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ARTICLE INFO ABSTRACT

Keywords: Extracellular ATP is a danger signal to the brain and contributes to neurodegeneration in animal models of
ATP Alzheimer’s disease through its extracellular catabolism by CD73 to generate adenosine, bolstering the activation
P2 receptors of adenosine Aja receptors (A2aR). Convulsive activity leads to increased ATP release, with the resulting
CD73 . . . o o . .
Eetonucleotidases morphological alterations being eliminated by AR blockade. However, it is not known if upon convulsions
Aga receptors there is a CD73-mediated coupling between ATP release and AzaR overactivation, causing neurodegeneration.
We now show that kainate-induced convulsions trigger a parallel increase of ATP release and of CD73 and AsaR

Epilepsy
Astrocytes densities in synapses and astrocytes of the mouse hippocampus. Notably, the genetic deletion of CD73 attenuates
Memory neuronal degeneration but has no impact on astrocytic modifications in the hippocampus upon kainate-induced

convulsions. Furthermore, kainate-induced convulsions cause a parallel deterioration of hippocampal long-term
potentiation (LTP) and hippocampal-dependent memory performance, which is eliminated by knocking out
CD73. This demonstrates the key role of the ATP release/CD73/A2aR pathway to selectively control synaptic
dysfunction and neurodegeneration following an acute brain insult, paving the way to consider CD73 as a new
therapeutic target to prevent neuronal damage upon acute brain damage.

1. Introduction

Adenosine is a neuromodulator that mainly acts through inhibitory
A; receptors to decrease basal excitatory synaptic transmission and
through Asp receptors (A2aR) to bolster synaptic plasticity processes in
different brain areas (Cunha, 2008). The differential engagement of
AsaR under condition of synaptic plasticity is ensured by a particular
pool of adenosine formed by ecto-nucleotidases using adenine nucleo-
tides as substrates (Augusto et al., 2013; Goncalves et al., 2019; Rebola
et al., 2008) coupled to particularly high release of ATP from nerve
terminals upon more intense or greater frequency of stimulation (Cunha
et al., 1996; Wieraszko et al., 1989). However, the overactivation of
AR is also concomitant with the onset of neurodegeneration (reviewed

in Cunha, 2016). The overfunction of AaR in chronic brain diseases is
associated with an upregulation of AspR (e.g Espinosa et al., 2013;
Kaster et al., 2015; Rebola et al., 2005; Temido-Ferreira et al., 2020), but
also requires increased levels of adenosine to activate this increased
number of AgpR (Carmo et al., 2019; Goncalves et al., 2019). Notably, in
different brain diseases there is an increase of extracellular levels of ATP,
which can act as prominent danger signal in the brain (reviewed in
Rodrigues et al., 2015); furthermore, the blockade of ecto-5'-nucleo-
tidase or CD73, the rate-limiting ecto-nucleotidase controlling ATP-
derived adenosine formation (Cunha, 2001; Zimmermann et al.,
2012), mimics the neuroprotection afforded by AzaR in animal models
of neurodegenerative disorders such as Alzheimer’s (Gongcalves et al.,
2019) or Parkinson’s disease (Carmo et al., 2019). However, it is not
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known if the inhibition of CD73 also prevents acutely induced
neurodegeneration.

The exposure to the neurotoxin kainate triggers a rapid increase of
excitability in limbic cortical circuits, followed by a re-organization of
the afflicted neuronal circuits, which involves neurodegeneration and
alteration (‘activation’) of glial cells (Nadler et al., 1980; Zaczek et al.,
1980). Accordingly, kainate exposure is a useful model of acutely-
induced neurotoxicity and is also a valuable model of temporal lobe
epilepsy (e.g. Ben-Ari, 1985; Upadhya et al., 2019). We have previously
used this model to show that it triggers a rapid upregulation of AzaR in
excitatory synapses, which control kainate-induced remodeling of hip-
pocampal circuits that precedes neurodegeneration accompanied by
astrogliosis in the hippocampus (Canas et al., 2018). We now aim to
further exploit this kainate model to test if the ATP release — CD73 —
AopR pathway is critical for the expression of convulsion-associated
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neurodegeneration.
2. Material and methods
2.1. Animals

CD73-KO mice from a C57bI\6 background, were generated and
crossbred as previously described (Augusto et al., 2013; Gongalves et al.,
2019) and male KO (36 animals) and wild type littermates (41 animals),
as well as wild type mice (23 animals; purchased from Charles River,
Barcelona, Spain) at 8-12 weeks were used in the experiments. Animals
were housed in groups of 3—4 per cage in a temperature-controlled room
(22 +1 °C), with free access to food and water, and with a 12 h light/12
h dark cycle (lights on at 7:00 am). All studies were conducted in
accordance with the principles and procedures outlined as “3Rs” in the
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Fig. 1. Kainate-induced convulsions triggered an increased ATP release and increased density of CD73 and of adenosine A, receptors in hippocampal nerve ter-
minals and in gliosomes. (A) Time course of ATP outflow from synaptosomes of control (vehicle-treated, black) and from synaptosomes prepared 24 h after kainate
subcutaneous administration (red), which displayed a similar basal release of ATP (B), but a higher KCl (20 mM)-evoked release (C). (D) Time course of ATP outflow
from hippocampal gliosomes of control and kainate-treated mice, showing an increased basal outflow (E) and K*-evoked outflow of ATP in gliosomes from kainate-
treated compared to control mice (F). The density of CD73 was increased in both hippocampal synaptosomes (G, upper blot) and gliosomes (H, upper blot) collected
24 h after kainate administration (red) compared to control mice (black), with a similar immunoreactivity of $3-tubulin (G, lower blot) and a-tubulin (H, lower blot).
The density of AysR, assessed as the specific binding of the selective A,5R antagonist *H-SCH58261 (2 nM), was also higher in both hippocampal synaptosomes (I)
and gliosomes (J) collected 24 h after kainate administration (red) compared to control mice (black). Data are mean =+ standard deviations of 5-6 experiments
(number of different animals tested). * p < 0.05 using an unpaired Student’s t-test with Welsh correction. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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EU guidelines (210/63) and were approved by the Animal Care Com-
mittee of the Center for Neuroscience and Cell Biology (ORBEA 78/
2013) and by the Institutional Animal Care and Use Committee at Bos-
ton University School of Medicine.

2.2. Kainate model of convulsions

In some experiments, kainate was directly delivered to the hippo-
campus as previously described (Gouder et al., 2004), by stereotaxic
injection of 50 nL of a 20 mM solution of kainic acid (KA) in 0.9% NaCl
(i.e., 1 nmol of KA) into the right dorsal hippocampus [coordinates with
bregma as reference: anteroposterior (AP) -2.0, mediolateral (ML) -1.5,
dorsoventral (DV) -1.8 mm] using a stainless steel cannula connected to
a micro-syringe (Hamilton), under general anesthesia using vaporized
isoflurane supplemented with oxygen. Each injection was performed
over 1 min. At the end of the injection, the cannula was left in place for
an additional period of 8-10 min to limit reflux along the cannula track.
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Control animals received vehicle, phosphate-buffered saline (PBS: 137
mM NaCl, 2.1 mM KCl, 1.8 mM KH3;PO4 and 10 mM NayHPOy, pH 7.4).

In other experiments, mice were injected subcutaneously (sc) with
either PBS or kainate (35 mg/kg), after being handled daily for 3 days, as
previously described (Canas et al., 2018), between 8 AM and 10 AM. A
total of 4 WT mice died after the subcutaneous administration of kai-
nate, which represents a lethality of 8%, below our expected average
lethality of circa 15% in previous experiments.

The neurochemical characterization of the impact of the subcu-
taneous kainate administration on the release of ATP and densities of
CD73 and AR (data in Fig. 1) involved the comparison of naive wild
type mice half of them challenged with kainate (n = 5-6/group). The
exploration of alterations of the purinergic system upon genetic CD73
deletion (data in Fig. 2) involved the comparison of CD73-KO mice and
their WT littermates, none of them challenged with kainate (n = 5-6/
group). The histochemical characterization of the impact of the intra-
hippocampal kainate administration (data in Figs. 2 and 3) was
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Fig. 3. The genetic deletion of CD73 did not
affect the severity of kainate-induced con-
vulsions but selectively eliminated kainate-
induced hippocampal neurodegeneration
without altering astrogliosis. (A) The subcu-
taneous administration of kainate triggered a
similar pattern of convulsions in CD73-KO
mice and in their wild type (WT) litter-
mates. (B,C) However, the hippocampal
neuronal degeneration, assessed as the
dispersion of pyramidal cell layer of the CA3
region with Nissl staining, was more evident
in WT than in CD73-KO mice after intra-
hippocampal administration of kainate.
Data are mean + SEM of 6 experiments
(number of different animals tested). * p <
0.05 using a Student’s t-test with Welsh
correction for comparison between two
groups. The immunoreactivity of GFAP (D,E)
and glutamate transporter type I (GLT-I) (F,
G) induced by kainate was similar in the
hippocampus of WT mice and their CD73-KO
littermates after intra-hippocampal adminis-
tration of kainate. Data are mean + SEM of

(% of vehicle)
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carried out in 4 groups of mice: CD73-KO mice treated with vehicle,
CD73-KO mice exposed to kainate, WT littermates treated with vehicle,
WT littermates exposed to kainate (n = 6/group). Likewise, 4 similar
groups were used to test the electrophysiological and behavioral impact
of the subcutaneous administration of kainate (n = 9-10/group; data in
Figs. 3 and 4).

2.3. Scoring of behavioral convulsions

After the subcutaneous injections of kainate, the animals were placed
in individual cages kept at room temperature. They were monitored
continuously for 3 h to score the kainate-induced behavioral convulsions
according to a previously established six-point seizure scale (Schau-
wecker and Steward, 1997) adapted from a five-point scale for rats
(Racine, 1972), using the following criteria: stage 1: immobility; stage 2:
forelimb and/or tail extension, rigid posture; stage 3: repetitive move-
ments, head bobbing; stage 4: rearing and falling; stage 5: continuous
rearing and falling; stage 6: severe tonic-clonic seizures. The scoring was
made by direct visual inspection by two independent researchers blind
to the group of animals tested.

2.4. Histological analysis

Twenty-four hours after the administration of kainate, mice were
anesthetized with avertin (2,2,2-tribromoethanol) and brain tissue was
fixed by transcardiac perfusion with 4% paraformaldehyde in PBS, post-
fixed overnight in PBS with 4% paraformaldehyde and cryopreserved in
PBS containing 25% sucrose. Frozen brains were sectioned (30 pm
coronal slices) with a Leica CM3050S cryostat (Leica Microsystems).
Two of every six hippocampal sections (i.e., two sections separated by
150 pm from each other) were mounted on slides, allowed to dry at room
temperature and stained with cresyl violet staining of Nissl bodies: this
semi-quantitative assay, which we previously validated by comparison
with other cell death assays (Canas et al., 2018), allows estimating
neuronal cell loss. Briefly, sections were rehydrated through 100% and
95% alcohol for 1 min each and then with distilled water. Sections were
incubated for 10 min in pre-warmed (40 °C) cresyl violet solution
(IHCWorld) and then rinsed quickly in distilled water. After dehydration
in 95% alcohol for 2 min, and twice more in 100% alcohol for 5 min
each, the sections were cleared twice with xylene for 5 min each and
mounted with DPX mounting medium (Sigma). Sections were then
examined under a fluorescence Nikon eclipse E600 microscope, with
SPOT software 4.7 (Diagnostic instruments, Inc.). We analyzed the CA3
region since the CAl region often displayed an altered morphology due
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Fig. 4. The genetic deletion of CD73 eliminates the kainate-induced depression of hippocampal synaptic plasticity and of hippocampal-dependent memory without
affecting spontaneous locomotion or anxiety. (A,B) The long-term potentiation (LTP), quantified as the high-frequency stimulation (HFS)-induced enhancement of
the slope of field excitatory postsynaptic potentials (fEPSP) recorded in Schaffer fibers-CA1 pyramid synapses, was reduced in hippocampal slices collected 24 h after
the subcutaneous administration of kainate (35 mg/kg) in wild type (WT) mice (black and red symbols), but not in CD73 knockout (KO) mice (blue and orange
symbols). (C,D) Representative fEPSP traces before and 60 min after HFS recorded in slices from kainate-treated WT mice (C, red) and kainate-treated CD73-KO mice
(D, orange). (E) The CD73 inhibitor o,p-methylene ADP (AOPCP, 100 uM) applied directly to hippocampal slices, reverted the reduction of LTP magnitude present in
kainate-treated WT mice. Data are mean + SEM of 4-6 experiments (number of different animals tested). (F—I) Behavioral analysis of vehicle-treated (black, blue)
and kainate-treated (red, orange) WT (black, red) and CD73-KO mice (blue, orange) show that subcutaneous kainate administration did not modify spontaneous
locomotion in an open field test (F), but decreased number of rearing events (G), and the time spent in the center of the open field test (H), which were not
consistently affected by the genetic deletion of CD73. Kainate deteriorated hippocampal-dependent memory performance in WT mice and this effect was eliminated
in CD73-KO mice (1), assessed by the object displacement test. Data are mean & SEM of 9 mice/group. * p < 0.05 using a Newman-Keuls post hoc test after a Two-way
ANOVA. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

to the local injections. The quantification performed by two independent
subjects blind to the groups of animals tested, as previously described
(Cho et al., 2006); the scoring was semi-quantitative ranging from 0, no
observable damage; +1, < 10%; +2, 11-25%; +3, 26-50%; -+4,
51-75%; +5, 76-90%; +6 > 91% of observable cell loss.

For immunohistochemistry, four of every six hippocampal sections
(i.e., four sections separated by 150 pm from each other) were used
(Canas et al., 2018). After rinsing for 5 min with PBS at room temper-
ature, the sections were permeabilized and blocked with PBS containing
0.2% Triton X-100 and 5% donkey serum for 1 h, incubated in the
presence of the rabbit anti-murine CD73 antibody (1:500; kindly pro-
vided by J. Sévigny and produced as in Fausther et al., 2012), mouse
anti-GFAP-Cy3 antibody (1:200; Sigma; Matos et al., 2012) or mouse
anti-GLT-I/EAAT2 (1:300; Millipore; Matos et al., 2012) overnight at
room temperature, rinsed three times for 10 min in PBS, and then
incubated with donkey anti-mouse and/or donkey anti-rabbit secondary
antibodies conjugated with a fluorophore (Alexa Fluor 488 or Alexa
Fluor 555, 1:200, Invitrogen) for 2 h at room temperature. After rinsing
three times for 10 min in PBS, the sections were mounted on slides and
allowed to dry. Vectashield mounting medium with DAPI (Vector Lab-
oratories) was applied as well as the cover glass and sections were
examined as described above.

2.5. Preparation of synaptosomes and gliosomes

Twenty-four hours after the subcutaneous administration of kainate,
mice were anesthetized with avertin (2,2,2-tribromoethanol) and killed

by decapitation for isolation of both hippocampi. Mouse hippocampal
synaptosomes (enriched synaptic fraction) and gliosomes (enriched
astrocytic fraction) were obtained using a discontinuous Percoll (Sigma-
Aldrich, Munich, Germany) gradient (2%, 6%, 15%, and 23%, v/v, of
Percoll in a medium containing 0.32 M sucrose and 1 mM EDTA, pH
7.4), as previously described (Matos et al., 2012). The use of these
fractions requires their careful resuspension yielding a suspension rather
than a solution, which imposes a period not longer than 2 h to use these
suspensions as a near homogenous distribution of the particles.

2.6. ATP release

The release of ATP was measured on-line using the luciferin-
luciferase assay (Carmo et al., 2019; Goncalves et al., 2019). Briefly, a
suspension containing synaptosomes or gliosomes, an ATP assay mix
(with luciferin and luciferase; from Sigma) and Krebs-HEPES solution
was equilibrated at 25 °C for 10 min to ensure the functional recovery of
the preparations. The suspension was then transferred to a white 96-well
plate and measurements were performed in a luminometer (Victor3,
Perkin Elmer). After 60 s to measure basal ATP outflow, the evoked
release of ATP was triggered with 20 mM of KCI (isomolar substitution of
NaCl in the Krebs-HEPES solution), a well-established neurochemical
strategy to trigger optimal signal-to-noise calcium-dependent vesicular
release without damaging these artificial structures (Raiteri et al., 2007;
Stigliani et al., 2006). The evoked release of ATP was calculated by
integration of the area of the peak upon subtraction of the estimated
basal ATP outflow. We always confirmed the integrity of the
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preparations by quantifying the amount of lactate dehydrogenase and of
glutamine in the incubation medium after the assays, as previously
described (Carmo et al., 2019; Gongalves et al., 2019).

2.7. Western blot analysis

Western blot analysis was carried out by SDS-PAGE using synapto-
somal or gliosomal membranes to evaluate CD73 levels using a rabbit
polyclonal anti-CD73 antibody (1:300, Santa-Cruz) as previously
described (Goncalves et al., 2019). Membranes were re-probed for p3-
tubulin (1:1000; Abcam) or a-tubulin (1:1000; Abcam) as a loading
control. The selectivity of the other used anti-CD73 antibody (1:500)
was also assessed by Western blot analysis comparing total hippocampal
membranes of CD73-KO mice and of their WT littermates.

2.8. Receptor binding assay

The density of AzaR in synaptosomes and gliosomes was estimated
by radioligand binding assays using a supra-maximal concentration of
®H-SCH58261 (2 nM; offered by E.Ongini, Schering-Plough, Italy), as
previously described (Kaster et al., 2015; Rebola et al., 2005). The
density of AjR and AaR in total hippocampal membranes, prepared as
previously described (Rebola et al., 2003, 2005) was assessed using 2
nM of the selective AR antagonist, SH-DPCPX (Perkin Elmer) and 3 nM
of the selective AzaR antagonist, 3H-ZM241385 (Perkin Elmer). The
binding reactions were carried out at 37 °C with 0.1-0.2 mg of protein
and were performed for 1 h in 50 mM Tris and 10 mM MgCl, with 4 U/
mL of adenosine deaminase (Sigma) for 3H-ZM241385 and 2 h in 50 mM
Tris and 2 mM MgCl, with 4 U/mL of adenosine deaminase for >H-
DPCPX binding. Specific binding was always determined by subtraction
of non-specific binding, measured using 3 pM XAC (Tocris).

2.9. D-°H-aspartate uptake

The uptake of the non-metabolizable glutamate analogue D->H-
aspartate, a validated readout of the activity of glutamate transporters
(Anderson and Swanson, 2000), was carried out as previously described
(Matos et al., 2012). Briefly, the gliosomes were diluted in NMG buffer
(Krebs buffer constituted by 132 NaCl, 4 KCI, 1.2 NayHPOy4, 1.4 MgCly, 6
glucose, 10 HEPES, and 1 CaCly, pH 7.4, where NaCl is replaced by N-
methylglucamine-NMG) and equilibrated at 37 °C for 10 min. Tripli-
cates (150 pL) of each fraction were added to 150 pL of Krebs or NMG
medium containing a final concentration of 50 nM D—°H aspartate
(11.3 ci/mmol; PerkinElmer). The mixtures were incubated for 10 min
at 37 °C and the reaction terminated by rapid vacuum filtration over
Whatman GF/C filters (GE Healthcare) and further washed 3 times with
ice cold NMG buffer. The filters were dried overnight and the radioac-
tivity was measured after adding 5 mL of scintillation liquid (Perkin
Elmer). The specific uptake of D->H-aspartate was calculated by sub-
traction from the total uptake of the non-specific uptake measured in a
Na'-free medium (NMG).

2.10. Behavioral analysis

Behavioral analysis was performed one day (22-26 h) after the
subcutaneous administration of kainate, between 9 AM and 2 PM, under
low-intensity light (12 Ix) in a sound-attenuated room, where mice had
been habituated for at least 1 h before the beginning of the tests.
Behavior was video-monitored with the ANY Maze® video tracking
system (Stoelting Co., Wood Dale, IL, USA) and analyzed by a researcher
blind to the group of mice tested. The apparatuses were cleaned with
10% ethanol in-between animal testing to avoid odor cues. Locomotion
and exploratory behavior were monitored using an open-field apparatus
with a gridded floor to count the total number of crossings and the
number of crossings in the central (more aversive) region of the field as
an estimate of anxiety, as previously detailed (Goncalves et al., 2015).
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Using the same open-field boxes (habituation), hippocampal-dependent
memory was next evaluated using the object displacement test (Kaster
et al., 2015; Silva et al., 2013), where mice first explored the box with
two similar objects (training session) and explored it again 2 h later, now
with one object displaced (test session). The ratio of the time interacting
with each object allowed defining a discrimination index as a measure of
memory (Goncalves et al., 2019; Kaster et al., 2015).

2.11. Electrophysiological recordings

After the behavioral evaluation, mice were anesthetized under
halothane atmosphere, decapitated and the brain was rapidly removed
and submerged in ice-cold aCSF solution (in mM: 124.0 NacCl, 4.0 KCl,
1.25 NayHPOy4, 26.0 NaHCOs, 2.0 CaCly, 1.2 MgCly, 10.0 glucose;
osmolality: 290-310 mOsmol/kg) gassed with a 95% O, and 5% CO4
mixture. Recordings of excitatory synaptic transmission and plasticity
were performed in superfused slices (400 pm thick) of the dorsal hip-
pocampus, as previously described (Gongcalves et al., 2019; Kaster et al.,
2015). Briefly, Schaffer fibers were stimulated every 15 s to evoked field
excitatory postsynaptic potentials (fEPSPs) recorded in the CA1 stratum
radiatum to measure the fEPSP slope. The intensity of stimulation was
chosen between 40 and 50% of maximal fEPSP response, determined
based on input/output curves in which the fEPSP slope was plotted
versus stimulus intensity. LTP was induced with a high-frequency train
(100 Hz for 1 s) and was quantified as the percentage changed between
the fEPSP slopes 60 min after and 10 min before the train. When the
effect of a,p-methylene ADP (AOPCP, from Sigma) was tested, it was
added through the superfusion solution for at least 20 min before LTP
induction and the effect of AOPCP was assessed by comparing LTP
magnitude in the absence and presence of the drug in experiments
carried out in different slices from the same animal.

2.12. Statistical analysis

In all experimental procedures, four or more animals were used for
each parameter analyzed and the individual sample size (n = number of
animals) was specified for each experiment. All data were presented as
mean + SEM, and significance was considered at p < 0.05 using either a
one-sample t-test to assess the effect of any individual drug or treatment
in electrophysiological experiments, a two-tailed Student’s t-test with
Welsh correction 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.

3. Results
3.1. Kainate treatment increases ATP release

Extracellular ATP can act as a danger signal in the brain (reviewed in
Rodrigues et al., 2015) and its extracellular levels are augmented upon
seizure-like activity (reviewed in Beamer et al., 2019). We now used
synaptosomes and gliosomes to disentangle the alteration of ATP release
from nerve terminals and from astrocytes, respectively, after the sub-
cutaneous administration of kainate (Fig. 1A,D). The basal outflow of
ATP from hippocampal synaptosomes was similar between kainate-
treated and vehicle-treated mice (0.357 + 0.081 and 0.168 + 0.040
pmol/mg protein, respectively, n = 6-7; p = 0.064) (Fig. 1A,B), whereas
the evoked ATP release, triggered by a chemically-induced depolariza-
tion using a moderate (20 mM) increase of extracellular K" (e.g. Blaus-
tein, 1975; McMahon and Nicholls, 1990), was significantly larger in
kainate-treated than in vehicle-treated mice (55.05 & 4.91 and 27.42
+ 3.72 pmol/mg protein, respectively, n = 6-7; p = 0.001) (Fig. 1A,C).
In gliosomes of vehicle-treated mice, the basal outflow of ATP was
significantly larger (0.487 + 0.055 pmol/mg protein, n = 6; p < 0.001),
whereas the K*-evoked ATP outflow from gliosomes was significantly
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lower (6.34 + 0.67 pmol/mg protein, n = 6; p < 0.001) than in syn-
aptosomes of vehicle-treated mice. The basal outflow of ATP from
gliosomes from kainate-treated mice was larger than vehicle-treated
mice (0.922 + 0.127 pmol/mg protein, n = 6; p = 0.017) (Fig. 1D,E),
the same occurring for the evoked ATP release (11.75 + 1.42 pmol/mg
protein, n = 6-9; p = 0.011) (Fig. 1D,F). Thus, the depolarization of
nerve terminals seems to be a major contributor to the increase of
extracellular ATP after kainate-induced seizures.

3.2. Kainate treatment increases CD73 and Az, receptor density

In addition to the long-term effects of ATP on P2X7R to alter
microglia phenotype and trigger neuroinflammation (e.g. Bianco et al.,
2005) and on P2X4R to control NMDA receptors (Bertin et al., 2021),
extracellular ATP is also a source of adenosine, upon CD73-mediated
formation of ATP-derived adenosine, to activate adenosine AsaR that
are both necessary and sufficient to disrupt synaptic plasticity and
hippocampal-dependent function (reviewed in Agostinho et al., 2020).
To test how this ATP-CD73-AzaR pathway is affected by seizures, we
quantified the alteration of the densities of CD73 and AzsR in hippo-
campal synaptosomes and gliosomes after the subcutaneous adminis-
tration of kainate. As shown in Fig. 1G,H, the density of CD73 was higher
both in synaptosomes (52.8 + 8.97% higher, n = 5-6; p = 0.004) and
gliosomes (92.4 + 20.2% higher, n = 5; p = 0.010) from kainate-treated
than vehicle-treated mice. Moreover, the density of AzaR was also
higher both in synaptosomes (83.4 + 9.32% higher, n = 5; p = 0.006)
and gliosomes (64.8 + 13.4% higher, n = 6-9; p = 0.044) from kainate-
treated than vehicle-treated mice (Fig. 1LJ). Thus, there is a parallel
increase of ATP release, CD73 and AR densities both in synaptosomes
and gliosomes upon kainate-induced seizure activity.

3.3. Impact of the genetic deletion of CD73 on the purinergic system in the
hippocampus

To test whether the alteration of ATP-derived adenosine can cause
alterations of hippocampal morphology and function, triggered by the
exposure to kainate, we resorted to a genetic deletion of CD73, which
ensures the formation of extracellular adenosine from released adenine
nucleotides (Augusto et al., 2013; Cunha et al., 1992; Goncalves et al.,
2019; Kulesskaya et al., 2013; Lovatt et al., 2012). This first requires
testing if the hippocampal purinergic system is significantly affected
upon genetic deletion of CD73. As shown in Figs. 2A-F, there is a sig-
nificant reduction of CD73 immunoreactivity in the hippocampus of
CD73 knockout (KO) mice compared to wild type mice in all three main
hippocampal areas (p < 0.001 for each area). This was confirmed by the
observed decrease by over 90% (90.5 + 5.67%, n = 4) of CD73 immu-
noreactivity in total hippocampal membranes from CD73-KO mice
compared to WT mice as assessed by Western blot quantification
(Fig. 2G). The residual labeling with the anti-CD73 antibody that was
observed in hippocampal sections from CD73-KO mice shows that the
antibody only has a good selectivity (but not absolute specificity), since
the genotyping of CD73-KO mice confirmed the complete elimination of
CD73 mRNA, ensuring that CD73-KO mice are indeed a full KO of CD73.

The evoked release of ATP from synaptosomes was not significantly
different in CD73-KO mice compared to WT mice (27.42 + 3.72 and
18.54 + 3.35 pmol/mg protein, respectively, n = 4-6, p = 0.115), the
same occurring for the evoked ATP outflow from gliosomes (6.34 + 0.67
and 4.33 + 0.77 pmol/mg protein, respectively, n = 4-6, p = 0.091)
(Fig. 2H,I). There was also no evident alteration in CD73-KO mice of the
density of the main adenosine receptors in the hippocampus (Fredholm
et al., 2005), with similar densities of binding of the selective AgpR
antagonist *H-ZM241385 in total membranes (4.62 + 0.77 and 5.13 +
1.57 fmol/mg protein, n = 5, p = 0.782) (Fig. 2J) and of the selective
AR antagonist SH-DPCPX in total membranes (1495 + 88 and 1492 +
79 fmol/mg protein, n = 5-6, p = 0.982) (Fig. 2K). Finally, to gain an
overall insight on putative alteration of the function of synapses and
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astrocytes, we compared excitatory synaptic transmission and the up-
take of aspartate as surrogate markers. As shown in Fig. 2L, input-output
curves were nearly superimposable in slices from CD73-KO and WT mice
and there was no alteration of the uptake of *H-aspartate in gliosomes
(0.0257 + 0.0040 in CD73-KO mice and 0.0238 + 0.0052 fmol/mg
protein/min in WT littermates, n = 8-9, p = 0.779) (Fig. 2M). Thus, the
genetic deletion of CD73 effectively reduces CD73 density in the hip-
pocampus, without major alterations of ATP release or adenosine re-
ceptors or major functional changes in excitatory synapses or astrocytes.

3.4. ATP-derived adenosine critically controls kainate-induced neuronal
degeneration, but not astrocytic alterations in the hippocampus

The intensity of convulsions triggered by the subcutaneous admin-
istration of kainate was similar in WT and CD73-KO mice (p = 0.600; n
= 6 per group; Fig. 3A). This argues for a lack of a major effect of the
genetic deletion of CD73 on the formation of extracellular adenosine
associated with the activation of inhibitory A; adenosine receptors
known to curtail seizure duration (reviewed in Tescarollo et al., 2020) or
on the amount of extracellular ATP known to aggravate seizures through
P2X7 receptor activation (reviewed in Engel et al., 2016).

However, in contrast to the degeneration of neurons prominently
observed in the CA3 region of the hippocampus of WT mice 24 h after
the intrahippocampal administration of kainate (Fig. 3B,C), there was a
higher preservation of Nissl body stained with cresyl violet in the hip-
pocampus of CD73-KO mice (Fig. 3B,C). Notably, this preservation of
kainate-induced neurodegeneration upon genetic deletion of CD73 is
not accompanied by preservation of kainate-induced alterations of as-
trocytes. In fact, the increase of hippocampal GFAP immunoreactivity
observed 24 h after kainate exposure was similar between WT and
CD73-KO mice (p = 0.320; n = 6 per group in duplicate; Fig. 3D,E).
Likewise, the increase in hippocampal immunoreactivity of the gluta-
mate transporters type 1 (GLT-1, a predominant astrocytic protein; e.g.
Berger et al., 2005) observed 24 h after kainate exposure was also
similar in WT and CD73-KO mice (p = 0.766; n = 6 per group in
duplicate; Fig. 3F,G).

3.5. ATP-derived adenosine critically controls kainate-induced
deterioration of hippocampal synaptic plasticity and spatial memory

The particular ability of CD73 genetic deletion to affect neurons
rather than astrocytes after kainate exposure was further confirmed by
its ability to eliminate the deleterious effects of kainate exposure on
hippocampal synaptic plasticity. As shown in Fig. 4A-B, one day after the
subcutaneous administration of kainate to induce convulsions in WT
mice, there was a decrease in the magnitude of long-term potentiation
(LTP) in Schaffer fiber-CAl pyramid synapses (24.5 + 4.39% over
baseline, n = 6) compared to slices obtained from WT mice treated with
vehicle (67.5 + 4.92% over baseline, n = 6; p < 0.001, Tukey’s test after
two-way ANOVA). This contrasts with CD73-KO mice, where LTP
magnitude in slices from vehicle-treated mice (56.6 + 4.54% over
baseline, n = 6) was similar (p = 0.821, Tukey’s test after two-way
ANOVA) to that observed in slices from kainate-treated mice (50.9 +
4.63% over baseline, n = 6) (Fig. 4A,B). Moreover, the decrease of LTP
magnitude caused by kainate exposure in WT mice was reverted upon
acute blockade of CD73 through superfusion of slices with 100 pM
o,p-methylene ADP (58.0 + 2.98% over baseline, n = 4; p < 0.001 vs.
LTP magnitude in untreated slices from WT mice exposed to kainate in
vivo) (Fig. 4C-E).

Since synaptic plasticity is regarded as the neurophysiological trait of
memory (e.g Martin et al., 2000; Lynch, 2004), we next investigated if
kainate caused a hippocampal-dependent memory deterioration that
could be prevented by CD73 genetic deletion. The spontaneous loco-
motion assessed as the number of crossings in an open field was similar
between WT mice (86.33 & 4.55, n = 9) and CD73-KO mice (85.67 &
3.03, n = 9) and was not significantly modified by kainate, either in WT
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mice (87.56 + 3.52, n = 9; p = 0.995 vs. vehicle) or CD73-KO mice
(84.11 £ 3.59, n = 9; p = 0.991 vs. vehicle) (Fig. 4F). Analysis with a
two-way ANOVA of the number of rearing events in the open field,
revealed an effect of kainate (Fq 32 = 49.45, p < 0.001) but not of ge-
notype (Fy,33 = 2.107, p = 0.219) or their interaction (F;,33 = 5.492,p =
0.052) (Fig. 4G). Analysis with a two-way ANOVA of anxiety, assessed as
the time in the more aversive central area of the open field arena,
revealed an effect of kainate (Fq 32 = 35.28, p < 0.001) but not of ge-
notype (Fq 32 = 1.463, p = 0.357) and an interaction kainate x genotype
(F1,32 = 9.745, p = 0.022); however, a post-hoc Tukey’s test indicated a
difference between WT mice treated with vehicle and with kainate (p <
0.001), whereas there was no difference of anxiety between vehicle- and
kainate-treated mice (p = 0.423) (Fig. 4H).

This profile enabled the evaluation of spatial memory performance
in the object displacement test, carried out in the same arena as the open
field (habituation). In the training phase of the object displacement test,
there was no difference in the total time exploring both objects between
the different groups (vehicle-treated WT mice: 34.11 + 2.245 s; kainate-
treated WT mice: 28.11 4 1.263 s; vehicle-treated CD73-KO mice: 32.67
+ 2.128 s; kainate-treated CD73-KO mice: 28.89 4 1.033 s; n = 9 for
each). In the test phase, a two-way ANOVA analysis of the discrimina-
tion of the displaced object revealed an effect of kainate (F 32 = 14.48,
p = 0.002) and an interaction kainate x genotype (F; 3 = 20.53, p <
0.001); a post-hoc Tukey’s test indicated a difference between WT mice
treated with vehicle and with kainate (p < 0.001), whereas there was no
difference of spatial memory performance either between vehicle-
treated WT and CD73-KO mice (p = 0.990) or between vehicle-treated
and kainate-treated CD73-KO mice (p = 0.967) (Fig. 410).

4. Discussion

The present study provides evidence for the upregulation and key
role in the control of neurodegeneration of a pathway constituted by
increased ATP release, CD73-mediated formation of extracellular
adenosine from this released ATP and activation of adenosine Agp re-
ceptors (A2aR). This provides a synthesis into a single framework of two
established mechanisms associated with neurodegeneration, namely
ATP as a danger signal in the brain (reviewed in Rodrigues et al., 2015)
and the overactivation of AgaR, which genetic and pharmacological
blockade affords a robust neuroprotection (reviewed in Cunha, 2016).
Ecto-5'-nucleotidase or CD73 emerges as a key link between these
mechanisms, indicating that ATP released as a danger signal is a
prominent source of adenosine responsible for the overactivation of
AsaR. The association between CD73 and AsaR has a rather robust
molecular support (Augusto et al., 2013) and was previously shown to
have functional relevance to control synaptic plasticity in physiological
conditions (Goncalves et al., 2019; Rebola et al., 2008) as well as in
morpho-functional alterations in animal models of neurodegenerative
disorders such as Alzheimer’s (Goncalves et al., 2019) or Parkinson’s
disease (Carmo et al., 2019). Using the kainate model of acutely-induced
neurodegeneration, we now showed that the up-regulation of this CD73
pathway mediating AgaR overactivation upon bolstered release of ATP is
actually of critical importance for the early onset of acutely-induced
neurodegeneration.

Our sub-cellular fractionation allowed gaining additional insights on
the predominant compartments involved in this CD73-mediated ATP-
derived A5R overactivation. Thus, we observed that a convulsive period
induced a parallel up-regulation of ATP release and of the densities of
CD73 and AsaR in nerve terminals (see also Bonan et al., 2000; Canas
et al., 2018; Rebola et al., 2003, 2005) as well as in astrocytes (see also
Barros-Barbosa et al., 2016). However, the amplitude of the changes of
ATP release and of AxsR density was higher in nerve terminals than in
gliosomes. Accordingly, the genetic deletion of CD73 mostly affected
neurodegeneration rather than morpho-functional alterations in astro-
cytes. Altogether, these observations prompt the conclusion that the
kainate-induced upregulation of CD73-mediated ATP-derived AjsR
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activation is most relevant to control neuronal rather than astrocytic
function, at least for the immediate alterations occurring after a
convulsive period. Indeed, kainate administration causes an early
(within 6 h) ApaR-mediated hyperexcitability of glutamatergic synapses
in the hippocampus that leads to their subsequent failure, decreasing
synaptic plasticity and causing synaptotoxicity, which pre-dates glial
alterations (Canas et al., 2018). Accordingly, we now report that the
genetic elimination of CD73 prevents alterations of synaptic plasticity in
hippocampal synapses, which allows a preservation of hippocampal-
dependent memory performance. Furthermore, the acute in vitro inhi-
bition of CD73 after kainate-induced convulsions was sufficient to revert
the alterations of hippocampal synaptic plasticity, which mimics the
effect of AgpR antagonists (see Canas et al., 2018). This further argues
for the early engagement of a constitutive increase of the CD73-
mediated ATP-derived AaR activation pathway after an acute delete-
rious challenge such as kainate-induced convulsions, to sustain the
evolving neurodegeneration well-described for this kainate model of
temporal lobe epilepsy (see Sperk et al., 1983). The present observation
that this increased CD73-mediated ATP-derived AjazR activation
pathway mostly controls neuronal rather than astrocytic morphological
or functional alterations at the early onset of neurodegeneration further
argues for a prominent role of synaptic dysfunction in processes of
activity-dependent neurodegeneration, as has been proposed in different
neuropsychiatric conditions (see Duman and Aghajanian, 2012; Lepeta
et al., 2016; Selkoe, 2002; Schirinzi et al., 2016).

The tight and prominent association of released ATP and AgaR
overactivation can be somewhat surprising since extracellular ATP can
directly signal through a broad family of P2 receptors (Burnstock et al.,
2011). In fact, the inhibition of the extracellular conversion of ATP into
adenosine would be expected to increase the extracellular levels of
adenine nucleotides apart from decreasing the extracellular levels of
adenosine. However, a putative impact of altered P2 receptor-mediated
effects on convulsions and neurodegeneration upon knock out of CD73
seems unlikely. In fact, P2 receptor activation is proposed to be pro-
convulsive (Engel et al., 2016), which would imply an aggravation of
convulsions and a worsening of neurodegeneration following convul-
sions. In contrast, knocking out CD73 failed of alter the profile of
behavioral convulsions and instead largely eliminated neuro-
degeneration upon convulsions. This argues for a key role of ATP-
derived A,5R activation and excludes a direct action of ATP on P2 re-
ceptors. However, there is previous robust evidence that antagonists of
P2X7 receptors or the down-regulation of this receptor can decrease the
neurodegeneration resulting from convulsive activity in animal models
(Jimenez-Mateos et al., 2015; Jimenez-Pacheco et al., 2016). This
apparent paradox is probably a consequence of a crosstalk between
P2X7 receptors and AjsR, which was recently unveiled in a rodent
model of restraint stress (Dias et al., 2021). Additionally, the presently
observed prominent ATP-derived AjpR-mediated control of neuro-
degeneration does not exclude an ability of P2 receptors to control glial
function upon convulsions, as elegantly shown by others (Alves et al.,
2020; Avignone et al., 2008). In fact, microglia ‘activation’ only occurs
in an evident manner later than synaptotoxicity in this kainate model of
induced neurodegeneration (Canas et al., 2018) and we observed that
CD73 controlled synaptic dysfunction and neuronal damage rather than
astrocytic alterations. Thus, the main role of CD73-mediated ATP-
derived AgpR-mediated control of neurodegeneration does not exclude
other roles of extracellular ATP acting through P2 receptors, namely in
the control of later adaptive features involving astrocytes or microglia,
in light of the spatio-temporal interplay between the different arms of
purinergic signaling to control brain function (reviewed in Agostinho
et al., 2020).

A major limitation of the present study is the lack of a direct elec-
trophysiological characterization of the pattern of seizure activity,
which is directly associated with neurodegeneration. We only accessed
the pattern of behavioral convulsions, which proved to be an ancillary
readout supporting the association of CD73 and AsaR activities. In fact,
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the knockout of CD73 displayed a pattern superimposable to that of
knocking out AgaR, both decreasing neurodegeneration without
affecting behavioral convulsions. The observed lack of impact of
knocking out CD73 on behavioral convulsions also indicates a lack of
involvement of inhibitory A; adenosine receptors upon CD73 knockout
in the control of convulsions and neurodegeneration. In fact, based on
the ability of A; receptor actvation to terminate seizures (reviewed in
Tescarollo et al., 2020), one would expect that CD73-KO mice would
develop longer periods of seizures that would translate into an aggra-
vated profile of behavioral convulsions as well as a more extensive
neurodegeneration, precisely the opposite of what was observed.

The second major limitation of our study derives from the use of only
male mice. Previous studies have noted the impact of sex on the
development of epilepsy in different animal models (reviewed in
Scharfman and MacLusky, 2014). This led us to optimize the different
protocols of kainate-induced seizures in male rodents, to decrease the
variability of the measures and the number of animals used, as strictly
imposed by the regular audits of our animal house. The cost of this
option is that the validity of the findings can only be ascertained for a
subgroup of animals (males) and further studies will have to be carried
out to extend the presently drawn conclusion to females.

5. Conclusion

The present study provides the first direct demonstration of the
importance of the ATP release-CD73-AaR activation pathway to control
early neurodegenerative features following a kainate-induced convul-
sive episode. This prompts this pathway as a critical player linking a
deleterious challenge to the brain with the onset of neurodegeneration,
which is prominently associated with a dysfunction of synaptic
plasticity.
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