lehmann, S.; et al.
Association of caffeine consumption with cerebrospinal fluid biomarkers in mild cognitive impairment and Alzheimer’s disease:
A BALTAZAR cohort study. Alzheimer’s Dement. 2024, 20, 6948–6959. [CrossRef] [PubMed]

36. Fredholm, B.B.; Battig, K.; Holmen, J.; Nehlig, A.; Zvartau, E.E. Actions of caffeine in the brain with special reference to factors
that contribute to its widespread use. Pharmacol. Rev. 1999, 51, 83–133. [CrossRef]

37. Lopes, J.P.; Pliassova, A.; Cunha, R.A. The physiological effects of caffeine on synaptic transmission and plasticity in the mouse
hippocampus selectively depend on adenosine A1 and A2A receptors. Biochem. Pharmacol. 2019, 166, 313–321. [CrossRef]

38. Rebola, N.; Lujan, R.; Cunha, R.A.; Mulle, C. Adenosine A2A receptors are essential for long-term potentiation of NMDA-EPSCs
at hippocampal mossy fiber synapses. Neuron 2008, 57, 121–134. [CrossRef]

39. Fontinha, B.M.; Delgado-Garcia, J.M.; Madronal, N.; Ribeiro, J.A.; Sebastião, A.M.; Gruart, A. Adenosine A2A receptor modulation
of hippocampal CA3-CA1 synapse plasticity during associative learning in behaving mice. Neuropsychopharmacology 2009, 34,
1865–1874. [CrossRef]

40. Costenla, A.R.; Diógenes, M.J.; Canas, P.M.; Rodrigues, R.J.; Nogueira, C.; Maroco, J.; Agostinho, P.M.; Ribeiro, J.A.; Cunha, R.A.;
de Mendonça, A. Enhanced role of adenosine A2A receptors in the modulation of LTP in the rat hippocampus upon ageing. Eur. J.
Neurosci. 2011, 34, 12–21. [CrossRef] [PubMed]

41. Matos, M.; Augusto, E.; Santos-Rodrigues, A.D.; Schwarzschild, M.A.; Chen, J.F.; Cunha, R.A.; Agostinho, P. Adenosine A2A

receptors modulate glutamate uptake in cultured astrocytes and gliosomes. Glia 2012, 60, 702–716. [CrossRef] [PubMed]

https://doi.org/10.3390/cells15060510

https://doi.org/10.3390/ijms232214400
https://doi.org/10.1016/j.neurobiolaging.2017.08.010
https://doi.org/10.1038/s41380-018-0110-9
https://doi.org/10.3233/JAD-201437
https://www.ncbi.nlm.nih.gov/pubmed/33646165
https://doi.org/10.3390/biom13081173
https://doi.org/10.1093/brain/awae113
https://www.ncbi.nlm.nih.gov/pubmed/38964748
https://doi.org/10.1038/mp.2015.115
https://doi.org/10.1038/mp.2014.151
https://doi.org/10.1016/j.nbd.2017.10.014
https://www.ncbi.nlm.nih.gov/pubmed/29100987
https://doi.org/10.1016/j.nbd.2019.104570
https://doi.org/10.1016/j.neuroscience.2006.07.021
https://doi.org/10.1016/j.expneurol.2006.08.008
https://doi.org/10.1016/j.neurobiolaging.2014.03.027
https://doi.org/10.3233/JAD-2012-111781
https://www.ncbi.nlm.nih.gov/pubmed/22430531
https://doi.org/10.1002/alz.14169
https://www.ncbi.nlm.nih.gov/pubmed/39099181
https://doi.org/10.1016/S0031-6997(24)01396-6
https://doi.org/10.1016/j.bcp.2019.06.008
https://doi.org/10.1016/j.neuron.2007.11.023
https://doi.org/10.1038/npp.2009.8
https://doi.org/10.1111/j.1460-9568.2011.07719.x
https://www.ncbi.nlm.nih.gov/pubmed/21615561
https://doi.org/10.1002/glia.22290
https://www.ncbi.nlm.nih.gov/pubmed/22298379
https://doi.org/10.3390/cells15060510


Cells 2026, 15, 510 15 of 17

42. Rebola, N.; Simões, A.P.; Canas, P.M.; Tomé, A.R.; Andrade, G.M.; Barry, C.E.; Agostinho, P.M.; Lynch, M.A.; Cunha, R.A.
Adenosine A2A receptors control neuroinflammation and consequent hippocampal neuronal dysfunction. J. Neurochem. 2011, 117,
100–111. [CrossRef]

43. Shen, H.Y.; Coelho, J.E.; Ohtsuka, N.; Canas, P.M.; Day, Y.J.; Huang, Q.Y.; Rebola, N.; Yu, L.; Boison, D.; Cunha, R.A.; et al. A
critical role of the adenosine A2A receptor in extrastriatal neurons in modulating psychomotor activity as revealed by opposite
phenotypes of striatum and forebrain A2A receptor knock-outs. J. Neurosci. 2008, 28, 2970–2975. [CrossRef]

44. Resende, R.; Ferreiro, E.; Pereira, C.; Resende de Oliveira, C. Neurotoxic effect of oligomeric and fibrillar species of amyloid-beta
peptide 1-42: Involvement of endoplasmic reticulum calcium release in oligomer-induced cell death. Neuroscience 2008, 155,
725–737. [CrossRef]

45. Anderson, W.W.; Collingridge, G.L. The LTP program: A data acquisition program for on-line analysis of long-term potentiation
and other synaptic events. J. Neurosci. Methods 2001, 108, 71–83. [CrossRef]

46. Wang, Q.; Walsh, D.M.; Rowan, M.J.; Selkoe, D.J.; Anwyl, R. Block of long-term potentiation by naturally secreted and synthetic
amyloid β-peptide in hippocampal slices is mediated via activation of the kinases c-Jun N-terminal kinase, cyclin-dependent
kinase 5, and p38 mitogen-activated protein kinase as well as metabotropic glutamate receptor type 5. J. Neurosci. 2004, 24,
3370–3378. [CrossRef] [PubMed]

47. Freund, R.K.; Gibson, E.S.; Potter, H.; Dell’Acqua, M.L. Inhibition of the motor protein Eg5/kinesin-5 in amyloid β-mediated
impairment of hippocampal long-term potentiation and dendritic spine loss. Mol. Pharmacol. 2016, 89, 552–559. [CrossRef]

48. Rammes, G.; Mattusch, C.; Wulff, M.; Seeser, F.; Kreuzer, M.; Zhu, K.; Deussing, J.M.; Herms, J.; Parsons, C.G. Involvement of
GluN2B subunit containing N-methyl-d-aspartate (NMDA) receptors in mediating the acute and chronic synaptotoxic effects of
oligomeric amyloid-beta (Aβ) in murine models of Alzheimer’s disease (AD). Neuropharmacology 2017, 123, 100–115. [CrossRef]

49. Burge, M.; Kratzer, S.; Mattusch, C.; Hofmann, C.; Kreuzer, M.; Parsons, C.G.; Rammes, G. The anaesthetic xenon partially restores
an amyloid beta-induced impairment in murine hippocampal synaptic plasticity. Neuropharmacology 2019, 151, 21–32. [CrossRef]

50. Yu, J.; Cho, E.; Kwon, H.; Jeon, J.; Seong Sin, J.; Kwon Park, J.; Kim, J.S.; Woong Choi, J.; Jin Park, S.; Jun, M.; et al. Akt and
calcium-permeable AMPA receptor are involved in the effect of pinoresinol on amyloid β-induced synaptic plasticity and memory
deficits. Biochem. Pharmacol. 2021, 184, 114366. [CrossRef] [PubMed]

51. Thompson, S.M.; Haas, H.L.; Gahwiler, B.H. Comparison of the actions of adenosine at pre- and postsynaptic receptors in the rat
hippocampus in vitro. J. Physiol. 1992, 451, 347–363. [CrossRef] [PubMed]

52. Simões, A.P.; Gonçalves, F.Q.; Rial, D.; Ferreira, S.G.; Lopes, J.P.; Canas, P.M.; Cunha, R.A. CD73-mediated formation of
extracellular adenosine is responsible for adenosine A2A receptor-mediated control of fear memory and amygdala plasticity. Int.
J. Mol. Sci. 2022, 23, 12826. [CrossRef]

53. Selkoe, D.J. Soluble oligomers of the amyloid β-protein impair synaptic plasticity and behavior. Behav. Brain Res. 2008, 192,
106–113. [CrossRef]

54. Ebrahimi, R.; Golzari, Z.; Heidari-Foroozan, M.; Khosravi, A.; Ghaheri Sharghi, S.; Saleh, M.; Salarvandian, S.; Esmaeilpour, K.
Impaired synaptic plasticity mechanisms in Alzheimer’s disease. Metab. Brain Dis. 2025, 40, 277. [CrossRef]

55. Walsh, D.M.; Klyubin, I.; Fadeeva, J.V.; Cullen, W.K.; Anwyl, R.; Wolfe, M.S.; Rowan, M.J.; Selkoe, D.J. Naturally secreted oligomers
of amyloid β protein potently inhibit hippocampal long-term potentiation in vivo. Nature 2002, 416, 535–539. [CrossRef]

56. Studzian, M.; Bobula, B.; MacIver, M.B.; Bocian, R.; Kobrzycka, A.; Caban, B.; Kowalczyk, T.; Grebowski, J.; Michlewska, S.;
Jankowski, M.M.; et al. Lamotrigine restores impairments in theta rhythms and LTP as early biomarkers of Aβ1–42-induced
hippocampal network dysfunction. Aging Dis. 2025, Online ahead of print. [CrossRef]

57. Fa, M.; Puzzo, D.; Piacentini, R.; Staniszewski, A.; Zhang, H.; Baltrons, M.A.; Li Puma, D.D.; Chatterjee, I.; Li, J.; Saeed, F.; et al.
Extracellular tau oligomers produce an immediate impairment of LTP and memory. Sci. Rep. 2016, 6, 19393. [CrossRef]

58. Yang, Y.; Ondrejcak, T.; Hu, N.W.; Klyubin, I.; Rowan, M.J. Divergent disruptive effects of soluble recombinant tau assemblies on
synaptic plasticity in vivo. Mol. Brain 2025, 18, 36. [CrossRef]

59. Crouzin, N.; Baranger, K.; Cavalier, M.; Marchalant, Y.; Cohen-Solal, C.; Roman, F.S.; Khrestchatisky, M.; Rivera, S.; Feron, F.;
Vignes, M. Area-specific alterations of synaptic plasticity in the 5XFAD mouse model of Alzheimer’s disease: Dissociation
between somatosensory cortex and hippocampus. PLoS ONE 2013, 8, e74667. [CrossRef]

60. Li, S.; Hong, S.; Shepardson, N.E.; Walsh, D.M.; Shankar, G.M.; Selkoe, D. Soluble oligomers of amyloid β protein facilitate
hippocampal long-term depression by disrupting neuronal glutamate uptake. Neuron 2009, 62, 788–801. [CrossRef] [PubMed]

61. He, Y.; Wei, M.; Wu, Y.; Qin, H.; Li, W.; Ma, X.; Cheng, J.; Ren, J.; Shen, Y.; Chen, Z.; et al. Amyloid β oligomers suppress excitatory
transmitter release via presynaptic depletion of phosphatidylinositol-4,5-bisphosphate. Nat. Commun. 2019, 10, 1193. [CrossRef]

62. Jin, S.X.; Liu, L.; Li, S.; Meunier, A.L.; Selkoe, D.J. Aβ oligomers from human brain impair mossy fiber LTP in CA3 of hippocampus,
but activating cAMP-PKA and cGMP-PKG prevents this. Neurobiol. Dis. 2022, 172, 105816. [CrossRef]

63. Larson, J.; Lynch, G.; Games, D.; Seubert, P. Alterations in synaptic transmission and long-term potentiation in hippocampal
slices from young and aged PDAPP mice. Brain Res. 1999, 840, 23–35. [CrossRef] [PubMed]

https://doi.org/10.3390/cells15060510

https://doi.org/10.1111/j.1471-4159.2011.07178.x
https://doi.org/10.1523/JNEUROSCI.5255-07.2008
https://doi.org/10.1016/j.neuroscience.2008.06.036
https://doi.org/10.1016/S0165-0270(01)00374-0
https://doi.org/10.1523/JNEUROSCI.1633-03.2004
https://www.ncbi.nlm.nih.gov/pubmed/15056716
https://doi.org/10.1124/mol.115.103085
https://doi.org/10.1016/j.neuropharm.2017.02.003
https://doi.org/10.1016/j.neuropharm.2019.03.031
https://doi.org/10.1016/j.bcp.2020.114366
https://www.ncbi.nlm.nih.gov/pubmed/33310049
https://doi.org/10.1113/jphysiol.1992.sp019168
https://www.ncbi.nlm.nih.gov/pubmed/1403815
https://doi.org/10.3390/ijms232112826
https://doi.org/10.1016/j.bbr.2008.02.016
https://doi.org/10.1007/s11011-025-01712-9
https://doi.org/10.1038/416535a
https://doi.org/10.14336/AD.2025.0796
https://doi.org/10.1038/srep19393
https://doi.org/10.1186/s13041-025-01208-8
https://doi.org/10.1371/journal.pone.0074667
https://doi.org/10.1016/j.neuron.2009.05.012
https://www.ncbi.nlm.nih.gov/pubmed/19555648
https://doi.org/10.1038/s41467-019-09114-z
https://doi.org/10.1016/j.nbd.2022.105816
https://doi.org/10.1016/S0006-8993(99)01698-4
https://www.ncbi.nlm.nih.gov/pubmed/10517949
https://doi.org/10.3390/cells15060510


Cells 2026, 15, 510 16 of 17

64. Gelman, S.; Palma, J.; Tombaugh, G.; Ghavami, A. Differences in synaptic dysfunction between rTg4510 and APP/PS1 mouse
models of Alzheimer’s disease. J. Alzheimer’s Dis. 2018, 61, 195–208. [CrossRef] [PubMed]

65. Zhang, H.; Jiang, X.; Ma, L.; Wei, W.; Li, Z.; Chang, S.; Wen, J.; Sun, J.; Li, H. Role of Aβ in Alzheimer’s-related synaptic
dysfunction. Front. Cell Dev. Biol. 2022, 10, 964075. [CrossRef] [PubMed]

66. Meftah, S.; Gan, J. Alzheimer’s disease as a synaptopathy: Evidence for dysfunction of synapses during disease progression.
Front. Synaptic Neurosci. 2023, 15, 1129036. [CrossRef]

67. Herz, J. From synaptic guardian to neurodegenerative culprit: Rewiring the amyloid-β feedback loop in Alzheimer’s disease.
J. Clin. Investig. 2025, 135, e200393. [CrossRef]

68. Minhas, P.S.; Jones, J.R.; Latif-Hernandez, A.; Sugiura, Y.; Durairaj, A.S.; Wang, Q.; Mhatre, S.D.; Uenaka, T.; Crapser, J.; Conley, T.;
et al. Restoring hippocampal glucose metabolism rescues cognition across Alzheimer’s disease pathologies. Science 2024, 385,
eabm6131. [CrossRef]

69. Torres, A.K.; Jara, C.; Park-Kang, H.S.; Polanco, C.M.; Tapia, D.; Alarcon, F.; de la Pena, A.; Llanquinao, J.; Vargas-Mardones, G.;
Indo, J.A.; et al. Synaptic mitochondria: An early target of amyloid-β and tau in Alzheimer’s disease. J. Alzheimer’s Dis. 2021, 84,
1391–1414. [CrossRef]

70. Hu, N.W.; Klyubin, I.; Anwy, R.; Rowan, M.J. GluN2B subunit-containing NMDA receptor antagonists prevent Aβ-mediated
synaptic plasticity disruption in vivo. Proc. Natl. Acad. Sci. USA 2009, 106, 20504–20509. Correction in Proc. Natl. Acad. Sci.
USA 2010, 107, 12734. https://doi.org/10.1073/pnas.1007564107. [CrossRef]

71. Vitolo, O.V.; Sant’Angelo, A.; Costanzo, V.; Battaglia, F.; Arancio, O.; Shelanski, M. Amyloid β-peptide inhibition of the
PKA/CREB pathway and long-term potentiation: Reversibility by drugs that enhance cAMP signaling. Proc. Natl. Acad. Sci. USA
2002, 99, 13217–13221. [CrossRef]

72. Zhang, Y.; Chen-Engerer, H.J.; Zhang, K.; Zott, B.; Varga, Z.; Chen, Y.; Chen, X.; Jia, H.; Sakmann, B.; Nelken, I.; et al. Amyloid
β-dependent neuronal silencing through synaptic decoupling. Proc. Natl. Acad. Sci. USA 2025, 122, e2515113122. [CrossRef]

73. Matos, M.; Augusto, E.; Machado, N.J.; dos Santos-Rodrigues, A.; Cunha, R.A.; Agostinho, P. Astrocytic adenosine A2A receptors
control the amyloid-β peptide-induced decrease of glutamate uptake. J. Alzheimer’s Dis. 2012, 31, 555–567. [CrossRef] [PubMed]

74. Harkany, T.; Abraham, I.; Timmerman, W.; Laskay, G.; Toth, B.; Sasvari, M.; Konya, C.; Sebens, J.B.; Korf, J.; Nyakas, C.; et al.
β-amyloid neurotoxicity is mediated by a glutamate-triggered excitotoxic cascade in rat nucleus basalis. Eur. J. Neurosci. 2000, 12,
2735–2745. [CrossRef] [PubMed]

75. Zhao, X.; Sun, J.; Xiong, L.; She, L.; Li, L.; Tang, H.; Zeng, Y.; Chen, F.; Han, X.; Ye, S.; et al. β-amyloid binds to microglia Dectin-1
to induce inflammatory response in the pathogenesis of Alzheimer’s disease. Int. J. Biol. Sci. 2023, 19, 3249–3265. [CrossRef]
[PubMed]

76. Verret, L.; Mann, E.O.; Hang, G.B.; Barth, A.M.; Cobos, I.; Ho, K.; Devidze, N.; Masliah, E.; Kreitzer, A.C.; Mody, I.; et al.
Inhibitory interneuron deficit links altered network activity and cognitive dysfunction in Alzheimer model. Cell 2012, 149,
708–721. [CrossRef] [PubMed]

77. Hijazi, S.; Heistek, T.S.; Scheltens, P.; Neumann, U.; Shimshek, D.R.; Mansvelder, H.D.; Smit, A.B.; van Kesteren, R.E. Early
restoration of parvalbumin interneuron activity prevents memory loss and network hyperexcitability in a mouse model of
Alzheimer’s disease. Mol. Psychiatry 2020, 25, 3380–3398. [CrossRef]

78. Van Nostrand, W.E.; Davis-Salinas, J.; Saporito-Irwin, S.M. Amyloid β-protein induces the cerebrovascular cellular pathology of
Alzheimer’s disease and related disorders. Ann. N. Y. Acad. Sci. 1996, 777, 297–302. [CrossRef]

79. Hong, H.; Hong, L.; Luo, X.; Zeng, Q.; Li, K.; Wang, S.; Jiaerken, Y.; Zhang, R.; Yu, X.; Zhang, Y.; et al. The relationship between
amyloid pathology, cerebral small vessel disease, glymphatic dysfunction, and cognition: A study based on Alzheimer’s disease
continuum participants. Alzheimer’s Res. Ther. 2024, 16, 43. [CrossRef]

80. Wieraszko, A.; Goldsmith, G.; Seyfried, T.N. Stimulation-dependent release of adenosine triphosphate from hippocampal slices.
Brain Res. 1989, 485, 244–250. [CrossRef]

81. Cunha, R.A.; Vizi, E.S.; Ribeiro, J.A.; Sebastião, A.M. Preferential release of ATP and its extracellular catabolism as a source of
adenosine upon high- but not low-frequency stimulation of rat hippocampal slices. J. Neurochem. 1996, 67, 2180–2187. [CrossRef]

82. Cunha, R.A. Regulation of the ecto-nucleotidase pathway in rat hippocampal nerve terminals. Neurochem. Res. 2001, 26, 979–991.
[CrossRef]

83. Li, P.; Rial, D.; Canas, P.M.; Yoo, J.H.; Li, W.; Zhou, X.; Wang, Y.; van Westen, G.J.; Payen, M.P.; Augusto, E.; et al. Optogenetic
activation of intracellular adenosine A2A receptor signaling in the hippocampus is sufficient to trigger CREB phosphorylation
and impair memory. Mol. Psychiatry 2015, 20, 1339–1349. Erratum in Mol. Psychiatry 2015, 20, 1481. https://doi.org/10.1038/mp.
2015.43. [CrossRef]

84. Pascual, O.; Casper, K.B.; Kubera, C.; Zhang, J.; Revilla-Sanchez, R.; Sul, J.Y.; Takano, H.; Moss, S.J.; McCarthy, K.; Haydon, P.G.
Astrocytic purinergic signaling coordinates synaptic networks. Science 2005, 310, 113–166. [CrossRef]

https://doi.org/10.3390/cells15060510

https://doi.org/10.3233/JAD-170457
https://www.ncbi.nlm.nih.gov/pubmed/29154272
https://doi.org/10.3389/fcell.2022.964075
https://www.ncbi.nlm.nih.gov/pubmed/36092715
https://doi.org/10.3389/fnsyn.2023.1129036
https://doi.org/10.1172/JCI200393
https://doi.org/10.1126/science.abm6131
https://doi.org/10.3233/JAD-215139
https://doi.org/10.1073/pnas.1007564107
https://doi.org/10.1073/pnas.0908083106
https://doi.org/10.1073/pnas.172504199
https://doi.org/10.1073/pnas.2515113122
https://doi.org/10.3233/JAD-2012-120469
https://www.ncbi.nlm.nih.gov/pubmed/22647260
https://doi.org/10.1046/j.1460-9568.2000.00164.x
https://www.ncbi.nlm.nih.gov/pubmed/10971616
https://doi.org/10.7150/ijbs.81900
https://www.ncbi.nlm.nih.gov/pubmed/37416769
https://doi.org/10.1016/j.cell.2012.02.046
https://www.ncbi.nlm.nih.gov/pubmed/22541439
https://doi.org/10.1038/s41380-019-0483-4
https://doi.org/10.1111/j.1749-6632.1996.tb34436.x
https://doi.org/10.1186/s13195-024-01407-w
https://doi.org/10.1016/0006-8993(89)90567-2
https://doi.org/10.1046/j.1471-4159.1996.67052180.x
https://doi.org/10.1023/A:1012392719601
https://doi.org/10.1038/mp.2015.43
https://doi.org/10.1038/mp.2015.43
https://doi.org/10.1038/mp.2014.182
https://doi.org/10.1126/science.1116916
https://doi.org/10.3390/cells15060510


Cells 2026, 15, 510 17 of 17

85. Theparambil, S.M.; Kopach, O.; Braga, A.; Nizari, S.; Hosford, P.S.; Sagi-Kiss, V.; Hadjihambi, A.; Konstantinou, C.; Esteras, N.;
Gutierrez Del Arroyo, A.; et al. Adenosine signalling to astrocytes coordinates brain metabolism and function. Nature 2024, 632,
139–146. [CrossRef] [PubMed]

86. Orr, A.G.; Hsiao, E.C.; Wang, M.M.; Ho, K.; Kim, D.H.; Wang, X.; Guo, W.; Kang, J.; Yu, G.Q.; Adame, A.; et al. Astrocytic
adenosine receptor A2A and Gs-coupled signaling regulate memory. Nat. Neurosci. 2015, 18, 423–434. [CrossRef]

87. Launay, A.; Carvalho, K.; Genin, A.; Gauvrit, T.; Nobili, P.; Gomez-Murcia, V.; Augustin, E.; Burgard, A.; Gambi, J.; Fourmy, D.;
et al. Upregulation of adenosine A2A receptor in astrocytes is sufficient to trigger hippocampal multicellular dysfunctions and
memory deficits. Mol. Psychiatry 2025, 30, 5300–5314. [CrossRef] [PubMed]

88. Cunha, R.A. How does adenosine control neuronal dysfunction and neurodegeneration? J. Neurochem. 2016, 139, 1019–1055.
[CrossRef]

89. Pagnussat, N.; Almeida, A.S.; Marques, D.M.; Nunes, F.; Chenet, G.C.; Botton, P.H.; Mioranzza, S.; Loss, C.M.; Cunha, R.A.;
Porciúncula, L.O. Adenosine A2A receptors are necessary and sufficient to trigger memory impairment in adult mice. Br. J.
Pharmacol. 2015, 172, 3831–3845. [CrossRef]

90. Carvalho, K.; Faivre, E.; Pietrowski, M.J.; Marques, X.; Gomez-Murcia, V.; Deleau, A.; Huin, V.; Hansen, J.N.; Kozlov, S.; Danis, C.;
et al. Exacerbation of C1q dysregulation, synaptic loss and memory deficits in tau pathology linked to neuronal adenosine A2A

receptor. Brain 2019, 142, 3636–3654. [CrossRef] [PubMed]
91. Rodrigues, R.J.; Tomé, A.R.; Cunha, R.A. ATP as a multi-target danger signal in the brain. Front. Neurosci. 2015, 9, 148. [CrossRef]

[PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/cells15060510

https://doi.org/10.1038/s41586-024-07611-w
https://www.ncbi.nlm.nih.gov/pubmed/38961289
https://doi.org/10.1038/nn.3930
https://doi.org/10.1038/s41380-025-03115-9
https://www.ncbi.nlm.nih.gov/pubmed/40702259
https://doi.org/10.1111/jnc.13724
https://doi.org/10.1111/bph.13180
https://doi.org/10.1093/brain/awz288
https://www.ncbi.nlm.nih.gov/pubmed/31599329
https://doi.org/10.3389/fnins.2015.00148
https://www.ncbi.nlm.nih.gov/pubmed/25972780
https://doi.org/10.3390/cells15060510

	Introduction 
	Materials and Methods 
	Animals 
	Drugs 
	Intracerebroventricular Injection of A to Model Early AD 
	Slice Preparation 
	Electrophysiological Recordings 
	Statistics 

	Results 
	Establishment of an In Vitro Model of Altered Synaptic Function by Acute A Exposure 
	The Neurophysiological Effects of A Depend on the Presence of Extracellular Adenosine 
	A-Induced Impairment of PPF Involves A1R and Deterioration of LTP Involves A2AR 
	A2AR in Forebrain Neurons Are Involved in A-Induced LTP Deficits 
	CD73-Mediated Formation of Extracellular Adenosine Is Critical for A-Induced Depression of LTP 

	Discussion 
	References

