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Extracellular adenosine, a key regulator of neuronal excitability, iBioenergetics and metabolism. The modulation of adenosine
metabolized by astrocyte-based enzyme adenosine kinase (ADKignaling, a key link between brain bioenergetics and neur-
We hypothesized that ADK might be an upstream regulator of adenal and astrocytic network homeostasis, is considered a
nosine-based homeostatic brain functions by simultaneously affectational therapeutic approach to treat neurological conditions
ing several downstream pathways. We therefore studied theon a network level in conditions ranging from epilepsy to
relationship between ADK expression, levels of extracellular adenaschizophrenia (Wilz et al. 2008; Boison and Stewart 2009
sine, synaptic transmission, intrinsic excitability, and brain-derive@oison et al. 2011; Boison et al. 2012). The net effect of ade-
neurotrophic factor (BDNF)-dependent synaptic actions in transiosine in most brain areas is the inhibition of neuronal
genic mice underexpressing or overexpressing ADK. We demoaetivity mediated by adenosine A; receptors (A;R), the predo-
strate that ADK: 1) Critically in uences the basal tone of adenosineminant adenosine receptor subtype in the hippocampus. The
evaluated by microelectrode adenosine biosensors, and its releagmtent antiepileptic activity of adenosine depends largely on
following stimulation; 2) determines the degree of tonic adenosinethe availability of A ;Rs Dunwiddie 1980), though other ade-
dependent synaptic inhibition, which correlates with differentialnosine receptors may also play a role Etherington and Fren-
plasticity at hippocampal synapses with low release probability; 3guelli 2004; Roseti et al. 2008 2009; Sebastido and Ribeiro
modulates the age-dependent effects of BDNF on hippocampal s3909; Sebastido 2010.

naptic transmission, an action dependent upon co-activation of ade- Adenosine Ay, receptors (A;aR) in the hippocampus are
nosine Aa receptors; and 4) in uences GARAeceptor-mediated largely devoted to regulating the activity of other neuromodu-
currents in CA3 pyramidal neurons. We conclude that ADK providéators (Sebastido and Ribeiro 2009. For example, A,aR acti-
important upstream regulation of adenosine-based homeostatication gates the synaptic actions of brain-derived
function of the brain and that this mechanism is necessary and pereurotrophic factor (BDNF), which are fully lost upon A ,AR
missive to synaptic actions of adenosine acting on multiple pathblockade (Didégenes et al. 2004 2007, 2011; Pousinha et al.
ways. These mechanistic studies support previous therapeuti006; Fernandes et al. 2008 Fontinha et al. 2008 Tebano
studies and implicate ADK as a promising therapeutic target for upet al. 2008, Assaife-Lopes et al. 201D or genetic deletion of
stream control of multiple neuronal signaling pathways crucial for 8\;aR (Tebano et al. 2008.

variety of neurological disorders. Adenosine kinase (ADK), by phosphorylating intracellular
adenosine to AMP, maintains an inward adenosine gradient,
driving adenosine in ux into the cell (Boison et al. 2010).
When ADK levels are pathologically or experimentally in-
creased, the resulting adenosine de ciency directly translates
into increased susceptibility to seizures or neuronal injury
(Pignataro et al. 2007 Li, Ren et al. 200§. Conversely, a de-
crease in ADK activity leads to increased extracellular adeno-
sine concentration (Etherington et al. 2009) and resistance to
epileptic seizures or neuronal cell loss (Li, Lan et al. 2008 Li,
Ren et al. 2008 Shen et al. 2013).

We hypothesized that ADK, as the primary determinant of
adenosine levels, could act as a homeostatic bioenergetic
network regulator, providing synergistic control of several
downstream pathways simultaneously. We focused on ADK as

Keywords:adenosine, brain-derived neurotrophic factor, GABA,
homeostasis, transgenic mice

Introduction

Despite intense drug development efforts during the past 40
years, the treatment of neurological conditions remains pro-
blematic and largely restricted to symptom control. The “holy
grail” of pharmaceutical drug development is speci city and
selectivity for identi able downstream pathways of complex
biological networks. The pharmacological blockade of se-
lected pathways might be suitable for symptom control, but is
unlikely to affect complex pathogenic processes in neurology

that involve entire molecular, biochemical, and physiological
networks.

In this regard, normal brain function depends on tightly
controlled network homeostasis that is coupled to brain

© The Author 2012. Published by Oxford University Press.
All rights reserved. For Permissions, please e-mail: journals.permissions@oup.com

a potential upstream regulator of BDNF-, glutamate-, and
GABA-dependent synaptic signaling in the hippocampus. To
test our hypothesis, we used transgenic mice that underexpress
(Fb-Adk-def) or overexpress ADK (Adk-tg) in the forebrain.
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Our data characterize ADK as an upstream regulator of mul-
tiple signaling pathways that depend on 1) A,sR via
BDNF-mediated synaptic actions, 2) AR via the modulation
of synaptic transmission and short-term plasticity, or 3) a com-
bined action upon different adenosine receptor subtypes, via
the modulation of GABA, current stability, and therefore
suggest that ADK might be a prime therapeutic target to
modulate networks synergistically.

Materials and Methods

Animals and Tissue Preparation

Three different genotypes of mice were used in this study, all main-

tained on an identical C57BL/6 background: 1) Wild-type (WT); 2)

homozygous Adk-tg mice with brain-wide overexpression of a consti-

tutively expressed loxP- anked ADK transgene, but lack of the

endogenous dynamically expressed Adk gene; these animals are
characterized by a global overexpression of ADK throughout the hip-

pocampal formation and have been described previously (Fedele
et al. 2005 Pignataro et al. 2007 Yee et al. 2007 Li, Lan et al. 2008

Li, Ren et al. 2009; 3) Fb-Adk-def mice with reduced levels of fore-

brain ADK were created based on Emx1-Cre-driven deletion of the
loxP- anked ADK transgene in Adk-tg mice (Li, Ren et al. 2009.

Adk-tg and Fb-Adk-def mice were derived as littermates according to
our previous studies (Li, Ren et al. 200§ Masino et al. 2012 and con-

trols were age- and sex-matched based on parallel breeding of
C57BL/6 WT mice. All animals were genotyped at weaning as de-
scribed previously (Fedele et al. 2005. Most experiments were per-
formed in adult (>7 weeks old) animals. Since the effects of BDNF are
age-dependent Didgenes et al. 2007 2011), 2 clearly distinct groups

of animals were used: 3-5 weeks old (young) and 10-12 weeks old

(adult).

All experimental procedures were performed in accordance with
European Union guidelines and UK, Portuguese, or Italian regulations
for the use of laboratory animals. Animals were either deeply anesthe-
tized with halothane before killing by decapitation or killed by cervi-
cal dislocation. The brain was then quickly removed and either
immersed in ice-cold gassed (95% @ and 5% CQ, pH 7.4) arti cial
cerebrospinal uid (aCSF) for subsequent cutting of parasagittal sec-
tions, or the hippocampus was dissected free in ice-cold aCSF. In
both cases, the aCSF comprised: NaCl 124 mM, KCI 3 mM, NairO4
1.25 mM, NaHCGQ; 26 mM, MgSQ, 1 mM, CaC}h 2 mM, and glucose
10 mM. When preparing slices for whole-cell recordings, a glycerol-
based aCSF was used (glycerol 250 mM, KCI 2.5 mM, CaCP.4 mM,
MgCl, 1.2 mM, NaH,PO, 1.2 mM, NaHCO; 26 mM, glucose 11 mM,
and Na-pyruvate 0.1 mM, pH 7.35), to better preserve neurons from
Na*-induced excitotoxicity. Slices (350400 m thick for  eld excit-
atory postsynaptic potential [fEPSP] and sensor recordings or 300 m
for whole-cell recordings) were cut perpendicularly to the long axis
of the isolated hippocampus or sagittal to the midline of each hemi-
sphere and allowed to recover for at least 1 h in a resting chamber,

lled with gassed aCSF at room temperature (2225°C).

fEPSP Recordings from CA3-CA1 Synapses

After at least 1 h recovery, individual slices were transferred to a re-
cording chamber (1+5mL dead volume) and continuously super-
fused at 3 mL/min with gassed aCSF at 32°C; the drugs were added to
this superfusion solution. fEPSPs were recorded as previously de-
scribed (Diogenes et al. 2004 Li, Ren et al. 2009 through an extra-
cellular microelectrode (2-6 M  resistance) placed in the stratum
radiatum of the CA1l area. Stimulation (rectangular 0.1 ms pulses,
once every 15 s) was delivered through a concentric electrode placed
on the Schaffer collateral-commissural bers, in the stratum radiatum
near the CA3-CA1 border. The intensity of stimulus (86-200 A) was
initially adjusted to obtain a large fEPSP slope with a minimum popu-
lation spike contamination, being usually set to obtain an fEPSP slope
of about 50% of the maximum. Slices were visualized with a dissec-
tion microscope and recordings were obtained with an Axoclamp 2B
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ampli er and digitized (Axon Instruments, Foster City, CA, United
States of America). Individual responses were monitored, and
averages of 8 consecutive responses were continuously stored on a
personal computer with the LTP program (Anderson and Collingridge
2001). In some experiments and to allow comparisons between
results obtained in mossy ber synapses under the same experimental
conditions, fEPSPs at the CA3-CA1 synapses were recorded using the
same procedure as for recording fEPSPs at mossyber synapses (see
below).

fEPSP Recordings from Mossy Fiber Synapses
Individual slices were transferred to the recording chamber (total
uid dead space: 3 mL), maintained at 30-32°C, and constantly
superfused at the rate of 1.5 mL/min. A concentric bipolar stimulating
electrode was placed in the granule cell layer for mossy ber fEPSPs.
To con rm that the fEPSPs were mossy ber in origin (2S,1 S,2
S)-2-(carboxycyclopropyl)glycine (LCCG-1, 10 uM), a selective antag-
onist of group Il metabotropic glutamate receptors, was applied to
the slice by a gravity-driven perfusion system at the end of each
experiment (Kamiya et al. 1996). The recording microelectrode (0.5—
1M ) was positioned 200600 m from the stimulating electrode for
recording orthodromically evoked fEPSPs. Stimuli consisted of 0.1 ms
constant current square pulses, applied once every 20 s. The intensity
of the stimulus was adjusted in each experiment to evoke about 50%
of the maximal eld potential amplitude without appreciable popu-
lation spike contamination. Evoked responses were monitored online
and stable fEPSP slope values were recorded for at least 10 min
before increasing stimulation frequency to analyze frequency (1 Hz)
facilitation of synaptic responses or paired-pulse facilitation (PPF).
PPF was measured as the ratio between the second versus therst
fEPSP slope responses at different interstimuli intervals (16100 ms).
Slices were visualized with a Wild M3B microscope (Heerbrugg,
Switzerland). fEPSPs were recorded and ltered (1 kHz) with an Axo-
patch 200 A ampli er (Axon Instruments) and digitized at 10 kHz
with an A/D converter (Digidata 1322A, Axon Instruments). Data
were stored on a computer using pClamp 9 software (Axon Instru-
ments) and analyzed off-line with Clamp t 9 program (Axon Instru-
ments). To allow comparisons between results obtained in mossy
ber synapses and CA1-CA3 synapses under the same experimental
conditions, in some experiments, fEPSPs at these synapses were re-
corded using the same procedure as for recording fEPSPs at mossy
ber synapses, except that the stimulation electrode was placed in the
stratum radiatum of the CA1 area.

Whole-Cell Recordings

Whole-cell patch-clamp recordings were performed on pyramidal
neurons or interneurons at 21-23°C as described previously Ragozzi-
no et al. 2005). Membrane currents were recorded by using glass elec-
trodes (34M ), lled with K-gluconate 140 mM, HEPES 10 mM,
1,2-bis(2-aminophenoxy)ethaneN,N,N,N-tetraacetic acid 5 mM, MgC}
2mM, and Mg-ATP 2 mM (pH 7.35, with KOH) (Roseti et al. 2009.
Under these experimental conditions, with inactivated voltage-gated
channels, cells were stable and healthy for 12 h. Cells with depolar-
ized resting membrane potential (greater than S50 mV) were dis-
carded. GABA was delivered to cells by pressure applications (1620
psi, 1's; General Valve Picospritzer Il) from glass micropipettes lled
with 100 pM GABA, positioned above whole-cell voltage-clamped
neurons. In this way, we obtained stable whole-cell currents and
rapid drug wash before applying the repetitive application protocol.
In order to observe the activity-dependent decrease in the currents
mediated by GABA, receptors (Igaga), the following repetitive appli-
cation protocol was adopted: After current amplitude stabilization
with repetitive applications every 120s, a sequence of 10 GABA
applications was delivered every 15 s, and the test pulse was resumed
at the control rate (every 120s) to monitor recovery of the GABA
current. The reduction in peak amplitude current was expressed as
residual current, that is, the percentage amplitude of current at the
end of the repetitive application protocol versus control (10th Igaga/
lsthABA).
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Quanti  cation of Extracellular Purine Levels

Enzyme-based microelectrode biosensors were purchased from
Sarissa Biomedical Ltd (Coventry, United Kingdom) and were used to
detect extracellular levels of adenosine. The principle of their action
and their use in hippocampal slices have been published previously,
as have the protocols for slice preparation and simultaneous record-
ings of fEPSPs Frenguelli et al. 2003; Etherington et al. 2009; Lopatar
et al. 2011). Brie y, an enzymatic cascade (adenosine deaminase, nu-
cleoside phosphorylase, xanthine oxidase) is entrapped in a polymer
matrix surrounding a 50 pm platinum/iridium wire which is polarized

to +600 mV. The polymer matrix adds 10 pm to the diameter of the
Pt/Ir wire. Hydrogen peroxide produced by xanthine oxidase oxi-
dizes on the Pt/Ir wire to give rise to a current proportional to the
amount of purine released. Concentration units provided are M to
indicate that the signal from a sensor containing all 3 enzymes is a
composite re ecting adenosine and its metabolites Erenguelli et al.
2007; zur Nedden et al. 2011).

Pairs of sensors (ADO and NULL) were inserted into stratum radia-
tum of area CA1l of 400 um parasagittal hippocampal slices main-
tained at 34°C. To allow suf cient time for slices to recover and the
sensor signal to asymptote to a baseline level, an hour was left before
the experiment commenced. Experiments consisted of (i) collecting
10 min of stable baseline; (ii) theta burst stimulation (TBS) protocol,
(iii) 15 min of post-TBS recording, (iv) sensor withdrawal, and (v)
sensor calibration. The TBS protocol consisted of 15 bursts of 4
pulses at 100 Hz separated by 200 ms, repeated 4 times at 10 s inter-
vals. Since no signal was detected on null sensors in any of the exper-
iments, null sensor traces were disregarded and only ADO traces were
further processed. Upon sensor withdrawal, the ADO signal dropped
below the preceding baseline level recorded in the slice. Subtraction
of the pre- and postwithdrawal signals was used as an indirect
measure of ADO tone. Calibration was carried out after each exper-
iment by washing in adenosine (10 uM) and 5-hydroxytryptamine
(5HT, 10 uM) with the latter used to test for patency of the permselec-
tive layer. Biosensor traces were smoothed with a 1 s average and are
presented as mean release + SEM. The area under curve for therst 5
min after TBS was used to quantify the release of adenosine upon
TBS. Sensor signals were captured at 10 kHz using Spike 2 software,
while the acquisition of fEPSPs was under the control of LTP software
(Anderson and Collingridge 2001) as described previously (Frenguelli
et al. 2007, zur Nedden et al. 2011).

Western Blotting

Sodium dodecyl sulfate (SDS)polyacrylamide gel electrophoresis
(PAGE) was used to evaluate the levels of TrkB receptors, ADK,
AMPA (GluAl) and NMDA (GIuN2B) subunits. For ADK evaluation,
aqueous extracts of dorsal brain samples (hippocampus and dorsal
cortex; n =5-8 per group) were prepared by homogenizing and solu-
bilizing the tissue in radioimmunoprecipitation assay buffer (Thermo
Scienti ¢, CA, United States of America) and by removing insolubi-
lized material by centrifugation (104 x g, 15 min at 4°C). For TrkB re-
ceptor and AMPA (GluAl) and NMDA (GIuN2B) subunit quanti cation,
hippocampal homogenates (n =4-8) were prepared as described
before (Dibgenes et al. 2007%.

The protein content in the supernatants was determined using a
commercial Bradford assay (Sigma, MO, United States of America).
Twenty micrograms (for TrkB receptor evaluation), 50 pg (for ADK
assessment), or 100 pg (for AMPA (GluAl) and NMDA (GIuN2B) sub-
units) of protein extract were separated by electrophoresis on an
SDS-10% PAGE gel and blotted onto a polyvinylidene uoride mem-
brane according to the standard procedures. The blots were probed
for 1 h at room temperature with the polyclonal rabbit anti-ADK anti-
body or monoclonal mouse anti-TrkB (BD Transduction Laboratories)
in 5% blocking reagent in TBST (10 mM Tris, 150 mM NacCl, 0.05%
Tween 20 in H,0). After washing (3 x 5 min in TBST), blots were then
probed with secondary antibodies conjugated with horseradish per-
oxidase and bands were visualized with a commercial enhanced che-
miluminescence detection method (ECL) kit (PerkinElmer Life
Sciences, MA, United States of America). ADK levels were normalized
to the -tubulin loading control and reported relative to WT ADK (set

as 100%). TrkB intensity values were normalized to the -actin
loading control and the relative intensities were normalized to WT
(set as 100%). Densitometry of the bands was performed using the
Image J processing software (NIH, MD, United States of America).

Immunohistochemistry

Adk-tg, Fb-Adk-def, and WT mice were anesthetized (3% isourane)
and transcardially perfused with 0.15 M phosphate-buffered saline
(PBS), followed by 4% paraformaldehyde in PBS. Brains were
removed and post xed in the same xative at 4°C for 1 day before
being cut into 40 um coronal sections using a vibratome. Previously
published procedures were used for the immunohistochemical detec-
tion of ADK ( Studer et al. 2006. Digital images of ADK immunohisto-

chemistry on 3,3 -diaminobenzidine (DAB)-stained slices were
acquired using a Zeiss AxioPlan inverted microscope equipped with

an AxioCam 1Ccl camera (Carl Zeiss Microlmaging, Inc., Thornwood,
NY, United States of America).

Drugs

BDNF was a kind gift of Regeneron Pharmaceuticals (Tarrytown, NY,
United States of America) and was supplied in a 1.0 mg/mL stock
solution in 150 mM NaCl, 10 MM sodium phosphate buffer, and
0.004% Tween 20. Adenosine and 5HT were purchased from
Sigma (Sigma-Aldrich Company Ltd, Dorset, United Kingdom).
8-Cyclopentyl-1,3-dimethylxanthine (CPT) was from RBI (Poole,
Dorset, United Kingdom). 7-(2-Phenylethyl)-5-amino-2-(2-furyl)-pyrazolo-
[4,3-e]-1,2,4-triazolol[1,5-c]pyrimidine (SCH 58261), GABA, 9-chloro-
2-(2-furanyl)-[1,2,4]triazolo[1,5-c]quinazolin-5-amine  (CGS 15943),
(2S,1S,2S)-2-(carboxycyclopropyl)glycine (LCCG-1), and 1,3-dipropyl-
8-cyclopentyladenosine (DPCPX) were from Tocris Cookson (Ballwin,
MO, United States of America). DPCPX was made up in a 5 mM stock
solution in 99% dimethylsulfoxide (DMSO)-1M 1% NaOH (v/v),
SCH 58261 in a 10 mM stock solution in DMSO and CGS 15943 ina 5
mM stock solution in DMSO. Aliquots of these stock solutions were
kept frozen at $20°C until use. The maximum amount of DMSO
applied to the preparations (1/100 000 v/v) was devoid of effect on
fEPSPs.

Data Analysis

Values are expressed as mean + SEM. The signiance of differences
between means was evaluated by the Studeris t-test or by one-way
ANOVA with Bonferroni ’s correction for multiple comparisons. Values
of P<0.05 were considered to represent statistically signi cant
differences.

Results

Regional Manipulation of ADK Expression in

Transgenic Mice

These studies are based on transgenic mice with engineered
regional changes of ADK expression in the brain. Adk-tg mice

(Fedele et al. 2005 Li, Lan et al. 2008 Li, Ren et al. 2009

overexpress a constitutively expressed, loxP-anked Adk

transgene in lieu of the endogenous Adk gene, which is

subject to dynamic expression changes Gouder et al. 2004

Studer et al. 2006 Pignataro et al. 2008. As a result of the

mutation, Adk-tg mice express spontaneous electrographic
seizures and display lowered thresholds for seizure induction

and for neuronal injury (Li et al. 2007, Pignataro et al. 2007,

Li, Ren et al. 2009. Fb-Adk-def mice are identical to Adk-tg

mice except for an Emx1-Cretransgene-driven deletion of the

Adk transgene in most cells of the dorsal telencephalon (i,

Lan et al. 2008 Li, Ren et al. 200§. As a result of this manipu-

lation, Fb-Adk-def mice display increased thresholds for sei-
zures and for neuronal injury (Li, Lan et al. 2008 Li, Ren et al.

Cerebral Cortex January 2014, V 24 N 1 69

$T0Z ‘02 YoJeN uo ezuaides e ewoy 1pms 11Bap eusiaAiun pB10°s[euinolplojxo102199//:d1uuol) papeojumod


http://cercor.oxfordjournals.org/
http://cercor.oxfordjournals.org/

2008; Pignataro et al. 2008, while they are resistant to the
induction of epileptogenesis (Li, Lan et al. 2008 Li, Ren et al.
2008). These fundamental differences in susceptibility to sei-
zures and to neuronal injury can be linked to differences in
ADK expression in the forebrain including the hippocampus,

but the underlying mechanisms have not yet been elucidated
on a physiological level.

To demonstrate that the region-speci ¢ genetic manipu-
lation of the Adk gene resulted in appropriate changes of
ADK expression levels in the hippocampus, the expression of
ADK was quanti ed by western blot analysis. The samples
from young (3- to 5-week old) Fb-Adk-def mice showed a
reduction in ADK levels to 48+ 8.8% of WT (h =4; P<0.05;
Fig. 1A), whereas the Adk-tg mice showed an increase in
ADK to 163+ 13% of WT (0 =8; P<0.01). A similar pattern
was obtained in samples prepared from adult (10- to 12-week
old) Fb-Adk-def mice, where levels of ADK were reduced
(62+4.7%, n=6; P<0.05; Fig. 1B) in comparison to WT,
whereas ADK expression in Adk-tg mice was increased to
187+ 11.5% ( =7; P<0.001; Fig.1B) of WT. ADK expression
changes quanti ed in the western blot were matched by quali-

Figure 1.Genotype-specADK immunoreactivity in the mouseAmaitB) (Western blot analysis of ADK immunoreactivity (38.7 kDa) from the hippocampus and dol
cortex taken from you @3¢5 weeks old) or ad@t{6-12 weeks old) miceTubulin immunoreactivity (50 kDa) was used as a loading control. The 3 different genotyy
WT, Fb-Adk-def, and Adk-tg, are indicated above each lane. Each blot shows data from 2 different animals of the same genotype and age. The quantitati
averaged data normalized to the loading control and to WT. Data were calculated based on multiple samples taken from different agesnartst genotypes (y«

tative changes in ADK expression as seen by the evaluation of
ADK immunoreactivity in peroxidase-stained hippocampal
coronal sections. Inspection of the hippocampal formation re-
vealed a region-speci ¢ decrease and increase in ADK
expression in Fb-Adk-def and Adk-tg mice, respectively, com-
pared with ADK expression in control WT mice (Fig. 1C). The
ADK expression changes determined here were robust and
stable across the age ranges investigated in subsequent
experiments.

The Tone of Endogenous Adenosine is Governed by
Expression Levels of ADK

The predominant in uence of adenosine in the hippocampus
is inhibition of synaptic transmission through A ;R activation
(Sebastido et al. 199). It is therefore possible to assess
changes in extracellular adenosine levels in the vicinity of the
synapses by evaluating the disinhibition of synaptic trans-
mission caused by antagonism of the AR. The assumption is
that higher levels of adenosine cause more pronounced tonic
A;R-mediated inhibition, and therefore, a higher facilitatory
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(DAB) for ADK immunoreactivity; scale bar: $80Qué%,**P< 0.01, and **P< 0.001 (one-way ANOVA with Borifemaitiple comparison test).
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action of A;R receptor antagonists should occur. The use of
an A;R antagonist to indirectly assess the extracellular levels
of adenosine has the advantage of evaluating the synaptic
adenosine in uencing synaptic transmission. We therefore
compared the effect of the selective AR antagonist, DPCPX,
at a supramaximal concentration (50 nM, K; value for DPCPX
at the hippocampus 0.5 nM; Sebastido et al. 1999 on synap-

tic transmission in hippocampal slices taken from young and

adult WT, Fb-Adk-def, and Adk-tg mice.

In hippocampal slices taken from young WT mice, DPCPX
(50 nM) increased the slope of fEPSP to 128 +4.2%n(=6;
Fig. 2A,D). In slices from Fb-Adk-def mice, DPCPX (50 nM)
caused a signi cantly higher increase in fEPSPs (150 + 7.6%,
n =4, P<0.05; Fig. 2B,D) when compared with the effect ob-
served in WT mice. This effect was also markedly higher than
the effect detected in slices from Adk-tg mice (118 +4.1%,
n =5, P<0.05; Fig. 2C,D). A similar genotypic in uence oc-
curred in hippocampal slices taken from adult mice, where
DPCPX (50 nM) increased the slope of fEPSP to 145+ 4.0%
(n=7)in WT (Fig. 2A,D), 181+ 13.0% (1 =4, P<0.05 vs. WT)
in Fb-Adk-def mice (Fig. 2B,D) and 120+ 6.5%,n =6 (P<0.05
vs. WT) in Adk-tg mice (Fig. 2C,D). As also shown in
Figure 2A,B, the disinhibition caused by DPCPX in WT and
Fb-Adk-def mice was signi cantly higher in adult than in
young genotype-matched mice.

In summary, irrespective of age, the lowest disinhibition of
synaptic transmission caused by DPCPX was observed in
mice overexpressing ADK (Adk-tg), whereas the greatest dis-
inhibition was found in adult mice underexpressing ADK

(Fb-Adk-def). The data also show that adult WT mice had
clearly greater (P<0.05) A; inhibitory tone than young WT

mice. These results demonstrate that both age and ADK
activity determine tonic inhibition caused by adenosine at

synapses.

Direct Measurement of Basal and TBS-Evoked Purine

Release

The previous results indicate differences in basal adenosine
levels across the 3 genotypes. To determine whether activity-
dependent release of adenosine was similarly dependent
upon the expression level of ADK, we delivered 4 periods of
TBS (15 bursts of 4 pulses at 100 Hz separated by 200 ms, re-
peated 4 times at 10 s intervals) to the afferent Schaffer collat-
eral-commissural pathway of hippocampal slices taken from
adult mice of the 3 genotypes. We have recently shown that
repeated TBS is an effective stimulus for adenosine release in
CA1l area @ur Nedden et al. 2017). As quanti ed with adeno-
sine biosensors (Fig. 3), TBS resulted in robust adenosine
release in slices from WT mice (0.97+0.14 yMmin, n =5;
Fig. 3A), which was associated with a transient ( 2 min)
depression of the fEPSP and a subsequent sustained poten-
tiation (166 + 13% at 15 min; Fig3A).

To establish whether the transient depression of the fEPSP
in response to TBS re ected adenosine release and the acti-
vation of adenosine AjR, TBS was delivered in the presence
or absence of the adenosine AR antagonist 8-CPT (1 pM). In
the absence of 8-CPT, the fEPSP was depressed by 31+ 12%
of control 15s after the last TBS fi=8 slices from 4 WT
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Figure 2.In uence of genotype upgR-rediated tonic inhibition of synaptic transmission at CA3/CA1 hippocampal synapsésamtagerlsgtd@@PX (50 nM)

was used to blockRAmediated tonic inhibition of synaptic transAi€siveraged time courses of changes in fEPSP slope induced by application of DPCPX
taken from yourg ¢pen circle=6) and adultA_ lled circley=7) WT, youndd(open circle=4) and adulty lled circley=4) Fb-Adk-def mice, and yadng (

open circle=5) and adultq lled circley=6) Adk-tg mice. Right panel8)iar(d B) show illustrative fEPSP traces obtained immediately before (1) and during (2) [
application; each trace is the average of 8 consecutive responses and the fEPSP is preceded by the stimulus artifact and the presynaptic volley; the stinr
truncated in amplitu@ Gomparison of the averaged effects of DPCPX in the different genotypes withiffeat0adSmideiptt-test) andP< 0.05 (one-way
ANOVA with Bonfelganultiple comparison test).
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mice). In contrast, in slices pretreated with 8-CPT, the transi-
ent depression was absent and instead a potentiation
(129+10% of baseline) was observed 15s after the end of
TBS (h =5 slices from 3 WT mice). Thus, the release of adeno-
sine during TBS has functional consequences in causing a
transient depression of synaptic transmission via the acti-
vation of adenosine AjR.

Consistent with the concept of ADK regulating the release
of adenosine in response to high-frequency network activity,
slices from Fb-Adk-def mice showed greater adenosine release
(1.63+£0.27 uM min, n=8), longer post-TBS depression of
synaptic transmission ( 4 min), and a weaker potentiation of
the fEPSP (159+ 3% at 15 min post-TBS). In contrast, overex-
pression of ADK resulted in a brief transient depression of
the fEPSP, which recovered 75s after stimulation, and
lower levels of adenosine release (0.82+0.16 uMmin, n =6)
(Fig. 3A).

In a subset of these experiments, the adenosine biosensor
was removed 15 min after TBS to provide an estimate of the
basal adenosine tone, which we interpret as the difference
between the sensor current when removed from the slice rela-
tive to the pre-TBS baseline (Fig3B). In contrast to the differ-
ential effects on fEPSPs obtained with the adenosine AR
antagonist between WT and Adk-tg slices, there was little
difference between WT and Adk-tg slices in terms of the basal
tone as measured with the adenosine biosensors (0.13 £ 0.08
UM, n=3; 0.17+0.07 uM, n =3, respectively). However,
Fb-Adk-def slices showed a tendency towards substantially
greater basal adenosine (0.43+0.16 uM n =6), but this did
not reach statistical signi cant, due to considerable variability
in individual measurements of basal tone (Fig. 3B). This likely
stems from the dif cultly in ascribing absolute measurements
of background current (and hence basal adenosine concen-
tration) based upon removal of the sensor from the slice.

The above data suggest that ADK has an important role in
regulating activity-dependent release of adenosine, which may
set the threshold for homeostatic network interactions among a
variety of neurotransmitter and neuromodulatory systems.

Variation in ADK Expression Levels Correlates with

Differential Short-Term Synaptic Plasticity at Low

Release Probability Hippocampal Synapses

We next evaluated how variations in ADK expression could

affect functioning of low release probability synapses, such as
the mossy ber synapses. It has been a matter of debate if the
low release probability of mossy ber synapses could result
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enhanced release of adenosine (upper traces), while the depression was sBorte
lasting in slices overexpressing ADK (tnargjlelmset are fEPSPs from the 3
genotypes taken at the times indicated by the numbers 1, 2, and 3 Before TBS,
min after TBS, andl4 min after TBS, respectively. Note at 2 min, the individual
fEPSPs ext the pooled data demonstrating (from left to right): The enhancement
Figure 3.In uence of genotype upon the basal and activity-dependent inc@faliieifEPSP in Adk-tg slices above the preceding control fEPSPs, return of W
extracellular adenosine levels, as measured with a microelectrode dB&RRMEo0 close to control, and continued depression of fEPSPs from Fb-Adk-c
biosensorA Upper panel, adenosine release in response to repeated THgeg1%elative to control fEPSPs. Symbols below the genotype refer to the
bursts of 4 pulses at 100 Hz separated by 200 ms, repeated 4 times carreggonding traces in the fEPSP time course plot. Scale bars for fEPSPs meas
intervals; arrowhead) in slices froom¥/8J, Fb-Adk-deh%8), and Adk-tg 0.5 mV and 5 mB) Upper trace shows the representative experiment of basal tone
(n=6) mice. Note much greater release of adenosine in slices frariemhice fiReasurement where the adenosine sensor was removed from the slice (arrow) 15
in ADK and reduced peak adenosine release in slices from mice overexprés¥ngf®DRBS (arrowhead). The difference between the preceding sensor baselir
Traces represent mean+ SEM. Lower panel, the time course of simultaAgdiislyoackground sensor current is taken as an estimate of the basal adenosin
recorded fEPSPs from the experiments shown in the upper panel. TBS atGit@eTfgdower bar graph provides the mean teSEfilc{e) and individual tone
resulted in a transient depression of the fEPSP in WT slices §3qudiies, ~measurements (open circles) from¥3\8], (Adk-tg r{=3), and Fb-Adk-def
was longer in slices from miceiee in ADK (circles; 8), likely reecting ~ (n=6) slices. Values of adenosine are providedtaninditate that this is a
composite signaleeting adenosine and its metabolites (inosine and hypoxanthine).
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Figure 4.Frequency facilitation depends on ADK level demiossyot at Schaffer collateral synAmsedB)(1-Hz facilitation at mos®rs in hippocampal slices.
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(A) Representative traces recorded during 0.05 and 1 Hz stimulation (one every 5 s), as indicated, in WT, Fb-Adk-def, and Adk-tg. Vertical barsB)2 mV%ori;
The average time course of fEPSP slope fribed \&Gudre= 6), Fb-Adk-deflied circlen=6), and Adk-tg ljed triangley=6) mice, as indicated. At the time2

indicated by the horizontal bar, stimulus frequency was increased from 0.05 taOL Alerfage3@ree(course of 1-Hz fEPSP slope facilitation at Schaffer golla
synapse for the same genotypes as indi@&tét=ia {or each genotype); symbols &; inate the limited facilitation following 1-Hz stimulation, in contrast vﬁth t

facilitation shownAefdB). *P< 0.05, Fb-Adk-def versus Adk-tg (Surdest).

from AjiR-mediated tonic inhibition by ambient adenosine
levels, though discordant data on adenosine contribution
have been reported (Moore et al. 2003 Kukley et al. 2005). As
a consequence of low release probability, hippocampal mossy

ber synapses show 2 main characteristics: 1) A remarkable
frequency facilitation, for which the increase in stimulation
frequency from a low rate (e.g. 0.05 Hz) to a modest rate (e.g.
1 Hz) markedly enhances transmission, an enhancement fully
blocked by DPCPX, therefore AjR-dependent (Moore et al.
2003); and 2) a pronounced PPF, where the second response
to 2 closely timed stimuli is enhanced, a process also highly
sensitive to A;R blockade (Moore et al. 2003. We hypoth-
esized that at these synapses, a variation of the level of adeno-
sine could modify the magnitude of those short-term synaptic
plasticity events. Baseline synaptic responses induced by low-
frequency (0.05 Hz) stimulation were recorded continuously
and then the frequency was increased to 1 Hz for 30 s, as in-
dicated in Figure 4. Immediately after this brief and moderate
increase in stimulation frequency, fEPSPs in mossy ber sy-
napses rapidly increased and recovered upon return to basal
stimulus frequency (Fig. 4A,B). Interestingly, in the
Fb-Adk-def mice, where the absence of ADK produces an in-
crease in ambient levels of adenosine, the average maximal
frequency facilitation was signi cantly (P<0.05) larger
(211 +£60% of fEPSP slope increasen =6) than in Adk-tg
mice (103 +40%,n =6; P<0.05). In WT animals, the average
maximal frequency facilitation was 155+ 36 (n =6). As ex-
pected, the effect of ambient adenosine on short-term plas-
ticity induced by 1Hz stimulation for 30s was more
prominent on mossy bers (Fig. 4A,B) compared with Schaf-
fer collateral synapses (Fig.4C), where no signi cant differ-
ence between different genotypes was observed, though a
similar genotype-speci ¢ pattern occurred.

We next evaluated another type of short-term synaptic plas-
ticity, paired pulse facilitation (PPF), which was measured at
different interstimuli intervals ranging from 10 to 100 ms
(Fig. 5). Again, we observed a larger facilitation in Fb-Adk-def
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Figure 5.ADK expressioruiences PPF at mosmy synapses. PPF measured &
different interstimuli intervals. (Upper panel) Typical traces recorded at 20 i
interstimulus in the different genotypes, as indicated. Vertical bars: 0.5 mV, hori
bar: 20 ms. (Lower panel) Histograms of PPF at interstimulus of 10, 20, 50, 70
100 ms. The ordinates refer to an average value of PPF measured as a ratio be
the second and thest fEPSP slope responses in hippocampal slices from W
(n=7), Fb-Adk-dei%£ 7), and Adk-tgn € 5) mice, as indicated.

mice (n=7) compared with WT (n=7), or Adk-tg mice
(n =5), the difference being particularly evident for lower in-
terstimuli intervals. In order to quantify how much the geneti-
cally modi ed mice differ from the WT, we computed the
mean and the variance of the WT data for each interstimulus
interval. Then we calculated the probability (P-value) that
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data from modi ed mice t a Gaussian distribution with the
WT mean and variance. The obtainedP-value was lower than
0.0001 for either Fb-Adk-def or Adk-tg mice, thus fully reject-
ing the hypothesis that the PPF in Fb-Adk-def and Adk-tg
mice were similar to PPF in WT. These data suggest that ADK
expression affects the probability of transmitter release and
hence directly in uences the extent of short-term synaptic
plasticity at mossy ber synapses.

Variation in ADK Expression Removes the In uence of

Age upon the Facilitatory Action of BDNF on Synaptic
Transmission

In adult animals, BDNF has an excitatory effect upon synaptic
transmission which is dependent on tonic A,aR activation by
endogenous adenosine Pidgenes et al. 2007 Tebano et al.
2008). To establish whether this A s R-mediated action of
endogenous adenosine in the hippocampus could also be af-
fected by manipulation of ADK expression, we compared the
effect of BDNF on fEPSPs from slices taken from mice of the
3 genotypes (WT, Adk-tg, and Fb-Adk-def mice). Remarkably,
in adult mice overexpressing ADK (Adk-tg), the effect of
BDNF (20 ng/mL) was completely lost (n=6; Fig. 6C,D),
whereas in WT mice, BDNF (20 ng/mL) caused the expected
enhancement of fEPSP slope (to 128+ 7.6%n =7, P<0.05;
Fig. 6A,D). Interestingly, this increase was not signi cantly
different (P >0.05; Fig. 6D) from that observed in slices from
Fb-Adk-def mice (140 +9.7%,n = 5; Fig. 6B,D).

It has been suggested that variations in tonic activation of
AR by endogenous adenosine relates to the age-dependency
of the effect of BDNF upon synaptic transmission (Didégenes
et al. 2007). To test this hypothesis, we evaluated the effect of
BDNF in young (3-5 weeks old) mice of the 3 genotypes to
allow comparisons with data obtained in genotype-matched
adults. We rst evaluated whether the increased levels of
extracellular adenosine in Fb-Adk-def mice were enough to
trigger the effects of BDNF in young mice. Remarkably, in
these ADK-de cient animals, BDNF (20 ng/mL) signi cantly
increased the fEPSP slope to 135+7.2%n(=9, P<0.05;
Fig. 6FH). In contrast, BDNF (20 ng/mL) did not signi cantly
in uence (h =8, P>0.05) fEPSPs when applied to hippocam-
pal slices taken from WT mice (Fig. 6E,H) or when applied to
slices from mice overexpressing ADK in the forebrain (Adk-tg
mice) (n = 6; Fig. 6G,H).

The above results show that BDNF-induced facilitation of
hippocampal synaptic transmission is lost under high ADK
levels and that under reduced ADK levels, the BDNF facilita-
tory action becomes independent of age. Furthermore, when-
ever an effect of BDNF upon fEPSPs was seen, it was
prevented by the selective AR antagonist, SCH 58261 (50
nM; Fig. 6A,B,F). These data demonstrate ADK as an upstream
regulator of an A,AR-dependent facilitatory action of BDNF.

Since the excitatory actions of BDNF are mediated by the
activation of its full-length (FL) TrkB receptor isoform
(TrkB-FL), the above ADK-dependent effects of BDNF could
be due to changes in TrkB-FL expression. Moreover, ADK is
largely expressed in astrocytes, which express a dominant-
negative isoform of TrkB (TrkB.T1). Therefore, the levels of
TrkB-FL and TrkB.T1 in hippocampal slices were evaluated
by western blotting. Neither TrkB-FL nor TrkB.T1 levels were
signi cantly (P>0.05) different in the 3 genotypes (WT,
Fb-Adk-def, and Adk-tg). In addition, and since the effects of
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BDNF upon basal synaptic transmission are dependent on
NMDA receptor activation (Didégenes et al. 2007, we evalu-
ated whether changes in BDNF effects observed in the 3 gen-
otypes could be due to changes in glutamate receptor
expression. As assessed by western blotting, AMPA (GluAl)
subunits and NMDA (GIuN2B) subunit levels did not differ

signi cantly (P>0.05) in the 3 genotypes (WT, Fb-Adk-def,
and Adk-tg). Therefore, the genotype dependency of the sy-
naptic actions of BDNF, described above, cannot be attributed
to alterations in the levels of BDNF receptors or glutamate
receptors.

ADK Expression In uences the | gaga Stability in CA3
Pyramidal Neurons

While facilitation of BDNF actions by adenosine is clearly an
A>pR-mediated response and inhibition of synaptic trans-
mission and release probability by adenosine are clearly A
R-mediated responses, the modulation of the stability of
GABA, receptor-mediated currents (Icaga) by adenosine
results from the activation of non-A; adenosine receptors Se-
bastido 2010 and may involve A>aR and As receptors (AsR)
(Roseti et al. 2008 2009). In order to evaluate how changes in
ambient adenosine would also affect these less explored
actions of adenosine, with an obvious impact upon the hippo-
campal inhibitory signaling pathways, we analyzed the stab-
ility of Ilgasa UpoOn repetiive GABA application to
hippocampal neurons in WT, Adk-tg, and Fb-Adk-def mice.
CA3 hippocampal neurons were identi ed as pyramidal or
non-pyramidal (interneurons) by shape and electrophysiologi-
cal characterization of action potential properties (Fig. 7A,B)
(Lacaille et al. 1987 Chitwood and Jaffe 1999.

The local pressure application of GABA (100 uM; 1)
evoked outward whole-cell currents (Igaga) On all tested cells
(Fig. 7C,D,E). The current amplitudes in response to the rst
application of GABA were 2020 + 280 pA (n =11), 530+ 150
pA (n=7), and 1130+ 280 pA ( =7) for pyramidal neurons
of WT, Fb-Adk-def, and Adk-tg mice, respectively. The rst
application of GABA evoked currents on interneurons of
910+ 130, 1100 + 300, and 1290 + 120 pA for WT, Fb-Adk-def,
and Adk-tg mice, respectively. There were no signi cant
differences between current amplitudes evoked by the rst
application of GABA in WT or Adk mutant mice. Upon repeti-
tive GABA applications, lgapa amplitudes signi cantly de-
creased (Fig.7C,D,E) in all tested cells. That this rundown of
lcaa Was at least in part regulated by adenosine is suggested
by the observation that for Adk-tg pyramidal neurons, the
rundown of Igapa after repeated GABA applications was sig-
ni cantly less (21 + 4% inhibition, n =7) than for WT pyrami-
dal neurons (40 2% inhibition, n=11; P<0.05; Fig. 7C),
while for Fb-Adk-def pyramidal neurons, the rundown of
lcaBa tended to be even greater (49 + 4% inhibition, n=7;
Fig. 7C). In contrast, the activity-dependent rundown of lgaga
was not different across genotypes in interneurons, being
36+6% =7), 42+ 6% 6 =8), and 32+ 4% @ =7) inhibition
for WT, Fb-Adk-def, and Adk-tg mice, respectively (Fig. 7D).
These data suggest a pyramidal neuron-specic action of ade-
nosine and its regulation by ADK.

Independent con rmation of the role of adenosine recep-
tors in the stability of Igaga in pyramidal neurons was ob-
tained in a separate series of experiments using the
non-selective adenosine receptor antagonist, CGS 15943,
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Figure 6.ADK expressiorugnces AR-dependent facilitatory effect of BDNF on synaptic transmission depending on the age@éand&-&hiAvamaded time
courses of changes in fEPSP slope induced by application of 20 ng/mL (ccbr8spdhdiiNe® in slices taken from 10- to 12-waekllAdT cfrclen=7),
Fb-Adk-deB, ( lled circley=5), and Adk-tg5( lled circley=6) mice or from 3- to 5-week B TIlied circley=8), Fb-Adk-def (lled circley=9), and Adk-tgx(

lled circley=6) mice.A (open circle="5), B (open circle=4), andF (open circle= 6) also illustrate the blockade of the effect of BDNF upon the bigRkade of A
with the selective antagonist, SCH 58261 (50 nM), which by itselfedicerf@RSPs, as it did not affect the absence of the effect of BDNF in hippocampal slic
Fb-Adk-tg midk.B andr as an inset of the time course graph, are shown illustrative fEPSP traces obtained immediately before (1) and during (2) BDNF app!
is the average of 8 consecutive responses and the fEPSP is preceded by the stimulus artifact and the presynaptic volley; the stimulus artifact hd3 been trur
andH) Comparison of the averaged effects of BDNF (change in fEPS3® siopeiatthe different genotypes in relation to pre-BDNF values (100%) from exper
shown inA-Q) and -G as indicated in each column. All values are mearP< SE¥.and *P< 0.001 (one-way ANOVA with Borifemaitiple comparison test).

known to reduce the Igapga rundown in human and rat cortical Fb-Adk-def pyramidal neurons was signi cantly reduced from
pyramidal neurons as well as in cortical pyramidal neurons 41 + 3 to 24 + 4% inhibition (n =7; P<0.05; Fig. 7E), a value
from A1 mice (Roseti et al. 2009. In the presence of CGS  similar to that observed in Adk-tg neurons (Fig. 7C), clearly
15943 (100 nM), the activity-dependent rundown of lgaga in indicating that the differences observed in Igaga Stability in
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Figure 7.High ADK expression is associated with ingggastability upon repetitive GABA application on CA3 pyramiddl Tiguicathdrace showing action
potential properties in a current-clamped WT CA3 pyramidal neuron. Note the marked action potential accommodation. @)rigpicakeresity shod/jdy. (
action potential properties in a current-clamped WT CA3 interneuron. Current intensity, 100 pA. Note lack of accommodation and m@l@pﬁé’ymaérpolamzatlc
traces showing 1st and 19thevoked by repetitive pressure application of 100 uM GABA (horizontal bars; 0 mV holdingllpdteqtialel, MTAdK-diei(

circle), and Adk-tggd triangle) CA3 pyramidal neurons, as indicated. (Bottom) Average tigng.e£vokseshyf repetitive GABA applications (1 s duration every 153)

in WTr{=11), Fb-Adk-def<7), and Adk-tan¢ 7) CA3 pyramidal neurons, as indicated. NolkgRjgteility sigiwantly associated with Adk-tg neBroBE). o

(D (Top) Typical traces showing 1st aridak@tivoked by repetitive application of GABA lied\sfjare), Fb-Adk-diefd( circle), and Adk-tted triangle) CA3 S
interneurons, as indicated. (Bottom) Average time dgwgaesodkd by repetitive GABA applicationsnin AN TFO-Adk-deh£ 8), and Adk-tonE 7) CA3 =
interneurons, as indicai®dl'He blockade of adenosine receptors inhibits the activity-dgpdertease in Fb-Adk-def CA3 pyramidal neurons. (Top) Typical traces
showing 1st and 1QfRs£voked by repetitive pressure application of GABA 100 uM (horizontal bars; 0 mV holdingllpdteirtkd) artbdriing (open circle) the

Z ygie

application of the adenosine receptors blocker CGS 15943 100 nM, as indicated. (Bottom) Avelggedvokarbbysezpetitive GABA applications observed in th@
same cells beforddd circley=7) and during (open circle) the admlnlstratlon of CGS 15943.INeistaighisrin the presence of CGS F594.35).

different ADK-expressing mice are mediated by adenosine
acting on its receptors.

These data therefore show that reduced activation of adeno-
sine receptors via either Adk-tg-mediated low ambient levels of
adenosine or the antagonism of adenosine receptors increases
the stability of Igaga at pyramidal cells, not in interneurons.

Discussion

Here, we demonstrate that ADK, by regulating the extracellu-
lar tone of adenosine, exerts upstream control over 3 major
adenosine-dependent pathways (Fig. 8): 1) A;R-dependent
inhibition of synaptic transmission and plasticity, 2) A a
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R-dependent promotion of BDNF-signaling, and 3) adenosine
receptor-dependent modulation of GABAergic currents. To-
gether, these properties of adenosine regulate fundamental
aspects of both inhibitory and excitatory synaptic trans-
mission in the mammalian brain. By virtue of setting an extra-
cellular tone of adenosine permissive to such modulation,
ADK therefore exerts major upstream control of both the
strength and dynamic range of synapses.

ADK-Dependent Control of Synaptic Transmission and
Plasticity

Studies using adenosine-sensitive biosensors revealed a ten-
dency toward a larger background current in hippocampal

Y102
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Figure 8.Schematic diagram summarizing the main conclusion that regulation of endogenous adenosine tone by adenosine kinase exerts h0meost§tic |
activity. ADK, by phosphorylating intracellular adeAddienairiains an inward adenosine gradient, driving adeimbsitieeicell. When ADK levels are increaged
(Adk-tg mice), adenosine levels decrease, whereas reduced ADK levels (Fb-Adk-def) lead to increased extracellular adenosine concentration. ADK, @ re
tone of adenosine, exerts upstream control over 3 major adenosine-dependeb paiiwymredent promotion of BDNF-sidgaliRydépendent inhibition ofg’
synaptic transmission and plasticitf) ader{osine receptor-dependent modulation of GABAergic currents. When animals have reduced levels of ADI§(Fb
increased levels of adenosine facilitate BDNF actions upon synaptic transmission through fhedpetidhiiaimitof gynaptic transmission thiBu@h #is [
inhibition leading to a marked enhancement of short-term synaptic plasticity at low release probability synapses. When ADK levels are increased (Adkﬁg), 1

adenosine increase the stabliygafia non-A1R)(

slices from Fb-Adk-def mice. Although the sensors are also
sensitive to inosine and hypoxanthine, this increased signal is
consistent with the evidence obtained by independent means
for elevated extracellular adenosine levels. Accordingly, in
comparison to Adk-tg mice and to WT controls, Fb-Adk-def
animals have the highest adenosinergic inhibitory tone in
their hippocampus as demonstrated by: 1) The highest degree
of disinhibition of synaptic transmission by A ;R blockade, 2)
the prolonged duration of the transient inhibition of fEPSPs
immediately after TBS stimulation, 3) the delayed enhance-
ment of fEPSPs after TBS stimulation in high release prob-
ability synapses, such as the CA1 pyramidal synapses, and 4)
the highest frequency-dependent facilitation in low release
probability synapses, such as the mossy ber synapses. These

ndings are in accordance with the predominant expression
of the A;R in the hippocampus (Sebastido and Ribeiro 2009
and clearly show that ADK activity is a key upstream control-
ler of the degree of modulation exerted by adenosine at A;Rs.
It also suggests that despite the high af nity of these receptors
for its endogenous ligand, receptor occupancy is submaximal
in WT animals. Age also appears to in uence adenosinergic
tonus in WT animals, since disinhibition of synaptic trans-
mission caused by AR blockade was more pronounced in
adult than in young mice. This suggests increased adenosine-
mediated tone in older animals, which likely explains the
adenosine-, age-, and locus-dependent modulation of LTP in
rat CA1 pyramidal neurons (Rex et al. 2005 Diégenes et al.
2011).

Upon low-frequency stimulation, the adenosinergic inhibi-
tory tonus in Adk-tg mice was not signi cantly different from
that in WT mice, as assessed by the effect of DPCPX on

synaptic transmission. Similarly, when directly measuring the
basal adenosine levels with an adenosine-sensitive sensor, no
difference between slices from WT and Adk-tg mice was ob-
tained. In contrast, clear differences between these 2 geno-
types were seen when high-frequency stimulation paradigms
were used, suggesting that the impact of ADK activity upon
tonic inhibition is particularly relevant upon high-frequency
neuronal ring, where the extracellular accumulation of ade-
nosine is clearly inversely related with ADK activity. It is
worthwhile to note that ADK in WT mice is largely expressed
in astrocytes rather than in neurons (Studer et al. 200§. One
has therefore to conclude that astrocytes both control extra-
cellular adenosine levels and sense neuronal activity in a con-
certed way. A possibility is that the higher the ADK activity,
the lower the intracellular adenosine concentration in astro-
cytes, thereby reducing the quantity of adenosine available
for release. However, this hypothesis does not explain how
adenosine release from astrocytes is controlled by neuronal
ring, unless one postulates astrocytic adenosine release pro-
voked by neuronal glutamate exocytosis, an unlikely possi-
bility since there is recent evidence that the source of
adenosine depressing neuronal activity during excessive
ring is predominantly neuronal rather than astrocytic ( Lovatt
et al. 2012. Alternatively, astrocytes may act as a sink of
purines released by neurons, so that the higher the ADK
activity (Adk-tg), the higher the adenosine concentration gra-
dient across the astrocytic membrane, therefore the higher the
amounts of adenosine taken up. Conversely, the lower the
ADK activity (Fb-Adk-def) is, the lower the adenosine gradi-
ent across the astrocytic membrane, the lower the amounts of
adenosine taken up, and the higher the net extracellular
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adenosine levels. This mechanism would be particularly
evident during intense neuronal ring leading to increased
accumulation of synaptic adenosine. Regardless of the under-
lying mechanism, a major conclusion from the present work

is that ADK activity in astrocytes controls extracellular levels
of adenosine in a neuronal activity-dependent manner,
playing a pivotal role in astrocyte-to-neuron communication

and likely contributing to negative feedback regulation of

neuronal ring to avoid entry into aberrant states of
hyperexcitability.

ADK-Dependent Control of BDNF Signaling at Synapses

Our results also show that ADK levels not only affect tonic
activation of the abundant A;Rs in the hippocampus, but also
tonic activation of AR, which in spite of their modest direct

synaptic in uence and weak expression in the hippocampus
(Sebastido and Ribeiro 1992 Cunha et al. 1994 have impor-

tant modulatory roles. One such important regulatory role of

the AR in the hippocampus is the ability to gate BDNF/

TrkB-mediated synaptic modulation (Sebastido et al. 201)L

Remarkably, the facilitatory action of BDNF upon synaptic

transmission is markedly in uenced by age, and it has been
proposed that this could be related to age-dependent changes
in the degree of activation of adenosine receptors (Didgenes
et al. 2004, 2007, 2011). By evaluating the effect of BDNF
upon synaptic transmission in animals with different levels of

expression of ADK as well as different ages, we found that
variation in ADK expression abrogates the in uence of age
upon the A, R-dependent facilitatory action of BDNF on sy-
naptic transmission: Young mice underexpressing ADK re-
sponded to BDNF to the same degree as adult mice with the
same genotype. Conversely, the ability of BDNF to facilitate
hippocampal synaptic transmission was completely lost in

adult mice overexpressing ADK. In all cases, the effect of
BDNF was lost upon A,xR blockade. The in uence of geno-
type over the BDNF effect upon synaptic transmission could
not be attributed to changes in the levels of TrkB receptors
(FL or truncated receptors) and AMPA (GIluAl) or NMDA
(GIuN2B) receptor subunits. Together, these data demonstrate
that ADK activity, by controlling extracellular levels of adeno-

sine and the activation of Ay4R, crucially regulates the facilita-
tory action of BDNF at synapses.

ADK-Dependent Control of GABAergic Currents
Repeated activation of GABA. receptors results in the
rundown of Igaga. Such activity-dependent decrease in inhibi-
tory currents promotes hyperexcitability of neurons. Indeed,
exacerbatedlgaga rundown, together with a slow recovery, is
a characteristic of epileptic tissue (Roseti et al. 2009. Here,
we show that in CA1 pyramidal neurons (but not inter-
neurons), the stability of lgaga Was in uenced by ADK
expression levels: Reducing ADK expression enhanced the
activity-dependent Igaga rundown, while overexpression of
ADK signi cantly reduced the rundown of Igaga. These
observations suggest that extracellular adenosine facilitates
Icasa rundown upon repetitive stimulations. Indeed, the ade-
nosine receptor antagonist CGS 15943 increasedgapa Stab-
ility, con rming the role of adenosine receptors in this
phenomenon.

Whether the increased expression of ADK in seizure-
induced astrogliosis retards the activity-dependent rundown
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of GABAergic currents remains to be determined, as does the
observation that Igaga in interneurons is not affected by the
expression level of ADK and therefore by the extracellular
levels of adenosine. Future studies are warranted to discern
possible mechanisms underlying this cell speci city, which
may involve differential adenosine receptor expression or a
different local control of adenosine. Nonetheless, these data
con rm the crucial role of the adenosinergic tone on modulat-
ing the stability of inhibitory transmission in hippocampal cir-
cuitry and open new paths for the study of local, adenosine
receptor-mediated modulation of synaptic transmission, likely
contributing to building effective therapeutic strategies for

epilepsy.

ADK as an Upstream Regulator of Synaptic Networks
Although adenosine is a well-characterized endogenous antic-
onvulsant, suppressing seizures via the activation of ARs
(Boison and Stewart 2009, the role of neurotrophins in epi-
lepsy is still a matter of debate. While BDNF can exacerbate
epileptogenesis by promoting dysfunctional plasticity and
circuit rewiring, it can also be protective against epilepsy-
induced neuronal damage (Simonato et al. 200§ Paradiso
et al. 2011). Since A4R gate synaptic actions of BDNF, adeno-
sine, regulated by ADK, might affect epileptogenesis and
ictogenesis through a BDNF-dependent pathway that is inde-
pendent from the A;R-dependent anticonvulsive effects of
adenosine. The dual role of adenosine in epilepsy and
activity-induced neuronal damage is further re ected by nd-
ings, indicating that AR, by enhancing glutamate release,
can exacerbate excitotoxicity (Marchi et al. 2002), whereas
A;Rs, by inhibiting glutamate release (Dolphin and Prestwich
1985) and NMDA receptor activation (de Mendonca et al.
1995), have neuroprotective actions against a wide range of
neuronal insults (Sebastido et al. 2011 Pro- and anti-
in ammatory actions of adenosine also occur Ferrero 2011,
Lopes et al. 2012 and should be taken into account whenever
neuroprotective adenosine-based strategies are considered.

The identi cation of ADK as an upstream regulator of sy-
naptic networks has pathophysiological implications that go
beyond epilepsy. We recently demonstrated that adenosine dys-
regulation is implicated in the expression of schizophrenia-like
symptoms in mice and that therapeutic adenosine augmenta-
tion might be of bene t for the psychotic and cognitive impair-
ments in schizophrenia (Shen et al. 2013. Further, astrogliosis
is a common pathological hallmark of many neurological con-
ditions including epilepsy, Alzheimer'’s disease, and Parkin-
son’s disease. Since overexpression of ADK has been
associated with astrogliosis not only in several models of epi-
lepsy (Gouder et al. 2004 Li, Ren et al. 2008 Aronica et al.
2011; Masino et al. 2011 de Groot et al. 2012), but also in
samples from patients with Alzheimer's disease or amyo-
trophic lateral sclerosis (unpublished data). Those ndings
suggest that overexpression of ADK and associated adenosine
de ciency is a common pathological trait across several neuro-
logical conditions, which share a variety of co-morbidities in-
cluding cognitive impairment and sleep dysfunction. Thus, our
present data suggest that any pathological disruption of adeno-
sine homeostasis has far reaching consequences on complex
network functions.
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Therapeutic Implications

Overexpression of ADK through astrogliosis and resulting
adenosine de ciency are pathological hallmarks of the epi-
leptic brain (Li et al. 2007; Aronica et al. 2011, Masino et al.
2012). Consequently, adenosine augmentation therapies are
considered as rational approaches for seizure suppression in
epilepsy (Boison 2009; Boison and Stewart 2009. Adenosine
augmentation strategies are not only thought to be of thera-
peutic value for the treatment of epilepsy but also for neurop-
sychiatric conditions, such as schizophrenia, where adenosine
homeostasis might be affected Boison et al. 2012). The thera-
peutic ef cacy of adenosine augmentation therapies might be
tightly linked to their ability to affect homeostatic control of
network functions (Boison et al. 2011). Our present results
suggest that conventional pharmacotherapeutic approaches to
modulate adenosine receptor function with selective ligands
is not likely a viable therapeutic option for the treatment of
epilepsy and may suffer the same fate as conventional phar-
macotherapeutic strategies, which fail in about 35% of all
patients with epilepsy. Rather, the therapeutic reconstruction
of functional adenosine homeostasis might provide a unique
opportunity to capitalize on the multiple signaling pathways
regulated by adenosine and might be achieved by pharmaco-
logical or genetic modulation of ADK activity.
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