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Adenosine deficiency facilitates CA1 synaptic
hyperexcitability in the presymptomatic phase of a
knockin mouse model of Alzheimer disease
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e Synaptic hyperexcitability spreads to the soma at low
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e Reduced adenosine tone facilitates synaptic
hyperexcitability in vitro and in vivo

e ATP-to-adenosine extracellular conversion drives reduced
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e Restoring adenosine tone normalizes neuronal excitability in
the AD model

Bonzanni et al., 2025, iScience 28, 111616
January 17, 2025 © 2024 Published by Elsevier Inc.
https://doi.org/10.1016/j.isci.2024.111616

Authors

Mattia Bonzanni, Alice Braga,
Takashi Saito, Takaomi C. Saido,
Giuseppina Tesco, Philip G. Haydon

Correspondence

mab4092@med.cornell.edu (M.B.),
philip.haydon@tufts.edu (P.G.H.)

In brief

Biological sciences; Neuroscience;
Molecular neuroscience

¢? CellPress


mailto:mab4092@med.cornell.edu
mailto:philip.haydon@tufts.edu
https://doi.org/10.1016/j.isci.2024.111616
http://crossmark.crossref.org/dialog/?doi=10.1016/j.isci.2024.111616&domain=pdf

¢? CellPress

OPEN ACCESS

iIScience

Adenosine deficiency facilitates CA1 synaptic
hyperexcitability in the presymptomatic phase
of a knockin mouse model of Alzheimer disease

Mattia Bonzanni,"*¢* Alice Braga,'-5¢ Takashi Saito,?> Takaomi C. Saido,® Giuseppina Tesco,' and Philip G. Haydon'-7-*
1Department of Neuroscience, Tufts University, Boston, MA 02111, USA

2Department of Neurocognitive Science, Institute of Brain Science, Nagoya City University Graduate School of Medical Sciences, Nagoya,
Aichi 467-8601, Japan

SLaboratory for Proteolytic Neuroscience, RIKEN Center for Brain Science, 2-1 Hirosawa, Wako, Saitama 351-0198, Japan

4Present address: Department of Pediatrics, Weill Cornell Medicine, New York City, NY, 10065, USA

SPresent address: Center for Cardiovascular and 811 Metabolic Neuroscience, Department of Neuroscience, Physiology & Pharmacology,
University 812 College London, London, WC1E 6BT, UK

5These authors contributed equally

“Lead contact

*Correspondence: mab4092@med.cornell.edu (M.B.), philip.haydon@tufts.edu (P.G.H.)

https://doi.org/10.1016/j.isci.2024.111616

SUMMARY

The disease’s trajectory of Alzheimer disease (AD) is associated with and negatively correlated to hippocam-
pal hyperexcitability. Here, we show that during the asymptomatic stage in a knockin (KI) mouse model of
Alzheimer disease (APPNL-G-F/NL-G-F. APPK]), hippocampal hyperactivity occurs at the synaptic compart-
ment, propagates to the soma, and is manifesting at low frequencies of stimulation. We show that this aber-
rant excitability is associated with a deficient adenosine tone, an inhibitory neuromodulator, driven by
reduced levels of CD39/73 enzymes, responsible for the extracellular ATP-to-adenosine conversion. Both
pharmacologic (adenosine kinase inhibitor) and non-pharmacologic (ketogenic diet) restorations of the aden-
osine tone successfully normalize hippocampal neuronal activity. Our results demonstrated that neuronal hy-
perexcitability during the asymptomatic stage of a KI model of Alzheimer disease originated at the synaptic
compartment and is associated with adenosine deficient tone. These results extend our comprehension of

the hippocampal vulnerability associated with the asymptomatic stage of Alzheimer disease.

INTRODUCTION

Alzheimer disease (AD) is a progressive neurodegenerative con-
dition marked by the abnormal buildup of amyloid beta (AB)
plagues, the formation of neurofibrillary tau tangles, and pro-
gressive neural degeneration.” Along with the hallmarks of the
disease, neuronal hyperactivity has been reported in patients,
animal models, and in patient-derived cell cultures.? ' Previous
studies'® have found that both sporadic and familial AD patients
exhibit increased cortical-hippocampal activity, occurrence of
seizures during the early phases of the prodromal stage,’*'®
and faster cognitive decline in patients who exhibit subclinical
epileptiform activity.'”~'° Moreover, new evidence has linked
AB-driven hyperactivity to subsequent aggregation and
spreading of tau pathology,”® whereas phosphorylated tau has
been associated with hypoactive hippocampal activity.”'
Despite the evident comorbidity between neuronal hyperactivity
and AD during the prodromic stage in patients, the origin of
neuronal hyperexcitability and hippocampal vulnerability remain
debated.?>?° It is noteworthy that some reports have described
hippocampal hyperactivity in asymptomatic offspring of au-

topsy-confirmed AD patients.”**> Granted that such evidence
is limited, it raises the hypothesis that hippocampal hyperexcit-
ability may precede the prodromal stage also in humans. In
fact, early-stage murine models of AD exhibit hippocampal hy-
peractivity,* %527 which contributes to the deposition of amy-
loid beta and is promoted by amyloid beta toxicity,?® calcium
imbalance,”® enhanced glutamate signaling,*® and decreased
GABA tone. Since it has been shown®' that breaking the vicious
cycle between amyloid beta deposition and neuronal hyperexcit-
ability ameliorated the disease’s trajectory, it is of relevance to
unravel the players contributing to this aberrant activity at early
stage of the disease. Since multiple mechanisms converge to
control neuronal hyperactivity, additional contributors remain
unexplored. Further investigation is needed to examine under-
studied factors contributing to the neuronal hyperexcitability
during the asymptomatic (preclinical) phase of AD,' with the
goal of understanding the origin of the functional hippocampal
vulnerability during the earliest stages of AD. Our objective was
to investigate novel drivers of electrophysiological compensa-
tory mechanisms that develop during the preclinical phase,®?
as these insights will clarify the disease trajectory and might
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Figure 1. SC and TA synaptic signaling in
a the APPKI model is enhanced in an adeno-
) sine-dependent and independent manner,
respectively
(A and E) Top: scheme of experiment to monitor
SC-to-CA1 and TA-to CA1 synaptic signaling (S1:
stimulation; Rec: recording). Bottom: cartoon of
adenosine signaling.
(B and F) Mean fEPSP-FV relationship (left) and
individual slope data points (right); SC-to-CA1;
WT:n=30/16, APPKI: n=27/17; TA-to-CA1—WT:
n = 18/11, APPKI: n = 16/9. Inset: representative
fEPSP traces.
(C and G) Time trajectory of normalized fEPSP
before (a) and after (b) the dosage of the AR
blocker, CPT (200 nM).
(D and H) Mean fEPSP-F.V. relationship (left) and
individual paired slope data points (right) before
(a) and after (b) dosage of the AR blocker; SC-to-
CA1; WT: n =12/3, APPKI: n = 20/6; TA-to-CA1—
WT: n = 16/4, APPKI: n = 10/5. p: p value; d:
Cohen’s effect size. Mean + S.D. n = n. slices/n.
mice. Statistic: generalized linear mixed effect
models. Black: WT, green: APPKI, gray: WT +
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potentially lead to novel therapeutic interventions aimed at
reversing these adverse effects.’

Adenosine is a neuromodulator regulating both inhibitory and
excitatory neuronal responses primarily through A4 and Aop re-
ceptors.®® Furthermore, adenosine influences the state of DNA
methylation.®* Although dysregulated adenosine signaling,
mainly acting through the A;aR axis, has been observed during
the symptomatic stages of AD,*° it is unclear whether adenosine
signaling is affected during the asymptomatic stage of AD. At-
tempts to slow the progression of the disease by either chroni-
cally depressing® or potentiating®’*® the adenosine signaling
have produced contradictory results, highlighting the complexity
of the issue. Adenosine functions as a "retaliatory metabolite,"
serving as a feedback control mechanism in response to low-en-
ergy states that may occur during aberrant neuronal activity.
Given its anticonvulsant and antiepileptogenic properties,**
along with our limited comprehension of the connection between
adenosine signaling, hyperexcitability, and AD, we asked
whether reduced adenosine signaling might participate in the hy-
perexcitable phenotype during the preclinical phase of AD.

In this work, we present evidence of a link between adenosine
deficiency and hippocampal synaptic hyperactivity during the
asymptomatic phase in a KI model of AD.

RESULTS

CA1 synaptic activity is potentiated in the asymptomatic
phase of the APPKI model

Synaptic alterations have been described as one of the earliest
events in AD.”® Considering the vulnerability of the entorhinal
cortex-hippocampus (EC-Hip) circuitry in both human and mu-
rine AD models,*® we monitored the CA1 field, which serves as
the converging site for two distinct pathways within the EC-Hip
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axis: the indirect pathway from CA3 to CA1 (Schaffer collateral
[SC]) and the direct pathway from ECIIl to CA1 (temporoam-
monic [TA] pathway). We tested the hypothesis that net synaptic
transmission is potentiated in these two circuits in the APPKI
model.

We monitored the CA1 sr (stratum radiatum) response by stim-
ulating either the SC (Figures 1A-1D) or TA terminals (Figures 1E-
1H) in the hippocampal slices from wild-type [WT] (black) and
APPKI (green) mice at 8 weeks of age, an asymptomatic stage
of the diseases with minimal to no plaque burden and absent
tau pathology, gliosis, spine and cellular degeneration, and
cognitive impairment.’® This time point corresponds to the
decade-long asymptomatic phase in AD patients, where the dis-
ease gradually progresses from reversible, compensatory
cellular mechanisms in response to proteopathic stress to the
irreversible clinical manifestations.®” We measured the evoked
fEPSP (field excitatory postsynaptic potential) and FV (fiber
volley) responses as a proxy of postsynaptic activity and presyn-
aptic recruitment, respectively. We then quantified net synaptic
transmission of each slice as the slope of the FV-fEPSP relation-
ship (Figures 1B and 1F), where larger absolute values indicate
an increased net synaptic transmission. As evident from the
representative traces (insets) and the FV-fEPSP slope distribu-
tions, net synaptic transmission was potentiated in the APPKI
model in both circuits (Figures 1B and 1F, respectively); the FV
response was not different between the genotypes, indicating
that the same fraction of pre-synaptic fibers has been activated
during stimulation (Figure S1). It follows that, given the same pre-
synaptic activation (FV), the post-synaptic response (fEPSP) is
potentiated in the APPKI model (Figures 1B and 1F, left).

These results demonstrated an increased net synaptic activity
in both circuits in the absence of pre-synaptic fibers degenera-
tion during the asymptomatic stage of AD.
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Enhanced synaptic transmission of SC synapses, but
not TA synapses, is facilitated by adenosine deficiency
in the APPKI model

Although various factors have been associated with neuronal
hyperexcitability at different stages of AD,'® the involvement
of adenosine, a known endogenous anticonvulsant and antiepi-
leptogenic neuromodulator, remains unexplored during the
asymptomatic phase. We investigated whether reduced aden-
osine tone, known for its inhibitory role on neurons through the
adenosine 1 receptor (A;R),*® contributed to the enhanced syn-
aptic transmission observed in the CA1 region of the APPKI
model.

To assess the AjR-dependent basal tone, we monitored the
FV-fEPSP relationship before and after delivery of an AR antag-
onist, CPT (8-cyclopentyl-1,3-dimethylxanthine, 200 nM). After
computing the baseline FV-fEPSP relationship, we selected a
stimulation intensity producing fEPSP with a slope that was
30%-40% of the maximal and monitored the fEPSP before (1)
and after (2) dosing the A¢R blocker to confirm the steady-state
action of the drug (Figures 1C and 1G). We then constructed the
FV-fEPSP relationships in the presence of the blocker. In the SC
to CA1 circuit, as evident from the time trajectory (Figure 1C) and
further confirmed by the FV-fEPSP slope values (Figure 1D), net
synaptic transmission was enhanced by the AR antagonist in
WT but not in APPKI. In the same circuit, we also confirmed
that A{R receptors were functionally active by dosing an AR
agonist (Figures S2A-S2D) and found a similar decrease in net
synaptic transmission in both models. Additionally, pharmaco-
logical inhibition of the ENT1 transporter (Figures S2E-S2H),
which, along with the ENT2 isoform, is responsible for astrocytic
adenosine uptake, led to elevated extracellular adenosine con-
centrations, as previously®”*° demonstrated. This increase re-
sulted in an A;R-mediated reduction in net synaptic transmission
in both models. This finding confirmed that the APPKI model re-
tained the A{R-mediated inhibitory effects. Importantly, in the TA
to CA1 circuit, both WT and APPKI were insensitive to the A;R
antagonist (Figures 1G and 1H), suggesting that the TA to CA1
circuit was not under basal adenosine control.

These results revealed that a potential decrease in the base-
line adenosine level, with intact AjR signaling, contributed to
increased synaptic hyperexcitability at the SC terminals. More-
over, the lack of basal adenosine in the TA pathway emphasized
the involvement of adenosine-independent factors in setting
synaptic hyperactivity in the APP KI model.

Heterosynaptic, but not homosynaptic, plasticity is
reduced in the APPKI model

Considering the adenosine-mediated modification of synaptic
activity at the SC synapses in the APPKI model, we investigated
whether such alterations affected synaptic plasticity. We applied
homosynaptic and heterosynaptic stimulation protocols to
investigate the plasticity at the SC terminals.

We monitored the fEPSP time trajectory (Figure 2B) before
(Figure 2B, a) and after (Figure 2B, b) high-frequency stimulation
at the SC terminals (LTP protocol, Figure 2A). The resulting syn-
aptic potentiation was intact in both genotypes (Figure 2C). We
then monitored the PPr (Paired Pulse ratio; Figure 2E), finding
a similar trend for the WT and APPKI models (Figure 2F). These
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results demonstrated that both long- and short-term cellular
memory at the SC terminals were intact in the APPKI model.

Heterosynaptic depression at the SC terminals has been pre-
viously demonstrated to require an intact adenosine tone.*%*’
Therefore, we examined the hypothesis that the APPKI model
lacked heterosynaptic depression as a result of the deficient
adenosine tone. We stimulated two independent SC fibers
(Figures 2G, S1, and S2); the S2 electrode served as site of a sin-
gle high-frequency burst (100 Hz, 1 s), resulting in transient
potentiation of the synaptic transmission, whereas S1 served
as site of heterosynaptic depression. To confirm pathway inde-
pendence, we monitored the fEPSP amplitude at the S1 elec-
trode either preceded or not by a 50-ms stimulation of the S2
electrode (Figure 2H). Our results (Figure 2I) indicated that the
normalized fEPSP amplitude after S1 stimulation showed no sig-
nificant difference, regardless of whether the S2 stimulation was
performed or not, thus confirming pathway independence. In
response to a 1s 100 Hz stimulation at the S2 site (Figure 2J),
synaptic activity at this site was similarly potentiated in both ge-
notypes. At the S1 site, synaptic depression was present in both
genotypes, though significantly more prominent in the WT vs.
APPKI (Figure 2K) model.

These results demonstrated that homosynaptic plasticity
remains unaffected, whereas heterosynaptic depression was
reduced in the APP KI model. The evidence of a reduced heter-
osynaptic depression further supported the idea of a decreased
adenosine tone since intact adenosine signaling is required for
this form of plasticity.

Enhanced CA1 somatic activity mirrors the synaptic
potentiation in the APPKI model

Although WT and APPKI mice exhibited distinct synaptic re-
sponses, we asked whether somatic excitability was similarly
enhanced. We first recorded the population spike (PS) at
CA1 pyr (stratum pyramidale) in response to SC stimulation
(Figures 3A and 3B). Net somatic activity was determined by
monitoring the FV-PS amplitude relationship (Figure 3C).
APPKI had increased net somatic activity (Figure 3C). The AsR
antagonist CPT augmented PS in both genotypes although to
different magnitudes (Figures 3D and 3E; see effect sizes). To
ask whether the increased PS was a direct reflection of synaptic
potentiation, we also monitored the fEPSP-FV relationship (Fig-
ure 3F). When normalized by synaptic activity, the somatic
output was not different between the two genotypes (Figure 3F).
These results demonstrated that the enhanced synaptic activity
at SC synapses is transmitted to the somatic compartment
and that there is no further facilitation at the soma. These results
suggested that the A;R-dependent hyperexcitable phenotype
primarily occurs at the synaptic level.

To examine the somatic response in the TA pathway, we uti-
lized a stimulus protocol that more faithfully resembles those
found in vivo (naturalistic stimulation; Figures 3l and 3J), as
sparse stimulation fails to elicit population spikes.*? In Figure 3K,
we report the probability of generating a population spike (PS
Prob.) as a function of the frequency of stimulation. We first
confirmed that the capability to generate population spikes dur-
ing a naturalistic stimulation protocol was similar across condi-
tions (WT, WT + CPT, APPKI, APPKI+CPT; Figure 3K). Although
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the probability to generate a population spike during the natural-
istic protocol was not different among conditions (Figure 3L, left),
differences emerged after separating the stimulation into two fre-
quency bands, non-burst and burst (below and above 50 Hz,
respectively). As summarized in Figure 3L (right), the likelihood
of generating a population spike was not affected by either geno-
type or A{R blocker above 50 Hz (blue area). However, below
50 Hz, the probability of generating a population spike was signif-
icantly higher in the APPKI compared to WT. This enhanced prob-
ability in APPKI was due to an absence of adenosine-dependent
suppression as revealed by the lack of action of the antagonist
CPT. These results demonstrated that the TA pathway no longer
exhibited high-pass filter properties in response to a naturalistic
stimulation in an adenosine-dependent manner.

These results demonstrated an adenosine-dependent
increased somatic activity of CA1 neurons in response to signals
from both SC and TA terminals and the loss of the homeostatic
control in the APPKI model.
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Figure 2. Heterosynaptic, but not homosy-
naptic, plasticity is affected at the SC termi-
nals of the APPKI model

(A, D, and G) Scheme of experiment to monitor
SC-to-CA1 and TA-to CA1 synaptic signaling (S1:
stimulation fiber tract 1; S2: stimulation fiber tract
2; Rec: recording).

(B) Mean normalized fEPSP time trajectory before
and after LTP protocol (at time = 0 min; x3 100Hz
stimulation, 1 s duration, 15 s inter-stimulus in-
terval). Inset: representative fEPSP traces.

(C) Mean normalized fEPSP before (a) and after
(b) LTP protocol and individual data points; WT:
n = 4/4, APPKI: n = 4/4.

(E) Paired pulse (PP) protocol with incremental
inter-stimulation interval (At) (left) and represen-
tative traces at At = 50 ms (right).

(F) Mean PP Ratio as a function of At; WT: n = 6/4,
APPKI: n = 7/6.

(H) Heterosynaptic depression stimulation proto-
col (top) and representative traces (bottom)
showing the independence of the two pathways
S1 and S2; fEPSP elicited at S1 does not change
when is preceded by S2 stimulation.

(I) Mean fEPSP of S1 alone and S2+S1 (At =50 ms)
normalized on S1 alone; WT: n = 6/6, APPKI:
n=6/6.

(J) Left: mean normalized S2 fEPSP time trajectory
before (a) and after (b) S2 1s 100 Hz stimulation.
Inset: representative fEPSP traces. Right: mean
normalized S2 fEPSP before (a) and after (b) S2
stimulation and individual data points; WT: n = 5/5,
APPKI: n = 6/6.

(K) Left: mean normalized S1 fEPSP time trajec-
tory before (a) and after (b) S2 1s 100 Hz stimula-
tion. Inset: representative fEPSP traces. Right:
mean normalized S1 fEPSP before (a) and after (b)
S2 stimulation and individual data points; WT:
n = 5/5, APPKI: n = 6/6. p: p value; d: Cohen’s
effect size. Mean + S.D. n = n. slices/n. mice.
Statistic: generalized linear mixed effect models.
Black: WT, green: APPKI.
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Hippocampal adenosine deficiency detected in vivo in
the APPKI model

The functional data suggested that the adenosine levels might be
decreased in the hippocampal brain slices of APPKI mice. To
confirm this observation, we employed microdialysis to measure
the in vivo adenosine levels in the hippocampus.

We implanted a guide canulain WT and APPKI mice at 7 weeks
of age; after 1 week of recovery and 12 h before dialysate collec-
tion, the probe was implanted targeting CA1 sr field (Figure 4A).
We collected samples at ZT23-1, at the end of the dark phase
when adenosine levels are at their maximum.*®> We found that
both absolute levels of adenosine and levels normalized on the
percentage of the animal activity were reduced in the APPKI
model (Figure 4B). To further confirm that the dialysate reflected
physiological levels of adenosine, we collected additional
samples from a subset of mice at ZT4-6, a time point when aden-
osine levels are expected to decrease. Consistent with this
expectation, the adenosine concentration decreased at ZT4-6
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Figure 3. CA1 somatic hyperexcitability reflects synaptic potentiation in the APPKI model

(A and I) Left: scheme of experiment to monitor SC-to-CA1 and TA-to CA1 somatic signaling (S1: stimulation; Rec: recording). Right: cartoon of adenosine

signaling.

(B) Representative population spike (PS) traces in the two genotypes before (a) and after (b) the dosage of the A{R blocker, CPT (200 nM).

(C) Mean PS amplitude-F.V. relationship (left) and individual slope data points (right); WT: n = 15/10; APPKI: n = 14/11.

(D) Time trajectory of PS amplitude before (a) and after (b) dosage of the AR blocker.

(E) Mean PS amplitude-F.V. relationship (left) and individual paired slope data points (right) before (a) and after (b) dosage of the A{R blocker; WT: n = 6/5; APPKI:
)

n=8/5

F) Mean PS amplitude-fEPSP relationship (left) and individual slope data points (right); WT: n = 15/10; APPKI: n = 14/11.

(

(G) Time trajectory of fEPSP before (a) and after (b) dosage of the A4R blocker.

(H) Mean PS amplitude-fEPSP relationship (left) and individual paired slope data points (right) before (a) and after (b) dosage of the A4R blocker; WT: n = 6/5;
APPKI: n = 8/5.

(J) Naturalistic stimulation protocol (left) and representative response without and with a population spike evoked (right).

(legend continued on next page)
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(Figure 4C), indicating that the adenosine levels were not an arti-
fact caused by tissue damage.

These results supported our indirect adenosine assays that
used synaptic and pharmacological approaches and demon-
strate that the adenosine levels were reduced in vivo in the
APPKI model.

CD39/73 ATP-to-adenosine machinery is impaired in

the APP KI model

Considering the in vivo and in vitro evidence of decreased aden-
osine tone, our objective was to explore the underlying molecular
factors contributing to this reduction. We thus analyzed the
levels of enzymes involved in the synthesis, degradation, trans-
port, and signaling pathways of adenosine (Figure 4D).

As summarized in Figure 4E, we found that CD39, the rate-
limiting enzyme of the two-step extracellular conversion reaction
of ATP into adenosine, was significantly downregulated,
whereas ADK-L, the nuclear isoform responsible for the adeno-
sine to AMP conversion, was significantly upregulated in the
APPKI model. CD73, responsible for the second part of the
ATP-to-adenosine reaction, was downregulated, albeit not
significantly (p = 0.055). Other enzymes involved in the degrada-
tion (SAHH, ADA and ADK-S), transport (ENT1), and signaling
(A1R) were not differentially expressed in the two models. We
then tested the capacity of the CD39/73 axis to generate aden-
osine under basal stimulation. We monitored the synaptic
response at the SC terminals while simultaneously blocking
CD39, CD73, and P2X receptors (to prevent ATP-mediated
reduction of synaptic response through P2X receptors), followed
by delivery of an ENT1 blocker (to prevent adenosine efflux
through the equilibrative transporter after blocking extracellular
adenosine production), as summarized in Figure 4G. In the WT
model, this cocktail increased net synaptic transmission by
reducing ATP-mediated adenosine production. The antagonists
were unable to change net synaptic transmission in the
APPKI model, demonstrating the inefficiency of the CD39/73
axis to produce basal adenosine from ATP in this genotype
(Figures 4H and 4l).

These results demonstrated that the enzymatic machinery
(CD39/73 axis) responsible for the extracellular conversion of
ATP to adenosine was impaired while ADK-L level was upregu-
lated in the APPKI model.

ADK inhibition normalizes neuronal hyperexcitability in
the APPKI model

Given the deficient adenosine tone and increased expression of
ADK-L in the APPKI model, we investigated whether the tran-
sient administration of 5-iodotubercidin (5-ITU),** a non-selec-
tive ADK inhibitor, could alleviate the hyperexcitable phenotype
and restore the adenosine tone in the APPKI model. This strategy
aimed to boost extracellular adenosine levels by inhibiting
ADK-S and promote a shift in DNA methylation by inhibiting
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ADK-L. We administered either the drug (5-ITU) or the vehicle
(DMSO) intraperitoneally for 7 days daily starting at 7 weeks of
age in the APPKI model. After a week of 5-ITU treatment, there
was a significant reduction in both synaptic and somatic activity
(Figures 5B-5D). However, the treatment did not restore the
adenosine tone synaptically (Figure 5B, left), likely attributed to
the washout effect of the drug and its absence during brain
slice experiments. In fact, experiments on untreated APPKI brain
slices (see Figure S3) perfused acutely with 5-ITU confirmed
the ability of 5-ITU to decrease excitability acting through A;R.
Levels of CD73, as opposed to CD39, were increased in
response to the in vivo administration of 5-ITU (Figure 5E).

These results demonstrated that ADK inhibition during the
asymptomatic phase produces long-lasting normalizing effects
on neuronal excitability in the APPKI model.

Ketogenic diet normalizes neuronal hyperexcitability
and restore adenosine tone in the APPKI model

In addition to its well-recognized recognized positive impact on
several AD-related markers,*>“® the ketogenic diet (KD) has
demonstrated its ability to provide anticonvulsant and antiepi-
leptogenic effects by acting through both adenosine-dependent
and adenosine-independent pathways.*” We therefore tested
the hypothesis that ketogenic diet could normalize adenosine
tone and neuronal hyperexcitability in the APP Kl model.

One month of KD regime started at 4 weeks of age (Figure 5F)
led to decreased weight (Figure 5G), increased circulating ke-
tone bodies (Figure 5H; normalized on weight), and decreased
circulating glucose (Figure 5I; normalized on weight) compared
to age-matched mice fed with a regular diet (RD). The KD regime
significantly reduced SC to CA1 synaptic hyperexcitability
(Figures 5K and 5M) and restored adenosine tone (Figure 5K)
in the APPKI model. Similarly, KD reduced the somatic hyperex-
citability while leaving intact the somatic adenosine response
(Figure 5M). CD73 levels were restored by the KD regime,
whereas CD39 levels were only restored in a sex-specific
manner (Table S1).

These results demonstrated the efficacy of the ketogenic diet
to restore adenosine tone and normalize neuronal excitability in
the APPKI model.

DISCUSSION

The present research provides evidence of an association be-
tween hippocampal synaptic hyperactivity and adenosine defi-
ciency during the asymptomatic phase in a KI murine model of
AD. Reversing aberrant excitatory activity ameliorates the AD
trajectory®’; it is thus relevant to study at which stage and which
factors contribute to different forms of neuronal hyperexcitability
during the AD trajectory. Here, we focused on the asymptomatic
phase (8 weeks) of the disease in an APPKI model aiming
to elucidate novel factors contributing to the hippocampal

(K) Mean probability of evoking a population spike (PS Probability) and fraction of slices in which at least 1 PS has been evoked; WT: n = 6/4; WT + CPT: n = 6/4;

APPKI: n = 6/4; APPKI+CPT: n = 7/5.

(L) PS Probability of slices with at least 1 PS evoked without (left) or with a frequency-band segregation (high frequency: Hz > 50; low frequency: Hz < 50). p:
p value; d: Cohen’s effect size. Mean + S.D. n=n. slices/n. mice. Statistic: generalized linear mixed effect models. Black: WT, green: APPKI, gray: WT + CPT, light

green: APPKI+CPT.
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Figure 4. In vivo deficiency of adenosine is facilitated by reduced ATP-to-adenosine converting enzymes

(A) Microdialysis and quantification protocol.

(B) Mean adenosine levels (left) and relationship between adenosine concentration and percentage of activity (right) during dialysate collection scored by video
monitoring the mice (WT: n =7, APPKI: n = 5).

(C) Adenosine levels at ZT33-1 and ZT4-6 (WT: n = 3, APPKI: n = 2).

(D) Cartoon of the main metabolic reactions and enzymes of adenosine pathway.

(E) Representative western blots and (F) mean normalized expression and single data points. (CD39: WT: n =8, APPKI: n=7; CD73: WT:n=8, APPKI: n=7; ENT1:
WT: n =7, APPKI: n = 8; SAHH: WT: n = 8, APPKI: n = 11; ADA: n = 9, APPKI: n = 12; ADK: WT: n = 8, APPKI: n = 10; A1R: WT: n = 6, APPKI: n = 6).

(legend continued on next page)
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vulnerability in AD. Considering the disease’s progression of the
APPKI mouse,*® the chosen time point precedes the deposition
of amyloid plaques at 4 months of age, with prominent deposi-
tion of amyloid beta in the medial entorhinal cortex with concom-
itant impaired gamma phase locking®® at 5 months of age,
progressing with marked amyloid depositions in cortical and hip-
pocampal regions,”® memory impairment, and astrogliosis at
6 months of age.*® Although cognitive functions remain intact
at 2 months of age, with only minimal grid cell impairment,®’ it
is important to emphasize that disease begins decades before
symptoms appear in human patients.“32 The events occurring
during the asymptomatic phase determine the disease’s trajec-
tory; accordingly, we focused on this phase to uncover the
earliest pathological events and explore the potential for
reversing hyperexcitable mechanisms.

In the hippocampus of APPKI mice, we found a potentiated
synaptic basal response (SC and TA pathways) in line with pre-
vious works.?® The somatic response scaled with the synaptic
activity in both genotypes (Figure 3F), indicating that the
enhanced synaptic response in the APPKI spread to the somatic
compartment (Figure 3). Accordingly, previous works did not find
intrinsic CA1 changes in firing, resting potential, and input resis-
tance.”® This corroborated the finding that the synapse is an
early locus of functional susceptibility. The functional distinction
between genotypes became prominent primarily during low-fre-
quency stimulations (Figures 1 and 3), whereas the response to
high-frequency stimulations remained largely intact (Figures 2
and 3L), as exemplified by the loss of high-pass filter properties
inthe TA pathway in APPKI CA1 neurons (Figure 3L). Our findings
align with the lack of hippocampal-related behaviors in aged-
matched APPKI mice, as hippocampal computations are usually
associated with sparse high-frequency neuronal activities. To
further support this thesis, we also tested a stimulation protocol
that engages both TA and SC terminals and mimics the temporal
patterns and rhythmic nature (theta stimulation) of in vivo synap-
tic inputs to CA1 cells as mice traverse their place fields® (Fig-
ure S4). We monitored two phenomena: phase precession and
frequency adaptation. We confirmed that hippocampal theta-
phase precession, a behavior involved in spatiotemporal coding
and generated within the CA1 field in vivo,>® was observable
in vitro, and we found that was consistent across genotypes,
whereas frequency adaptation appeared to be impaired in the
APPKI genotype. This suggests that although the behavioral
phenomenon remains intact in the APPKI model, sustaining it
might demand higher energy expenditure. In general, even
though there are no observable behavioral manifestations at
this stage, damage is already occurring at the circuit level. The
synaptic hyperactivity reported here and in other studies®® is
suggestive of an increased circuit noise. Under low-intensity
and low-frequency presynaptic stimulations, the APPKI CA1
neurons may exhibit a larger and/or more frequent synaptic
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response compared to WT. This might indicate a compromised
ability to filter incoming noisy synaptic communication, while still
maintaining intact circuit-level functions associated with high-
frequency activities. This increase in system noise level is
compatible with the cascading network failure hypothesis,*
which suggests that even in the absence of observable circuit-
level phenotypes, an overloaded system becomes more vulner-
able and prone to failure. If noisy signals are not effectively
filtered out, this could worsen an ongoing energy crisis that
has already been associated with the initial phases of AD
development.®®

Considering the A{R-mediated inhibitory action of adenosine
on hippocampal neuronal activity (presynaptically and postsyn-
aptically),®® we showed that adenosine levels are reduced in vivo
(Figures 5B and 5C) and that reduced adenosine tone enables
hippocampal hyperexcitability. It is important to note that,
although A;R is also expressed in glial cells®® and contributions
from glia-related mechanisms due to adenosine deficiency
cannot be excluded, these factors were not addressed in the
present manuscript. However, a recent study demonstrated
that astrocytic A{R deficiency minimally affects neuronal plas-
ticity (LTP).>” Our findings differed from those seen in later stages
of the disease, where inhibiting the activity of adenosine recep-
tors (such as with caffeine) improved synaptic plasticity and
behavioral defects.*® Previous studies showed increased levels
of AR in advanced disease’s stages and different models,
including 5XFAD,*® Deltak280,%° 3xTg,’® and MAPT P301L®°
mice. However, during the asymptomatic stage, we observed
intact functional A{R activation (Figure S2A) and AR protein
levels (Figure 4E) in the APPKI model. Interestingly, the somatic
(Figure 3D), but not the synaptic, AjR-mediated response was
intact, further implying pathology localized at the synaptic level.
Aberrant A,nR-mediated signaling contributed to hippocampal
deficits in several AD murine models.®'~°° The perfusion of the
AR blocker in brain slices of the APPKI model (Figure S6)
was ineffective in changing the net synaptic transmission, lead-
ing us to exclude the involvement of a potentiated A>AR-medi-
ated signaling in the hyperexcitability phenotype.

Despite the TA pathway being unresponsive to the A4R
blocker in both WT and APPKI models while under basal stimu-
lation (0.033Hz), WT, but not APPKI, mice evoked adenosine-
dependent responses while applying a naturalistic stimulation
(Figure 30). The synaptic amplitude recorded in the pyr layer
was significantly larger in the APPKI vs. WT and WT + CPT vs.
WT conditions, but not in the APPKI vs. APPKI+CPT comparison
(Figure S5), further supporting an impaired capacity to filter
incoming low-frequency signals driven by the adenosine defi-
ciency. The absence of a basal A;R-mediated signaling may
be explained by reduced expression of A{R in the sim compared
to the sr layer of the CA1 field in WT mice.®*®° Although we do
not present a mechanistic explanation, we speculate that the

(G) Left: scheme of experiment to monitor SC-to-CA1 synaptic signaling (S1: stimulation; Rec: recording). Right: cartoon of adenosine signaling and inhibitor
targets (cocktail: ARL 67156 trisodium salt: 50 uM; PSB 12379: 50 nM; PPADS tetrasodium salt: 50 uM; NBMPR: 300 nM).
(H) Left: time trajectory of normalized fEPSP before (a) and after (b) the dosage of the drug cocktail. Right: representative traces before (a) and after (b) the dosage

of the drug cocktail.

() Mean FV-fEPSP slopes before (a) and after (b) drug cocktail and individual data points; WT: n = 8/8, APPKI: n = 6/6.p: p-value; d: Cohen’s effect size. Mean +
S.D. n = n. slices/n. mice. Statistic: generalized linear mixed effect models. Black: WT, green: APPKI, gray: WT + cocktail, light green: APPKI+cocktail.
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Figure 5. Normalization of neuronal hyperexcitability through pharmacological and ketogenic diet approaches
(A, C, J, and L) Left: scheme of experiment to monitor SC-to-CA1 synaptic and somatic signaling (S1: stimulation; Rec: recording). Right: cartoon of adenosine
signaling.
(B) FV-fEPSP data points (left) and individual paired slope data points (right) before (a) and after (b) dosage of the A4R blocker; DMSO: n = 9/4, 5-1TU: n = 7/6.
(D) PS-FV data points (left) and individual paired slope data points (right) before (a) and after (b) dosage of the A{R blocker; DMSO: n = 7/4, 5-ITU: n = 7/6.
(E) Top: representative western blots. Bottom: mean normalized expression and single data points (CD73: DMSO: n = 5, 5-ITU:n = 5; CD39: DMSO: n = 5,
5-ITU:n = 6).
(F) Regular diet (RD, green) and ketogenic diet (KD, blue) regime and KD composition. At P28, KD group received ad libitum KD for a month (P56). Time trajectories
of (G) weight, (H) ketone bodies/weight, and (l) glucose/weight for RD and KD groups.

(legend continued on next page)
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adenosine-dependent potentiation of the somatic response
could be the result of decreased filtering of the TA signal due a
AiR-mediated change of the axonal resistance in the sr field.
Alternatively, A;R-mediated effects may arise from adenosine
accumulation in the sim layer.

Reduced adenosine tone was driven by reduced levels and
activity of CD39/73 enzymes responsible for ATP-to-adenosine
conversion, with reports indicating an increase in CD39/73 levels
in more advanced stages of the disease.® Recent research
emphasized the direct role of the microglial CD39/73 axis in facil-
itating the ATP-to-adenosine conversion and depressing
neuronal excitability.°® Notably, the levels of CD39 appear to
positively correlate with the levels of P2Y12R, a homeostatic mi-
croglial marker.®”:°® Therefore, it would be important to examine
the extent to which microglial activation (and concomitant loss of
P2Y12R signature) contributes to the hyperexcitability pheno-
type observed in APPKI mice. In addition, we found ADK-L, the
nuclear isoform of adenosine kinase involved in the DNA methyl-
ation process, upregulated in the APPKI model. Of notice, ADK-L
is predominantly expressed in astrocytes in the adult mouse,®®
suggesting that hippocampal astrocytes in the APPKI model
may exhibit DNA hypermethylation.”® Although the possibility
of neuronal re-expression cannot be ruled out, our findings
pave the way for new experimental questions investigating
whether astrocytic DNA hypermethylation contributes to
neuronal hyperactivity in AD, akin to epilepsy.”°

The potentiation of adenosine tone has proved advantageous
to normalize aberrant neuronal activity.”” We found that a tran-
sient pharmacological restoration of the adenosine tone normal-
ized neuronal excitability, even in the presence of other mecha-
nisms driving the aberrant activity. We pharmacologically
inhibited (5-ITU)** the activity of ADK (adenosine deaminase ki-
nase), whereas previous manipulations modulated ENT1 activ-
ity.>”*8 The administration of the 5-ITU treatment was performed
intraperitoneally, making it difficult to rule out potential systemic
effects. By selecting an ADK inhibitor, we leveraged adenosine-
receptor-dependent and independent effects. In fact, blocking
ADK-S (cytosolic isoform) activity rapidly elevates extracellular
adenosine levels,®* whereas blocking ADK-L (nuclear isoform)
activity decreases DNA methylation.** As the normalization of
neuronal activity persisted beyond the duration of the acute
drug’s effects (Figure S3), this suggested potential epigenetic ef-
fects likely involving inhibiting ADK-L and shifting astrocytic DNA
methylation state. Further studies are needed to evaluate the
functional activity of ADK-L in the context of AD while exploring
the astrocytic DNA methylation state. These investigations may
reveal adenosine as a crucial link between neuronal activity,
metabolic state, and epigenetic modulation.

Given the diverse array of metabolic effects associated with
systemically and pharmacologically enhancing adenosine tone,
it might not be prudent to employ this strategy as a potential ther-
apeutic intervention in humans. We showed that adenosine
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levels can be restored and excitability normalized using a non-
drug treatment, the ketogenic diet, widening the array of neuro-
protective effects of the diet in the AD context. Although the
ketogenic diet has been shown to reduce neuroinflammation
and plaque deposition in AD preclinical models,**” "7 its effec-
tiveness in restoring adenosine tone and normalizing neuronal
activity remained unexplored. The normalization of the adeno-
sine tone is likely the results of well-known increase of the ATP
levels*® rather than a restoration of the CD39-73 axis. Since we
fed the ketogenic diet to mice between 1 and 2 months of age,
it is essential to noticing that this time frame holds developmental
significance, and any results obtained may be influenced by con-
current developmental changes.

The results of this study highlighted adenosine signaling as a
vulnerability in early AD, and although this might suggest the
augmentation of adenosine levels as a viable neuroprotective
route of intervention, caution is warranted. Although we found
evidence of a neuroprotective role of adenosine augmentation
during the asymptomatic stage of AD, other studies observed
a beneficial effect by suppressing adenosine receptor signaling
in later stages of the disease.*® Rather than being conflicting,
these results indicate that the neuroprotective effects of adeno-
sine augmentation may transition to neurotoxicity depending on
the stage of the disease. Moreover, identifying the optimal inter-
vention window for adenosine augmentation currently presents a
diagnostic challenge. Further studies are needed to evaluate the
long-term effects and identify the optimal time window for the
ketogenic diet and ADK inhibition on amyloid beta burden,
cognitive function, and overall health. Our results substantiate
the need to further explore the causes and consequences of
adenosine alterations in the early stages of disease in other mu-
rine models and human patients. In fact, comprehending the
causes leading to altered adenosine tone (i.e., amyloid-beta-
driven cell state transitions, altered metabolism) might illuminate
the earliest events of AD. At the same time, investigating
both adenosine-receptor-dependent and independent effects
(in particular the astrocytic epigenetic effects) on neuronal excit-
ability might provide more targeted strategies of intervention not
only for AD but also for other brain disorders. In the present
study, we employed a WT murine model as a control of the
APPKI. In addition to the familial mutations, the humanized
version of the APP sequence (hAPP) further distinguished the
two models. To address this, we replicated a subset of functional
experiments in the hAPP model (Figure S7), which harbored the
humanized APP sequence. The results demonstrated that in the
hAPP model the adenosine tone was intact and the excitability
physiological, ruling out any contribution of the humanized
APP sequence as a driver of the observed differences. In conclu-
sion, we showed that adenosine deficiency compromises syn-
aptic homeostasis contributing to CA1 neuronal hyperexcitability
during the presymptomatic stage of an amyloid beta APPKI
model.

(K) FV-fEPSP data points (left) and individual paired slope data points (right) before (a) and after (b) dosage of the A{R blocker; RD: n = 12/12, KD: n = 9/9.
(M) PS-FV data points (left) and individual paired slope data points (right) before (a) and after (b) dosage of the AR blocker; RD: n = 6/6, KD: n = 7/7.

(N) Top: representative western blots. Bottom: mean normalized expression and single data points (CD73: RD: n =11, KD: n=11; CD39: RD: n =12, KD: n = 10).
p value; d: Cohen’s effect size. Mean + S.D. n=n. slices/n. mice. Statistic: generalized linear mixed effect models. Dark green: APPKI+DMSO, orange: APPKI+5-

ITU, light green: APPKI-RD, blue: APPKI-KD.
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Limitations of the study

In addition to the previously stated limitations, we used a murine
model characterized by aggressive and rapid amyloid beta depo-
sition, with the increase in amyloid beta coinciding with key devel-
opmental points. It is thus crucial to assess the generalizability of
these results in models with a more physiological evolution of the
disease, such as the double KI APP model. Although we focused
on the neuronal role of adenosine signaling, it is important to note
that adenosine also affects astrocytes, microglia, and endothelial
cells. Further studies are needed to elucidate the impact of defi-
cient adenosine tone on cell types beyond neurons.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit anti-ADK
Mouse anti-SAHH
Rabbit anti-ADA
Rabbit anti-CD39
Rabbit anti-NT5
Rabbit anti-A1R
Rabbit anti-ENT1

Fortis Life Sciences
Santa Cruz Biotechnology
AbClonal

Cell Signaling

Cell Signaling

Proteintech

Proteintech

#A304-280A-T; RRID:AB_2620476
#sc-271389; RRID:AB_10612213
#A5151; RRID:AB_2863468
#14481; RRID:AB_2798493
#13160; RRID:AB_2716625
#55026-1-AP; RRID:AB_10858929
#11337-1-AP; RRID:AB_2190784

Mouse anti-B-actin Sigma #A1978; RRID:AB_476692
HRP-conjugated goat polyclonal anti-rabbit Thermofisher #31460; RRID:AB_228341
HRP-conjugated goat polyclonal anti-mouse Thermofisher #31430; RRID:AB_228307
Chemicals, peptides, and recombinant proteins

Sodium chloride Sigma S9888
Potassium chloride Sigma P3911
Monobasic sodium phosphate Sigma S3139
Calcium chloride Sigma 21115
Magnesium chloride Sigma M1028
Glucose Sigma G7021
Sucrose Sigma S0389

Tris HCI Sigma 10812846001
Sodium deoxycholate Sigma D6750

Triton X-100 Sigma T8787

SDS Sigma L3771

EDTA Sigma ED2P

PMSF Sigma PMSF-RO
Complete Protease inhibitor cocktail Millipore Roche #539131

Halt Phosphatase inhibitor Themofisher #1862495
8-cyclopentyl-1,3-dimethylxanthine Tocris #6137
2-chloro-N(6)-cyclopentyladenosine Tocris #1705
6-S-[(4-Nitrophenyl)methyl]-6-thioinosine Tocris #2924
PPADS tetrasodium salt Tocris #0625

ARL 67156 trisodium salt Tocris #1283

PSB 12379 Tocris #6083
NuPAGE LDS Sample Buffer Thermofisher NP0007
NuPAGE Sample Reducing Agent Thermofisher B0009
SDS-PAGE in 4%-12% Bis-Tris gel Thermofisher NP0323BOX
NuPAGE™ MOPS SDS Running Buffer Thermofisher NP00O01
NuPAGE™ Transfer Buffer Thermofisher NP0006
Methanol Sigma 179337
Ponceau Solution Sigma P7170
Bovine Serum Albumin Tocris #5217

B - Mercaptoethanol 444203
aCSF Harvard Apparatus #597316
Critical commercial assays

Pierce BCA Protein Assay kit Thermofisher 23225

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

SuperSignal™ West Pico PLUS Chemiluminescent Substrate Thermofisher 34580

Deposited data Zenodo Zenodo: https://zenodo.org/records/
13123551

Experimental models: Organisms/strains

APPNL-G-F/NL-G-F RIKEN Center for Brain Science

C57BL/6J mice The Jackson Laboratory

hAPP ucL

Software and algorithms

MATLAB

Origin Lab

Other

Guide cannula Harvard Apparatus CMAPO000137

Microdialysis probe Harvard Apparatus CMAP000082

Multi-axis counterbalance arm Instech

Two-channel stainless steel swivel Instech

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Animal

Homozygous APPKI mice carrying the humanized App gene with the Arctic, Swedish and Beyreuther/Iberian mutations
(APPN--G-FNL-G-F48 " c57B) /6J) were supplied by the RIKEN Center for Brain Science. Wild type (WT) C57BL/6J mice were pur-
chased through Jackson Laboratory (Cat# 000664) and used as controls for the APPKI. To control the humanized version of the
App gene, a subset of experiments has been replicated using homozygous hAPP mice (C57BL/6J) carrying the humanized App
gene, which were supplied by UCL (Bart De Strooper). To prevent genetic drift due to inbreeding, WT, APPKI, and hAPP mice
have been backcrossed with newly purchased WT mice approximately every 10 generations. Adult mice were analyzed between
8 and 9 weeks of age (days: 57.10 + 2.80; mean + s.d.). This point corresponded to minimal to no presence of amyloid burden,
as well as the absence of tau pathology, gliosis, spine and cellular degeneration, and cognitive impairment in APPKI mice, as pre-
viously reported.?®*® Mice were bred and housed on a 12/12 light/dark cycle. We used the zeitgeber time (ZT) scale that sets the
origin of the 24h period (ZTO0) to the onset of the light-phase (at ZT12 starts the dark phase), allowing comparison among studies
independently of the actual clock-time settings of animal facilities. Mice were fed ad libitum with either regular chow (Regular
diet; RD) or with Ketogenic diet (KD). KD is formulated as high fat, low carbohydrate diet in a paste form, with the ratio of fat to car-
bohydrate and protein approximately at 6:1 (F3666, Bio-Serv). KD was administered for a month starting at four weeks of age, with
weight, ketone bodies and glucose monitored weekly. For the KD group, heavy loss of weight (more than 50%) and immobility within
the first 3 days of the diet were used as exclusion criteria; for the APPKI genotype, about 10% of the mice were excluded within the
first week of KD. In all genotypes, both sexes have been used and sex has been included as independent variable in all the analysis.
Animals have been single housed only for the microdialysis experiment. For the diet and in vivo injection treatments, littermates have
been randomly assigned to each group. All animal experiments were approved by The Institutional Animal Care & Use Committee
(IACUC) and conducted in accordance with the guideline of the Animal Care and Use Committee of Tufts University.

METHOD DETAILS

Tissue preparation

Hippocampal-entorhinal cortex (HEC) brain slices were prepared from 8 weeks-old male and female mice of the following genotypes:
C57BL/6J, hAPP and hAPPNL—G-FNL=G-F (App K|*%) Mice were anesthetized with isoflurane and rapidly decapitated. The brains were
removed from the skull and placed in cold modified aCSF cutting solution with 10 mM of glucose (in mM: NaCl 120, KCI 3.2,
NaH,PO, 1, CaCl, 1, MgCl, 2, NaHCO3; 26, Glucose 10) or 2.5 mM glucose (in mM: NaCl 120, KCI 3.2, NaH,PO, 1, CaCl, 1,
MgCl, 2, NaHCO3 26, Glucose 2.5, Sucrose 7.5). To prepare dorsal hippocampal-entorhinal cortex slices, which guarantees optimal
preservation of the perforant path inputs,’® after removal of the olfactory bulb the brains were glued to an agar ramp (slope 10-12°
with the anterior surface facing up the slope) and cut submerged under cold modified aCSF solution into 350 um thick sections (Leica
Vibratome). For electrophysiological experiments with 10 mM glucose, hemislices were then submerged into a storage container
filled with aCSF (in mM: NaCl 120, KCI 3.2, NaH,PO,4 1, CaCl, 2, MgCl, 1, NaHCO; 26, Glucose 10) at 35°C for 30 min and subse-
quently recovered at room temperature for at least 1 h. For electrophysiological experiments with 2.5 mM glucose, hemislices were
submerged into a storage container filled with aCSF (in mM: NaCl 120, KCI 3.2, NaH,PO,4 1, CaCl, 2, MgCl, 1, NaHCO3 26, Glucose
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2.5, Sucrose 7.5) at 35°C for 45 min and subsequently recovered at room temperature for at least 20 min. For western blot tissue
preparation, after isolation the slices were moved into a vial containing RIPA (10 mM Tris HCI, 0.1 M, pH 7.2; 1% sodium deoxycho-
late; 1% Triton X-100; 1% sodium dodecyl sulfate [SDS]; 150 mM NaCl, 1.5 M; 1 mM EDTA, pH 8.0, 0.5 M (#AM9260G, Thermo Fisher
Scientific); 1 mM phenylmethanesulfonyl fluoride (#93482, Sigma); Complete Protease Inhibitor cocktail (#539131, Millipore Roche);
Halt Phosphatase Inhibitor (#1862495, Thermo Fisher Scientific)). All the solutions were constantly bubbled with 95%-5% O,-CO,
mix. All tissue collections have been performed between ZT-23 and ZT-1, a time point at which adenosine concentrations are
maximal.

Electrophysiology

Brain hemislices were transferred to a recording chamber mounted on a microscope (Olympus Microscope BX51) and superfused
with aCSF saturated with 95%-5% 0,-CO,. All field potential recordings were performed at 33° + 1°C with an extracellular
glass pipette (7-10 MQ) filled with aCSF and stimulations were delivered using bipolar tungsten electrodes (FHC #30200). Glutama-
tergic/GABAergic signals and CA3-to-CA1 connections were left intact in all recordings.

Pharmacology

The A;R-mediated inhibitory tone was measured by perfusing the slices with the A;R antagonist 8-cyclopentyl-1,3-dimethylxanthine
(CPT, 200 nM; Tocris Bioscience). Sensitivity to A{R activation was estimated using the A;R-specific agonist 2-chloro-N(6)-
cyclopentyladenosine (CCPA, 10 nM; Tocris Bioscience). Passive production and accumulation of extracellular adenosine was
measured indirectly by blocking the equilibrative nucleoside transporter 1 (ENT1) using the transport inhibitor 6-S-[(4-Nitrophenyl)
methyl]-6-thioinosine (NBMPR, 100 nM; Tocris Bioscience). PSB 12379 (50 nM; Tocris Bioscience) has been used as CD73 inhibitor.
ARL 67156 trisodium salt (50 uM; Tocris Bioscience) has been used to inhibit CD39, since it is a non-selective NTPDase inhibitor.
PPADS tetrasodium salt (50 uM; Tocris Bioscience) has been used as non-selective P2 antagonist to prevent the effect of ATP in-
crease in response to the block of the ATP-to-adenosine conversion by PSB+ARL. 5-lodotubercidin (5-1TU; Tocris Bioscience)
has been used as adenosine kinase inhibitor.

Western Blot

Brain slices were prepared as described above. Total protein was extracted by resuspending the isolated tissue in radioimmunopre-
cipitation assay (RIPA) buffer and stored at —20°C until usage. Samples were then subjected to sonication (Soniprep 150, MSE). The
samples were then spun at max vel for 10 min, and supernatants were collected for protein quantification. Protein quantification was
performed using a Pierce BCA Protein Assay kit (#23227, Thermo Scientific). 20 pg of total protein were mixed with NUPAGE LDS
Sample Buffer (#NP007, Life Technologies), NUPAGE Sample Reducing Agent (#NP0009, Life Technologies), and distilled water prior
to being heated at 95°C for 5 min. Proteins were separated by SDS-PAGE in 4%-12% Bis-Tris gel (#{NP0336, Thermofisher) using a
Novex Bolt Mini Gel system and NUPAGE MOPS SDS Running Buffer (NPO001, Thermofisher) before being transferred onto
Immobilon-P polyvinylidene fluoride membranes (#|IPVH00010, 0.45 mm pore size; Millipore) in NUPAGE Transfer Buffer with meth-
anol 20% (NP0006, Thermofisher) for 1 h 45 min at 4°C using a Novex Bolt Mini Blot Module. SeeBlue Plus2 standard (#LC5925, Life
Technologies) was used to estimate protein sizes, and transfer was confirmed by Ponceau S (#BP103-10, Fisher Biotech) staining.
Immunoblot was obtained by first blocking membranes for 1 h at room temperature with a solution of 0.1% Tween 20 and 5% Bovine
Serum Albumin (BSA) (#5217, Tocris) in 1x PBS and then incubated with primary antibodies overnight at 4°C (rabbit anti-ADK 1:2000,
#A304-280A-T, Fortis Life Sciences; mouse anti-SAHH 1:500, #sc-271389, Santa Cruz Biotechnology; rabbit anti-ADA 1:1000,
#A5151, AbClonal; rabbit anti-CD39 1:1000, #14481, Cell Signaling; rabbit anti-NT5 1:1000, #13160, Cell Signaling; rabbit anti-
A1R 1:1000, #55026-1-AP, Proteintech; rabbit anti-ENT1 1:500, #11337-1-AP, Proteintech). After washing with 1x PBS Containing
0.1% Tween 20, the membranes were incubated with the species-appropriate horseradish peroxidase-conjugated secondary anti-
bodies (HRP-conjugated goat polyclonal anti-rabbit #31460, Thermofisher; or HRP-conjugated goat polyclonal anti-mouse #31430,
Thermo Scientific) for 1 h at room temperature at a 1:20,000 dilution in blocking solution. Immunoreactivity was revealed using
SuperSignal West Pico PLUS Chemiluminescent Substrate (#34577, Thermofisher) and imaged using a Fujifilm LAS 4000 Gel Imager
system with ImageQuant LAS 4000 software (Fuijifilm). If needed, antibodies were stripped from membranes prior to incubation with
another primary antibody or prior to incubation with mouse anti- 3-actin (1:1000, #A1978, Sigma) in a stripping solution (stripping
solution 10%: 7.5% glycine, SDS 1%) with 0.7 B -mercaptoehtanol (#63689, Sigma).

Microdialysis

7 weeks old male and female APPKI or WT mice were anesthetized with isoflurane, injected with buprenorphine (0.5 mg/kg) and
placed into a stereotaxic frame. One hole was drilled in the skull (hippocampus coordinates: AP = —2.5, ML = 2 mm) and the guide
cannula (#(CMAP000137, Harvard Apparatus) was lowered into the hole to reach the coordinate DV = -1.7 mm upon insertion of the
microdialysis probe (#CMAP000082, Harvard Apparatus). One anchor screw was inserted in the frontal area to ensure major stability
of the system. Anchor screw and guide cannula were then secured to the skull with dental acrylic. 4 days after surgery, mice were
moved into an insulated sound-proof chamber and placed into individual Plexiglas circle boxes (Pinnacle Technology, Lawrence, KS)
containing water and food ad libitum. Mice were left 3 days for habituation prior to data collection and maintained on a 12:12 light/
dark cycle. 17-18h before the sample collection at the onset of the light phase (ZT23), the microdialysis probe was inserted into the
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guide cannula and connected to a two-channel stainless steel swivel (#375/D/22QM, Instech) attached to a multi-axis counterbal-
ance arm (#MCLA/SMCLA, Instech) to allow free movements of the animal. ACSF (#597316, Harvard Apparatus) was perfused at
a rate of 0.2ul/min during the 17-18h prior to sample collection and then switched to 1pL/min at ZT23 and, in a subset of mice,
at ZT4. Dialysis samples were stored at —80°C until usage. During sampling, mice were video recorded (Sirenia software, Pinnacle
Technology) and subsequently scored as active (mobile or awake) or as inactive (immobile and nested).

Ketone bodies and glucose blood levels

Blood samples were collected weekly to monitor ketone bodies and glucose levels with test strips (Abbott Diabetes Care). Blood was
obtained via the tail snip method, which involved applying local disinfectant and anesthesia to the tail, followed by making a 1 mm
incision with a scalpel blade, and stopping blood flow by gently dabbing the tail tip. Mice were observed for signs of infection over the
subsequent three days.

Intraperitoneal injections

Mice received intraperitoneal (IP) injections of either DMSO or 5-ITU over a 7-day period, starting at 7 weeks of age, administered
between ZT-9 and ZT-10. To minimize stress associated with handling, mice were acclimatized to the operator’s touch three times
a week starting a week before injections. Following the injections, mice were observed for 2 h. Those injected with 5-ITU exhibited
reduced mobility, slower heart rate, and shallow breathing for approximately 4 h post-injection. Criteria for exclusion included sus-
tained immobility and weight loss within the initial two days, resulting in the exclusion of about 5% of mice from the 5-ITU group.

QUANTIFICATION AND STATISTICAL ANALYSIS

Electrophysiology

Synaptic basal response

Field excitatory postsynaptic potentials (fEPSP, a proxy of post-synaptic activity) from the CA1b stratum radiatum (sr) were recorded
stimulating the Schaffer collaterals (SC) near the CA1a border at 0.067 Hz (every 15 s). fEPSP from the CA1 stratum lacunosum mo-
leculare (sIm) were recorded stimulating the medial entorhinal cortex layer 3 fibers (temporoammonic pathway; TA) in the CA1 sim at
0.067 Hz. Stimulation intensities were delivered in the range 20-100 pA with 10 pA of increment; each stimulation was repeated
4 times and the resulting traces averaged for analysis. Fiber volley (FV, a proxy of pre-synaptic recruitment) amplitude and fEPSP
slope (measured in the first 10-30% of the trace after fiber volley to exclude contamination from somatic activation) were used to
reconstruct the FV-fEPSP relation and the resulting slope was used as a proxy of net synaptic activity.

Homosynaptic plasticity

fEPSP recordings were taken from the CA1b sr by stimulating the Schaffer collaterals near the CA1a border at 0.067 Hz. Stimulation
intensities were chosen to produce fEPSP with a slope that was 30-40% of those obtained with maximal stimulation for long-term
potentiation (LTP) and paired-pulse ratio (PPr) protocols. The baseline recordings (stimulation at 0.067 Hz) were monitored for 15 min
to ensure a stable fEPSP response. LTP was electrically induced at the Schaffer collaterals and recorded at CA1b sr by delivering
three high-frequency stimulations (HFS, each consisting of 1 s duration 100 Hz train) at 0.033 Hz fEPSPs were measured for 1 h using
stimulation of the fibers at 0.067 Hz. The fEPSP slope values were normalized by the average fEPSP values of the pre-stimulation.
Analysis was conducted comparing the value of the fEPSP slope pre-stimulation (averaging the last 5 min before HFS) and after 1 h
from stimulation (averaging the last 5 min of the hour-long recording post-stimulation). PPr was examined at the CA1 sr by stimulating
the Schaffer collaterals and monitoring the fEPSP amplitude of two consecutive stimulations with intervals in the range 25-500 ms.
After normalizing the fEPSP slopes by the average of the pre-stimulus values, data were expressed as fold change (PPr Ratio) as a
function of the interval (ms) between the two consecutive stimulations.

Heterosynaptic plasticity

Heterosynaptic depression recordings were performed by placing two stimulating electrodes in two independent Schaffer collaterals
(81 and S2) and the recording pipette in the CA1b sr. Stimulation intensities were chosen to produce fEPSP with a slope that was
20-30% of those obtained with maximal stimulation for both electrodes. Pathway independence was confirmed by monitoring fEPSP
amplitude after stimulating the two pathways (S2 preceding S1) at 50 ms interval. Baseline fEPSP slope was monitored for 10-15 min
after reaching stable responses by stimulating S1 and S2 pathways (10 s interval) at 0.067 Hz. A 100 Hz 1 s stimulation was then
delivered to S2. LTP and heterosynaptic depression were recorded from S2 and S1, respectively, at 0.067 Hz for 10 min. After normal-
izing the fEPSP slopes by the pre-stimulus values average, the trajectories were reconstructed. Analysis was conducted by averaging
the minute before and after the 100 Hz stimulation in both pathways and normalizing the post-stimulation by the pre-stimulation
values.

Basal somatic response

Population spikes from the CA1 stratum pyramidale (pyr) were recorded stimulating the Schaffer collaterals near the CA1a border at
0.067 Hz. Stimulation intensities were delivered in the range 20-100 pA with 10 pA of increment; each stimulation was repeated 4
times and the resulting traces averaged for analysis. FV, fEPSP slope and population spike amplitude (PS, a proxy of somatic activity)
were monitored. FV (a proxy of pre-synaptic recruitment) amplitude and PS amplitude were used to reconstruct the FV-PS relation,

e4  iScience 28, 111616, January 17, 2025



iScience ¢? CellPress
OPEN ACCESS

and the resulting slope was used as a proxy of net somatic activity. fEPSP slope and PS amplitude were used to reconstruct the
fEPSP-PS relation and the resulting slope was used as a proxy of net synaptic transmission to the somatic compartment.
Naturalistic somatic response

fEPSP from the CA1 pyr were recorded stimulating the MEC3 fibers (TA pathway) using a naturalistic stimulation protocol (Inter-stim-
ulation interval (s): 0, 0.0532, 0.0661, 0.1046, 0.1394, 0.1927, 0.2862, 0.6734, 0.8293, 1.249, 1.2734,1.3633, 1.4220, 1.4771, 1.5413,
1.5596, 1.5762. Instantaneous frequency (Hz): 18.79, 77.86, 25.95, 28.68, 18.79, 10.69, 2.58, 6.41, 2.38, 41.92, 11.12, 17.03, 18.17,
15.57, 54.50, 60.56) adapted from Sun et al.** Stimulation intensities were chosen to produce fEPSP with an amplitude of 0.3-
0.35mV (0.32 + 0.11 mV). The probability of evoking a population spike (PS Probability) was quantified for each stimulus by visually
identifying PS; the average probability of evoking a population spike was computed for each slice and compared among conditions.
PS Probability was also plotted based on frequency profile and clustered in burst (Hz > 50) vs. non-burst (Hz < 50) conditions and
group comparisons evaluated.

Somatic heterosynaptic response

fEPSP from the CA1 pyr were recorded stimulating the TA and Schaffer collateral fibers with a theta protocol adapted from Milstein
et al.>? In detail, five theta cycles (150 ms each), bursts of five stimuli were delivered at 67 Hz (inter-stimulus interval of 15 ms) to both
electrodes, with TA stimuli preceding Schaffer collateral stimuli by 20 ms. Stimulation intensities were chosen to produce fEPSP with
an amplitude of 0.2-0.25 mV by stimulating the TA terminals and to produce fEPSP without a recognizable PS by stimulating the CA3;
on occasions, the minimal stimulation could still elicit a small PS. PS was visually identified; the phase of the first evoked PS in the five
theta cycles was evaluated (0.42 ms equivalent to 1°). The frequency of PS was calculated for each cycle and plotted against cycle

number. Adaptation index ﬁ ZN’ 1*”*‘—’);" (where N is the total number of events and x is the chosen parameter) was used to quan-
tify the phase and frequency adaptations over the five theta cycles.

N =1X,.1+x,

Western Blot

Densitometry measurements were performed using Fiji, with each protein band being normalized to their respective B-actin. For
beautification purposes, WB bands in the main figures were cropped. Original blot images are available at https://zenodo.org/
records/13123551.

Microdialysis
Adenosine quantification has been conducted using the fluorometric Adenosine Assay Kit (Fluorometric) (Abcam; ab211094). Undi-
luted microdialysate has been used for the quantification.

Statistic

Statistical analysis has been conducted using generalized linear mixed-effect models (glme) in MATLAB. glme offers a versatile
approach for analyzing data deviating from a normal distribution, exhibits heteroskedasticity, and shows dependencies among ob-
servations (i.e., nested sampling: multiple brain slices from the same mouse).”® For each model, the distribution (Normal, Gamma,
Inverse Gaussian) and fit method (REMPL, MPL) have been selected by choosing the model maximizing the relative likelihood
(i.e., L7 = %5 AlCmin—AIC) '\where AIC,,, is the minimum AIC across all models and AIC; is the AIC for the ith model) and visual anal-
ysis of the residual. By selecting the model with the largest L7, we selected the model, among the tested models, that most strongly
limits the information loss. For each panel, the number of slices and number of animals are reported in the caption, while p-values and
effect sizes (d Coehn'’s effect size reported as absolute value) are reported in the figure. For independent samples, the effect size has

beencomputedasd = %, whereX; is the average of the i'" group and s; is the standard deviation of the i" group. By using the
RS

averaged variance at the denominator, we did not assume homogeneity of variance between groups. Hedge’s correction has not
been applied. For paired samples, the effect size has been computed asd = %, where D is the averaged difference between paired

samples (D = W where n is the number of paired measures, x is group 1 and y is group 2) and sp, is the standard deviation of
D. For each panel, the dependent and independent variables, and statistical details (F-Statistic, degrees of freedom, p-values) have
been summarized in Table S1. For each panel, the model, dataset and modeling parameters are available at https://zenodo.org/
records/13123551. Post-hoc analysis has been performed using Bonferroni’s correction with alpha = 0.05. No statistical measures
were used to estimate sample size, since the effect size was unknown. Experiments were conducted by an investigator with knowl-
edge of animal genotype and treatment. Investigators were blinded during the analysis. Statistical details can be found in each figure,
figure legends and Table S1.
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