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ABSTRACT

Adenosine A, receptors (ApaR) overfunction causes synaptic and memory dysfunction in early Alzheimer's disease (AD). In a B-amyloid (A(;.42)-based model of
early AD, we now unraveled that this involves an increased synaptic release of ATP coupled to an increased density and activity of ecto-5-nucleotidase (CD73)-
mediated formation of adenosine selectively activating ApaR. Thus, CD73 inhibition with a,3-methylene-ADP impaired long-term potentiation (LTP) in mouse
hippocampal slices, which is occluded upon previous superfusion with the A,sR antagonist SCH58261. Furthermore, a,3-methylene-ADP did not alter LTP amplitude
in global A,AR knockout (KO) and in forebrain neuron-selective A,,R-KO mice, but inhibited LTP amplitude in astrocyte-selective A;sR-KO mice; this shows that
CD73-derived adenosine solely acts on neuronal A5R. In agreement with the concept that ATP is a danger signal in the brain, ATP release from nerve terminals is
increased after intracerebroventricular AfB; 4> administration, together with CD73 and AR upregulation in hippocampal synapses. Importantly, this increased CD73
activity is critically required for AP, .4» to impair synaptic plasticity and memory since AfB; 4o-induced synaptic and memory deficits were eliminated in CD73-KO
mice. These observations establish a key regulatory role of CD73 activity over neuronal A;sR and imply CD73 as a novel target for modulation of early AD.

1. Introduction

ATP plays a pivotal role in extracellular signaling (Burnstock,
2014). In the brain, ATP can function as a neurotransmitter, co-trans-
mitter, gliotransmitter, or even a neuromodulator at specific synapses
(Burnstock, 2014; Rodrigues et al., 2015). These multiple effects of ATP
result from a direct activation of different P2 receptors (Burnstock,
2014; Rodrigues et al., 2015) but also depend on indirect effects upon
conversion of extracellular ATP into adenosine, through the action of
ecto-nucleotidases  including  ecto-5-nucleotidase = or  CD73
(Zimmermann et al., 2012). Adenosine is a prototypical neuromodu-
lator (Fredholm et al., 2005; Borea et al., 2018) and its main role is to
assist in defining the salience of information encoding in brain circuits,
through a parallel control of basal excitatory synaptic transmission
through inhibitory A; receptors (A;R) and of synaptic plasticity through
facilitatory A,a receptors (AzaR) (Cunha, 2008). The differential acti-
vation of AjR and AjsR is proposed to involve a different source of
adenosine depending on the type of triggering stimuli (Cunha, 2008):
AR activation mainly results from astrocytic-derived ATP (Pascual

et al., 2005) and post-synaptic adenosine outflow (Lovatt et al., 2012),
whereas AjaR are activated by CD73-mediated adenosine (Augusto
et al., 2013; Cunha et al., 1996a; Rebola et al., 2008; Carmo et al.,
2019) resulting from a robust frequency-dependent synaptic release of
ATP (Cunha et al., 1996b; Wieraszko et al., 1989).

Although AR are mostly expressed in the basal ganglia (Fredholm
et al., 2005), there has been an increasing awareness to their role in
other brain areas (Rebola et al., 2008; Cunha, 2016; Kerkhofs et al.,
2018; Simoes et al., 2016). Indeed, the interest in hippocampal A,5R
function was bolstered by the recognition that they are the main target
of caffeine in the brain (Fredholm et al., 2005; Lopes et al., 2019) and
their overfunction is paramount to define the extent of neurodegen-
eration upon brain insults (Cunha, 2016) associated with disorders
where caffeine has been described as having a protective effect against
memory deficits (Cunha & Agostinho, 2010; Laurent et al., 2014). In
particular, the overactivation of hippocampal A,sR is sufficient to
trigger memory impairment (Pagnussat et al., 2015) and is critically
necessary for the emergence of synaptic and memory deficits in dif-
ferent animal models of early Alzheimer's disease (AD) (Canas et al.,
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2009; Laurent et al., 2016; Viana da Silva et al., 2016). However, it is
currently unclear if this A;sR overfunction only involves AR upre-
gulation (Cunha, 2016) or also depends on an increased generation of
extracellular adenosine. In this respect, the evidence that ATP is a
danger signal in the brain (Rodrigues et al., 2015) and that brain insults
trigger a parallel upregulation of A;sR and CD73 (Barros-Barbosa et al.,
2016; Wang et al., 2015), posits the novel hypothesis that an increased
CD73-mediated formation of extracellular adenosine from increased
ATP release might be paramount to sustain the A;sR overfunctioning
that is critically required to disrupt synaptic plasticity and memory
function in early AD (Canas et al., 2009; Viana da Silva et al., 2016).
This hypothesis is reinforced by the close physical and functional as-
sociation between CD73 and A,sR observed in the striatum (Augusto
et al., 2013; Carmo et al., 2019), which has not been tested in the
hippocampus. Thus, we now tested how ATP-derived adenosine for-
mation by CD73 regulates the modulation of synaptic plasticity by se-
lective A;5R activation in both physiological and pathological condi-
tions in the hippocampus.

2. Material and methods
2.1. Animals

Male C57bI\6j mice (8-12 weeks old) were obtained from Charles
River (Barcelona, Spain). A;pR-KO, CD73-KO, FbA;,R-KO and GFAP-
A;AR-KO as well as each individual control genotype (generically
named as wild type) were generated and cross-bred as previously de-
scribed (Augusto et al., 2013; Matos et al., 2015) and males with
8-12 weeks old were used in the experiments.

2.2. Drugs and model of early AD

a,3-Methylene ADP (AOPCP) was from Sigma (St. Louis, USA) and
SCH58261 was from Tocris (Bristol, UK). Both drugs were used in su-
pramaximal but selective concentrations: 100 pM AOPCP (Cunha et al.,
1996b; Cunha, 2001) and 50 nM SCH58261 (Lopes et al., 2004). The
AB;.4> peptide fragment was purchased from Bachem (Bubendorf,
Germany). AB;.42 was dissolved in water to obtain a solution mostly
composed of AP oligomers (Canas et al., 2009; Resende et al., 2008)
with a final concentration of 2.25 mg/mL. Mice received, over a period
of 15 min, either a single dose of 2 nmol in 4 pL of oligomeric Af3;.45 or
the same volume of water (vehicle, which caused no behavioral or
neurochemical effects, similarly to the administration of scrambled
AB42.1, see (Canas et al., 2009)) intracerebroventricularly (icv) after
anesthesia. It has previously been shown that this apparently high dose
of AB1.42 actually translates into 5-30 pmol levels of AB;.45 within the
hippocampus, causing synaptic alterations and dysfunction, without
evidence of cellular damage (Canas et al., 2009). Behavioral analysis
was performed 14 days after Af; 4 or vehicle administration, at a time
where spatial reference memory is selectively affected in this icv-AP; 42
model (Canas et al., 2009, 2014). Although there are no faithful animal
models of AD, the ability to recapitulate the two main features of early
AD, namely the impairment of reference memory and of synaptic
function (reviewed in (Walsh & Selkoe, 2004)), validates this icv-AB;_4
model as a model of early AD, which has been previously used by dif-
ferent groups (Canas et al., 2009; Hong et al., 2016; Kim et al., 2016;
Santos et al., 2017).

2.3. Evoked ATP release

The release of ATP was measured on-line using the luciferin-luci-
ferase assay (Cunha et al., 1996a; Carmo et al., 2019). Briefly, mouse
hippocampal synaptosomes were prepared as previously described
(Canas et al., 2009; Kaster et al., 2015). A suspension containing sy-
naptosomes, an ATP assay mix (with luciferin and luciferase; from
Sigma) and Krebs-HEPES solution was equilibrated at 25°C during
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10 min to ensure the functional recovery of nerve terminals. The sus-
pension was then transferred to a white 96-well plate and measure-
ments were performed in a luminometer (Victor3). After 60 s to mea-
sure basal ATP outflow, the evoked release of ATP was triggered with
32 mM of KCI (isomolar substitution of NaCl in the Krebs-HEPES solu-
tion), a well-established neurochemical strategy to trigger optimal
signal-to-noise calcium-dependent vesicular release from synaptosomes
without damage to these artificial synaptic structures (Bradford et al.,
1973; Blaustein, 1975; White, 1978; Ferreira et al., 2015). The evoked
release of ATP was calculated by integration of the area of the peak
upon subtraction of the estimated basal ATP outflow (Cunha et al.,
1996a; Carmo et al., 2019).

2.4. Binding assay

The density of A;sR was estimated by radioligand binding using a
supramaximal concentration of the AjsR antagonist [®H]SCH58261
(6 nM; provided by E. Ongini, Schering-Plough, Milan, Italy), as de-
scribed previously (Lopes et al., 2004, Kaster et al., 2015). Specific
binding was determined by the subtraction of nonspecific binding
measured in the presence of 3 uM xanthine (XAC), a mixed A;R/A,sR
antagonist.

2.5. Western blot

Western blot analyses of hippocampal synaptosomes were per-
formed as described previously (Carmo et al., 2019; Canas et al., 2009;
Kaster et al., 2015). CD73 levels were assessed using a rabbit polyclonal
anti-CD73 antibody (1:300, Sigma-Aldrich), whereas mouse mono-
clonal anti-synaptophysin (1:6000, Sigma-Aldrich), anti-PSD95
(1:1000, Chemicon) and anti-SNAP25 (1:6000, Sigma-Aldrich) anti-
bodies were used to quantify synaptic markers, after labeling with
secondary antibodies goat anti-rabbit IgG and goat anti-mouse IgG
conjugated with alkaline phosphatase (1:20,000) (GE Healthcare, Chi-
cago, USA). The membranes were then stripped for re-probing with
GAPDH (rabbit polyclonal, 1:3000, Abcam) or a-tubulin (mouse
monoclonal, 1:20,000, Sigma-Aldrich), as loading controls. Im-
munoreactive bands were detected after incubation of membranes with
ECF reagent (GE Healthcare), on a Bio-Rad ChemidocPlus imaging
system.

2.6. Extracellular catabolism of AMP

The extracellular catabolism of AMP was evaluated in hippocampal
synaptosomes as previously described (Carmo et al., 2019; Cunha,
2001; Cunha et al., 2000). Briefly, synaptosomes were added to in-
cubation vials with Krebs-HEPES solution at 30.5 °C. After 10 min of
incubation, 10 yM AMP was added, without or with AOPCP, and ali-
quots were collected from the reaction medium (60 pL) at 0, 2, 5, 10, 15
and 30 min. Aliquot were centrifuged at 14,000 xg (15s at 4 °C), and
the supernatant was stored at —20 °C for HPLC quantification of ade-
nosine (Carmo et al., 2019; Cunha, 2001). The remaining synaptosomes
were pelleted and homogenized in 2% (v/v) Triton X-100, to quantify
protein with the BCA assay.

2.7. Behavioral analysis

Behavior was evaluated as previously described (Kaster et al.,
2015). Locomotion was first monitored in an open-field apparatus.
Recognition memory was measured with the object recognition test,
using the same arena in a room (8 Ix) with visual cues, where mice were
first exposed to two identical objects for 3min and 90 min later to a
familiar and a novel object for 3 min. Hippocampal-dependent spatial
reference memory was assessed using the object displacement test,
carried out as the object recognition test, but where one of the objects
switched positions in the second session. Hippocampal-dependent
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spatial reference memory was further assessed using a modified version
of the Y maze test where we scored the number of entries and the time
spent in the novel arm as a measure of spatial memory in a second
8 min visit to the maze 90 min after a first 8 min visit where one of the
arms was blocked.

2.8. Electrophysiological recordings

Recordings were performed as described previously (Kaster et al.,
2015; Costenla et al., 2011). Briefly, a stimulating electrode was placed
onto Schaffer fibers, and the evoked field excitatory postsynaptic po-
tentials (fEPSP) were recorded through an extracellular microelectrode
(4 M NaCl; 1-2 MQ) placed in the CA1 stratum radiatum. The recordings
were analyzed using WinLTP (Anderson & Collingridge, 2001). Long-
term potentiation (LTP) was induced by high-frequency stimulation
(one train of 100 pulses of 1Hz for 1s). LTP was quantified as the
percentage change between two values: the average slope of the ten
potentials taken between 50 and 60 min after LTP induction in relation
to the average slope of the fEPSP measured during the 10 min that
preceded LTP induction.

2.9. Statistics

In all experimental procedures, three or more animals were used for
each parameter analyzed and the individual sample sizes (n = number
of animals) is specified for each experiment. All data are presented as
mean *+ SEM, and significance was considered at P < .05 using
Student's t-test for comparison between two groups and one-way
ANOVA (followed by a Bonferroni's post hoc test) or two-way ANOVA
(followed by a Newman-Keuls post hoc test) for comparison of multiple
groups.

2.10. Study approval

Animal procedures followed the European Community guidelines
(Directive 2010/63/EU) and were approved by the Ethical Committee
of the Center for Neuroscience and Cell Biology of Coimbra (ORBEA-
138-2016).

3. Results

3.1. CD73 activity is required for the control of AzsR-dependent
hippocampal long-term potentiation

We first confirmed that a,B-methylene ADP (AOPCP, 100 uM) ef-
fectively inhibited CD73 activity. Indeed, HPLC analysis showed that
AOPCP blunted extracellular adenosine formation upon addition of
AMP (10 uM) to mouse hippocampal synaptosomes (Fig. 1a). This AMP-
derived adenosine formation in hippocampal synapses only involved
the activity of CD73, since there was no formation of extracellular
adenosine upon AMP addition to hippocampal synaptosomes from
CD73 knockout (KO) mice (Fig. 1b). In hippocampal slices, AOPCP
(100puM) did not affect basal excitatory synaptic transmission
(104.7 £ 4.729% modification of fEPSP; n = 5, t4 = 1.067, p = .346
vs 100%, unpaired t-test) in Schaffer fiber-CAl1 pyramid synapses
(Fig. 1c), excluding an association of ATP-derived adenosine with tonic
AR activation (Lopes et al., 2019; Costenla et al., 2011). In contrast,
AOPCP decreased LTP amplitude (from 54.7 = 4.9% over baseline
without AOPCP to 29.8 + 7.9% over baseline with AOPCP; n =5,
t11 = 4.622, p = .0007, unpaired t-test) in slices from wild type mice
(WT) (Fig. 1d-f), whereas AOPCP was devoid of effects on LTP ampli-
tude in hippocampal slices from CD73-KO mice (Fig. 1d,g-h). Im-
portantly, we had previously shown that CD73-KO mice have similar
densities of AjR and AjsR (Augusto et al., 2013).

The AzaR antagonist SCH58261 (50 nM) phenocopied the effect of
AOPCP on hippocampal LTP (65.8 + 6.7% without, 33.5 * 11.2%
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with SCH58261, n = 5, F514 = 4.007, p = .042, one-way ANOVA fol-
lowed by Bonferroni's post hoc test; Fig. 2a,c). Most importantly, the
effect of AOPCP on LTP was occluded (i.e. prevented) if A;pR were
previously blocked with SCH58261 (Fig. 2b—c). Furthermore, AOPCP
was devoid of effects in hippocampal slices from global A;AR-KO mice
(Fig. 2d-e) and the impact of SCH58261 on LTP was lost in hippo-
campal slices from CD73-KO mice (data not shown) suggesting that
CD73-derived adenosine is required for the control of hippocampal LTP
by AsaR. It is worth noting that the similar impact on LTP of the
pharmacological inhibition of CD73 and AaR is not recapitulated in the
transgenic CD73-KO and global A;5R-KO mice, both of which do not
display alterations of LTP amplitude, possibly because of the emergence
of similar compensatory alterations upon elimination of either CD73 or
A,AR since conception.

3.2. ATP-derived adenosine selectively activates neuronal A,4R to modulate
long-term potentiation

Since both astrocytic (Matos et al., 2015; Orr et al., 2015) and
neuronal A,sR (Viana da Silva et al., 2016; Li et al., 2015) control
memory and synaptic plasticity, we used mice with A;sR deletions ei-
ther in forebrain neurons (fb-A;sR-KO) or in astrocytes (GFAP-A,sR-
KO) to test which A,sR population was targeted by ATP-derived ade-
nosine. AOPCP did not affect LTP in hippocampal slices from fb-A,5R-
KO (44.4 += 9.4% without, 40.0 = 10.8% with AOPCP, t;, = 0.296,
p = .771, unpaired t-test; Fig. 2f-g), similarly to what was recorded
upon pharmacological inhibition with SCH58261 (Fig. 2b-c) and in
global A;AR-KO mice (Fig. 2d-e), but maintained its effect on LTP
magnitude in GFAP-A;,R-KO (58.7 = 13.6% without, 18.1 * 5.3%
with AOPCP, n = 6, tg = 2.774, p = .032, unpaired t-test; Fig. 2h-i)
indicating that CD73-derived adenosine selectively modulates LTP
through the action of neuronal rather than astrocytic AzaR.

3.3. Up-regulation of the ATP-CD73-Az4R pathway in a mouse model of
early AD based on Af administration

Since A,4R overactivation triggers deficits of synaptic plasticity and
memory in early AD (Canas et al., 2009; Laurent et al., 2016; Viana da
Silva et al., 2016), we posited that this results from a combined in-
creased formation of ATP-derived adenosine and A;,R upregulation. To
model early AD conditions, we administered intracerebroventricularly
(icv) oligomeric (3-amyloid (A3;_42), a synaptotoxic peptide proposed as
a culprit of AD (Ferreira & Klein, 2011).

Hippocampal synaptosomes from Af; 4o (2 nmol, icv)-treated mice
displayed: i) larger ATP release upon K *-depolarization (45.8 + 5.1%
over baseline after Af; 45 vs. 32.0 = 3.9% over baseline in control,
n =12, tyg = 2.150, p = .044, unpaired t-test; Fig. 3a); ii) increased
CD73 density (244.2 + 69.3% larger immunodensity in AB; 40; n = 3,
ts = 3.525, p = .017 vs. control, unpaired t-test; Fig. 3b); iii) increased
CD73 activity (AMP extracellular catabolism of 1.054 = 0.056 in Af;.
42 vs. 0.507 = 0.018 nmol/min/mg protein in control, n =25,
ti0 = 9.361, p = .008, unpaired t-test; Fig. 3c); and iv) increased AsaR
density (specific *H-SCH58261 binding of 80.5 * 4.8 in A4z Vs.
46.7 + 8.1 fmol/mg protein in control, n = 3, t4 = 3.591, p = .023,
unpaired t-test; Fig. 3d). This tentatively confirms our hypothesis that
excessive formation of ATP-derived extracellular adenosine coupled to
A,AR up-regulation might both be critical factors responsible for the
onset of early AD alterations. It is worth mentioning that these mod-
ifications might be mostly confined to synapses: in fact, when assessing
total hippocampal membranes, there was no significant difference of
AR density between vehicle- and AR, .4o-treated mice (specific >H-
SCH58261 binding of 21.6 *= 2.4 in A4 vs. 25.3 = 1.8 fmol/mg
protein in control, n = 5, tg = 1.214, p = .259, unpaired t-test).
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Fig. 1. ATP-derived extracellular adenosine formed by CD73 controls LTP in the mouse hippocampus.

(a) The formation of extracellular adenosine after addition of 10 uM AMP to mouse hippocampal synaptosomes was prevented by 100 uM AOPCP. (b) AOPCP
selectively inhibits CD73 since in CD73-KO mice there was no extracellular adenosine formation upon addition of AMP and AOPCP is devoid of effects (not shown).
(c) AOPCP (100 uM) did not affect basal excitatory synaptic transmission in Schaffer fiber-CA1 pyramid synapses in mouse hippocampal slices; (d) fEPSPs recorded in
CA1 pyramids before (thinner lines) and 60 min after a high-frequency train (HFS) applied to afferent Schaffer fibers (thicker lines) in the absence (black traces) or
presence (blue traces) of 100 uM AOPCP, revealed that AOPCP decreased LTP amplitude, (e) as illustrated in the time course of fEPSP recordings (d) and quantified in
(f). The selectivity of AOPCP as a CD73 inhibitor was ensured by the lack of effect of AOPCP on LTP in CD73-KO mice (g, h). Data are mean * S.E.M of 3 (a—c) and 5
(d-h) experiments (number of different animals tested). ***p < .001. (For interpretation of the references to colour in this figure legend, the reader is referred to the

web version of this article.)

3.4. CD73 deletion abolishes the behavioral and synaptic deficits in an early
AD mouse model

The assumption that AD-related changes in the hippocampus result
from a disproportionate formation of extracellular adenosine from re-
leased ATP, entails that CD73 elimination should blunt the triad of
modifications characteristic of early AD, namely impaired reference
memory, synaptic dysfunction and loss of synaptic markers, all re-
capitulated after AP,.4> administration (Walsh & Selkoe, 2004; Ferreira
& Klein, 2011). Accordingly, AB;.4> administration to WT mice wor-
sened performance in the object displacement test (localization index:
30.5 = 5.8% vs. vehicle: 62.4 = 6.8%, n=5-7, Fj19=131,
p = .002, two-way ANOVA followed by Newman-Keuls post hoc test;
Fig. 4a), in the object recognition test (recognition index: 39.8 + 5.3%
vs. vehicle: 84.2 + 3.8%, n = 5-7, F; 30 = 9.739, p = .005; Fig. 4b)
and in the modified Y-maze test (time in the novel arm: 120.2 + 13.1s
vs. vehicle: 166.3 = 8.0s, n = 5-6, F1 19 = 4.414, p = .049, two-way
ANOVA followed by Newman-Keuls post hoc test; Fig. 4c) without lo-
comotor alterations (Fig. 4d). By contrast, Ap-treated CD73-KO mice
preserved their localization index (53.0 = 3.8% vs. vehicle:
62.4 * 6.8%, n=>5-7, F119=4.296, p =.7533, two-way ANOVA
followed by Newman-Keuls post hoc test; Fig. 4a), their recognition
index (74.4 + 7.6% vs. vehicle: 72.0 * 7.7%, n = 5-7, F1 50 = 0.752,
p = .8698, two-way ANOVA followed by Newman-Keuls post hoc test;
Fig. 4b) and their time in the novel arm (161.8 = 6.3s vs. vehicle:
157.1 = 14.8s, n = 5-6, Fy19 = 2.772, p = .9888, two-way ANOVA

followed by Newman-Keuls post hoc test; Fig. 4c) without locomotor
alterations (Fig. 4d).

Synaptic dysfunction is at the core of initial changes in early AD
(Walsh & Selkoe, 2004; Ferreira & Klein, 2011), as heralded by the
decrease of synaptic markers two weeks after exposure to AP, in the
absence of overt neuronal loss (Canas et al., 2009). Hippocampal sy-
naptosomes from Af-treated WT mice had a lower density of SNAP25
(65.5 = 7.3%, n =3, F; 5 =20.08, p=.002, two-way ANOVA fol-
lowed by Newman-Keuls post hoc test; Fig. 4e), synaptophysin
(62.5 = 4.3%, n =3, F g =13.39, p=.006, two-way ANOVA fol-
lowed by Newman-Keuls post hoc test; Fig. 4f) and PSD95 (data not
shown). In contrast, CD73 genetic deletion prevented the loss of sy-
naptic markers (SNAP25: 94.6 + 2.9%, n=3, F;g=10.73,
p = .9615, two-way ANOVA followed by Newman-Keuls post hoc test;
Fig. 4e; synaptophysin: 102.3 + 8.9%, n = 3, F; g = 13.39, p = .9999,
two-way ANOVA followed by Newman-Keuls post hoc test; Fig. 4f). It is
not only synaptotoxicity but also synaptic dysfunction that occurs in
early AD (Walsh & Selkoe, 2004; Ferreira & Klein, 2011). Accordingly,
hippocampal slices from Af-treated WT mice displayed a lower LTP
amplitude (30.9 + 6.2% vs. vehicle: 63.5 £ 51%, n=5-7,
F101 = 6.284, p = .021, two-way ANOVA followed by Newman-Keuls
post hoc test; Fig. 4g-h), whereas this did not occur for Ap-treated
CD73-KO mice (LTP in Ap-treated: 63.0 = 9.4% vs. vehicle:
63.7 £ 7.7%, n=5-7, F1 21 =9.925, p=.9613, two-way ANOVA
followed by Newman-Keuls post hoc test; Fig. 4g-h). Notably, the acute
pharmacological inhibition during the slice experiment of either CD73
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Fig. 2. ATP-derived extracellular adenosine formed by CD73 selectively activates neuronal A,sR to control LTP in the mouse hippocampus.

(a) fEPSPs recorded in Schaffer fiber-CAl pyramid synapses from WT mouse hippocampus after a high-frequency train (HFS) indicate that the blockade of A,sR with
50 nM SCH58261 phenocopies the effects of AOPCP on hippocampal LTP. Furthermore, AOPCP is devoid of effects in the presence of SCH58261 (b, c) or in global
AAR-KO mice (d, e). The effects of AOPCP are blunted in fb-A,AR-KO mice (f, g) but preserved in GFAP-A;,R-KO mice (h,i). Data are mean = S.E.M of 6

experiments (number of different animals tested). * p < .05.

or AR reverted AB-induced LTP deficits (Fig. 4i-1): thus, hippocampal
slices from AP-treated mice exposed to 100 pM AOPCP recovered their
LTP (24.8 = 6.7% without, 48.8 * 7.6% with AOPCP, n =5,
F115 = 17.69, p = .0008, two-way ANOVA followed by Newman-Keuls
post hoc test; Fig. 4i—j) to values similar to vehicle-treated mice
(Fig. 4i—j). As previously reported in different hippocampal synapses
(Viana da Silva et al., 2016), 50nM SCH58261 also recovered LTP
(24.8 = 6.7% without, 51.9 * 7.3% with SCH58261, n =75,
F116 = 14.87, p = .001, two-way ANOVA followed by Newman-Keuls
post hoc test; Fig. 4k-1) to values similar to vehicle-treated mice
(Fig. 4k-1).

These observations indicate that either genetic or pharmacological
elimination of CD73, counteracts the behavioral and synaptic deficits

that occur in early AD. This abrogation of CD73 activity phenocopies
A,aR elimination, showing that preventing the formation of the en-
dogenous ligand (CD73-derived adenosine) is equi-effective to directly
blocking A,aR, and reinforcing the association between CD73 and A;aR
function in the hippocampus also in pathological conditions.

4. Discussion

The present study shows that CD73 regulates the extracellular cat-
abolism of ATP into adenosine to control neuronal AR activation,
impacting on hippocampal LTP and memory deterioration. We first
established that CD73 is needed to trigger an adequate LTP in the
hippocampus, since the blockade of CD73 activity by its inhibitor
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Fig. 3. Increased formation of ATP-derived extracellular adenosine and A,sR upregulation in the hippocampus of an early AD mouse model.

In a mouse model of early AD based on exposure to AB (2nmol, icv, orange) compared to vehicle-treated (black), hippocampal synaptosomes display a lumino-
metrically-detected higher release of ATP upon exposure to 30 mM K™ (a), (b) a higher Western blot immunoreactivity of CD73, (c) a higher CD73 activity assessed
by formation of extracellular adenosine after addition of 10 uM AMP, (d) and a higher A,AR density, assessed by binding density of 6 nM *H-SCH58261 to hippo-
campal synaptosomal membranes. Data are mean *+ S.E.M of 12 (a), 3 (b), 5 (c¢) and 3 (d) experiments (number of different animals tested). * p < .05, ****

p < .0001.

AOPCP dampened hippocampal LTP amplitude. The magnitude of this
decrease was identical to that observed when AR function was ab-
rogated by the antagonist SCH58261. Strikingly, this effect of
SCH58261was blunted by the genetic deletion of CD73, indicating that
the control of hippocampal LTP by CD73 depends on AjsR function.
Indeed, CD73 operates AMP dephosphorylation, the final and rate-
limiting step of the extracellular catabolism of ATP into adenosine
(Zimmermann et al., 2012; Cunha, 2001), and both the genetic and the
pharmacological abrogation of CD73 blunted the production of extra-
cellular adenosine from adenine nucleotides in the hippocampus
(Fig. 1; see also Lovatt et al., 2012, Cunha, 2001, Cunha et al., 2000,
Kulesskaya et al., 2013). With the activities of other nucleotide-con-
verting ecto-enzymes remaining almost intact in the brain of CD73-KO
mice (Cunha, 2001; Kulesskaya et al., 2013), the absence of effects of
AOPCP in these animals excludes the involvement of P2 receptors and
further supports a tight association between CD73-mediated formation
of ATP-derived extracellular adenosine and selective A;sR activation in
the hippocampus to control LTP. This is in agreement with previous
evidence in mouse striatum showing that CD73-mediated formation of
extracellular adenosine is responsible for the activation of AjsR
(Augusto et al., 2013; Carmo et al., 2019).

Basal synaptic transmission, a mechanism controlled by adenosine
A; receptors (A;R), was also assessed and was not modified upon
pharmacological or genetic deletion of CD73 activity. This shows a lack
of association of synaptic CD73 activity with A;R function in

physiological conditions (Lovatt et al., 2012; Rebola et al., 2008; Cunha
et al., 1996b; Walsh & Selkoe, 2004) as well as upon brain damage
(Carmo et al., 2019; Frenguelli et al., 2007; Zhang et al., 2012). In
contrast, the pharmacological and genetic elimination of AR fully
abrogated the effect of CD73 inhibition on LTP, demonstrating that the
adenosine generated by the CD73 is fully directed to the control of
synaptic plasticity by AR in the hippocampus (Fig. 2). Such ob-
servations reinforce the previous assumption that A;R and A,5R acti-
vation is ensured by adenosine from different origins (Cunha, 2008).
However, As5R can be found in diverse cell types (Cunha, 2016) and
both neuronal and astrocytic A;aR control memory-related functions
(Viana da Silva et al., 2016; Matos et al., 2015; Orr et al., 2015; Li et al.,
2015). Therefore, it is important to detail if CD73-derived adenosine
was specifically targeted towards the activation of a cell-specific AxaR
population. The comparison of changes in LTP amplitude in two mouse
models where AsaR are selectively eliminated either in forebrain neu-
rons (forebrain A;,R-KO) or in astrocytes (GFAP-driven A,5R-KO),
uncovered that the effect of CD73 pharmacological inhibition was ab-
rogated in forebrain A;,R-KO, similarly to what was observed in the
pharmacological blockade and full genetic deletion of A;oR-KO (global
A,AR-KO), whereas in hippocampal slices from mice where astrocytic
AR were eliminated, the effect of AOPCP was maintained. This pro-
vides the first evidence that extracellular adenosine generated from
ATP catabolism mediated by CD73 is strictly directed towards the ac-
tivation of neuronal A,4R to control synaptic plasticity.
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Fig. 4. Genetic deletion of CD73 prevents memory and synaptic impairments in a mouse model of early AD.

CD73-KO mice and wild type (WT) littermates (10 weeks old) were injected icv with AP; 4> (2 nmol). After 14 days, AB,.4> decreased memory performance in the
object displacement test (a), object recognition test (b) and modified Y-maze (c¢) in WT but not CD73-KO mice, (d) without locomotor alterations. In the first visit to
the Y-maze, mice from all groups spent a similar time in the start arm (WT-vehicle: 243.8 = 9.8s; WT-Af: 234.2 + 12.2s; CD73-KO-vehicle: 242.0 + 11.0s; CD73-
KO-AB: 233.1 + 9.0s; n = 5-6) and in the familiar arm (WT-vehicle: 236.2 + 9.8s; WT-AP: 245.8 + 12.2s; CD73-KO-vehicle: 238.0 = 11.04s; CD73-KO-Af:
246.9 + 9.0s;n = 5-6) and the velocity in the open field was also similar in all groups (WT-vehicle: 0.41 = 0.05m/s; WT-AB: 0.40 * 0.05m/s; CD73-KO-vehicle:
0.49 = 0.05m/s; CD73-KO-AB: 0.42 + 0.06 m/s; n = 6-7). AP.42 also decreased the density of the synaptic proteins SNAP25 (e) and synaptophysin (f) and
decreased LTP amplitude in WT but not CD73-KO mice (g,h). This lower LTP in A, _4>-treated mice was reverted to control values by acutely applying 100 uM AOPCP
(i,j) or 50 nM SCH58261 (k,]) directly to slices. Data are mean * S.E.M of 5-7 (a), 5-7 (b), 5-6 (c), 6-7 (d), 3 (e-f), 5-7 (g-h), 4-5 (i—j) and 5 (k-1) experiments

(number of different animals tested). *p < .05, **p < .01, ***p < .001.

The tight relation between CD73 and A,sR activation in the hip-
pocampus was extended to pathological conditions. This is of particular
importance since A;pR-KO mice, as now also reported for CD73-KO
mice, have no major brain-related phenotype unless when subjected to
brain insults (Augusto et al., 2013; Kulesskaya et al., 2013; Zhang et al.,
2012). In fact, A;aR blockade affords a robust neuroprotection in dif-
ferent animal models of brain diseases such as Parkinson's or Alzhei-
mer's diseases (AD), epilepsy or ischemia (reviewed in (Cunha, 2016)).
As occurs for AspR (Canas et al., 2009), we now report that the genetic
elimination of CD73 prevented the behavioral deficits and synapto-
toxicity triggered by the intracerebroventricular administration of Af3;.
42 (Fig. 4a-h), a neurotoxic peptide deemed as a culprit of AD (Walsh &
Selkoe, 2004; Ferreira et al., 2015). Thus, either blocking A,5R function
directly or blocking the source of adenosine responsible for A,sR acti-
vation (i.e. CD73) affords similar protection against synaptic and
memory dysfunction. This similar neuroprotective phenotype of CD73-
KO and A,sR-KO mice further strengthens the functional association
between CD73 and A,aR in the hippocampus, extending the ability of
CD73 to produce the extracellular adenosine pool selectively re-
sponsible for the activation of hippocampal A,sR, to a pathological
context of memory dysfunction. Notably, A;sR overactivation is suffi-
cient to trigger memory deficits (Pagnussat et al., 2015; Li et al., 2015)
and is critically necessary for the expression of memory deficits in early
AD models (Canas et al., 2009; Laurent et al., 2016; Viana da Silva
et al., 2016). AyaR overfunction is associated with increased A,aR
density upon exposure to A (Fig. 3d), first in neurons (Viana da Silva
et al.,, 2016; Temido-Ferreira et al., 2018; Silva et al., 2018) and
probably later in astrocytes (Orr et al., 2015; Faivre et al., 2018), as
occurs in other AD models (Viana da Silva et al., 2016; Espinosa et al.,
2013) as well as in cortical areas of AD patients (Temido-Ferreira et al.,
2018; Ji et al., 1992; Albasanz et al., 2008). We now report a parallel
up-regulation of CD73 and A,5R after AR exposure, as also occurs upon
other brain insults (Carmo et al., 2019; Canas et al., 2009; Viana da
Silva et al., 2016; Kaster et al., 2015; Temido-Ferreira et al., 2018;
Braun et al., 1998; Fontella et al., 2004) or aging (Cunha et al., 2001),
which reinforces the association of CD73 with sites of altered synaptic
plasticity (Lie et al., 1999). However, the time course of the up-reg-
ulation of CD73 and A,4R in relation to the onset of neurodegeneration
still remains to be established. Neurochemical studies showed that A
exposure triggered an enhancement of the evoked extracellular ATP
levels (Fig. 3a), and an increased activity of CD73 (Fig. 3c). This pro-
vides a new comprehensive scenario to understand the critical role of
AoAR in early AD (Canas et al., 2009; Laurent et al., 2016; Viana da
Silva et al., 2016), which depends on a simultaneous increased of A;pR
density and of ATP-derived extracellular adenosine levels to sustain
A,aR overfunction. However, the mechanism operated by AR to
control synaptic plasticity still awaits to be clarified; this may not be a
trivial task since AR are pleiotropic receptors engaging numerous
transducing systems (reviewed in (Cunha, 2016)). This complexicity is
best heralded by the observation that A;sR blockade decreased LTP
amplitude in physiological conditions, whereas it increased LTP am-
plitude after A} exposure as well as after different brain insults (Viana
da Silva et al., 2016; Kaster et al., 2015; Ferreira et al., 2017; Canas
et al.,, 2018), in accordance with the described shift of transducing
system operated by AsaR upon their upregulation by noxious

conditions: in fact, whereas hippocampal A;,R may essencially recruit
cAMP-protein kinase A-CREB pathway under control conditions (Li
et al., 2015; Rebola et al., 2002), this transducing pathway is not as-
sociated with A,sR-mediated neuroprotection (Canas et al., 2009),
probably as a consequence of the ability of increased glutamate levels
characteristic of neurodegenerative conditions (Lipton & Rosenberg,
1994), to redirect AssR signaling from the protein kinase A to the
protein kinase C pathway (Dai et al., 2010).

Our results provide the first demonstration that a purported ancil-
lary neuromodulation system operated by purines actually has a critical
impact on adequate synaptic plasticity that translates into synaptic and
memory dysfunction in a model of early AD. In fact, our results show
that irrespective of changes in the morphology or glutamatergic setup
of excitatory synapses and of the numerous proposed targets for Ap
(Ferreira & Klein, 2011) that may become relevant in the progression
rather than onset of AD, it is the overfunctioning of the purinergic
system, namely the increased formation of ATP-derived adenosine
funneled into AjsR activation that critically disrupts synaptic and
memory dysfunction in a mouse model of early AD. Consequently, our
work suggests CD73 as a possible novel target for the regulation of AxaR
function, with a potential therapeutic application in the prevention/
reversion of brain disorders. The next challenge is to understand how
A,aR shift their unknown transducing system(s) to bolster synaptic
plasticity in naive mice and disrupt LTP in injured synapses, a pheno-
copy of NMDA receptors, which are critical to enable physiological LTP,
but are paramount to trigger neurodegeneration.
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