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Neuronal transporter and astrocytic ATP exocytosis
underlie activity-dependent adenosine release in the
hippocampus

Mark J. Wall and Nicholas Dale

School of Life Sciences, University of Warwick, Coventry CV4 7AL, UK

Neuroscience

Key points

e Using microelectrode biosensors we have directly measured the adenosine release induced by
focal stimulation in stratum radiatum of area CA1 in mouse hippocampal slices.

e Approximately 40% of stimulated-adenosine release occurred by translocation of adenosine
from neurons via equilibrative nucleoside transporters (ENTSs).

e The remaining adenosine release arises from the extracellular metabolism of ATP released from
astrocytes by exocytosis.

e [solation of the individual components of adenosine release revealed their different kinetics
with adenosine release via ENTs markedly faster than the adenosine release that arises from
ATP exocytosis.

e These data illustrate the complexity of activity-dependent adenosine release: in the
hippocampus, adenosine release occurs by at least two distinct mechanisms with different
cellular sources and kinetics.

Abstract The neuromodulator adenosine plays an important role in many physiological and
pathological processes within the mammalian CNS. However, the precise mechanisms of how the
concentration of extracellular adenosine increases following neural activity remain contentious.
Here we have used microelectrode biosensors to directly measure adenosine release induced by
focal stimulation in stratum radiatum of area CAl in mouse hippocampal slices. Adenosine
release was both action potential and Ca’" dependent and could be evoked with low stimulation
frequencies and small numbers of stimuli. Adenosine release required the activation of ionotropic
glutamate receptors and could be evoked by local application of glutamate receptor agonists.
Approximately 40% of stimulated-adenosine release occurred by translocation of adenosine via
equilibrative nucleoside transporters (ENTs). This component of release persisted in the presence
of the gliotoxin fluoroacetate and thus results from the direct release of adenosine from neurons.
A reduction of adenosine release in the presence of NTPDase blockers, in slices from CD737/~
and dn-SNARE mice, provides evidence that a component of adenosine release arises from the
extracellular metabolism of ATP released from astrocytes. This component of release appeared
to have slower kinetics than the direct ENT-mediated release of adenosine. These data suggest
that activity-dependent adenosine release is surprisingly complex and, in the hippocampus, arises
from at least two distinct mechanisms with different cellular sources.
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Abbreviations  8-CPT, 8-cyclopentyltheophylline;  aCSF, artificial cerebrospinal fluid;  CNQX, 6-cyano-
7-nitroquinoxaline-2,3-dione; D-AP5, D-(-)-2-amino-5-phosphonopentanoic  acid; EHNA, erythro-9-
(2-hydroxy-3-nonyl) adenine; ENTs, equilibrative nucleoside transporters; FAC, fluoroacetate; fEPSPs, field
excitatory postsynaptic potentials; HES, high frequency stimulation; NBTI, S-(4-nitrobenzyl)-6-thioinosine; NMDA,
N-methyl-p-aspartate; POM-1, sodium polyoxotungstate; TTX, tetrodotoxin.

Introduction (Zhang et al. 2003; Pascual et al. 2005; Serrano et al.

The neuromodulator adenosine is involved in a great
number of physiological CNS functions and can either
be neuroprotective or promote neurodegeneration during
pathological states such as hypoxia, epilepsy and ischaemia
depending on the brain region affected and the sub-
type of receptor activated (Boison, 2009, 2012; Dale &
Frenguelli, 2009; Pugliese et al. 2009; Lopes et al. 2011).
In the hippocampus, adenosine is released by tetanic or
theta burst stimulation, can be directly detected with
biosensors (Zur Nedden ef al. 2011; Didgenes et al. 2012)
and plays an important role in gating synaptic plasticity
(Arai et al. 1990; de Mendonga & Ribeiro, 1994; Costenla
et al. 1999; Rex et al. 2005; Zur Nedden et al. 2011).
However, the mechanism of how the adenosine is released
into the extracellular space is still, in many areas of the
brain, unclear. This uncertainty stems from the potential
complexity of adenosine release, with a variety of release
mechanisms, which may differ depending on the brain
region and on the properties of the releasing stimulus
(reviewed in Latini & Pedata, 2001; Wall & Dale, 2008).
Adenosine can be directly released by transport out of
the cell by specific transporter proteins (for example, via
equilibrative nucleoside transporters: Jonzon & Fredholm,
1985; White & MacDonald, 1990; Gu et al. 1995; Cunha
et al. 1996; Lovatt et al. 2012) and also be directly
released from neurons by exocytosis (Klyuch et al. 2012a).
Adenosine release can also be indirect: following rapid
(Dunwiddie et al. 1997) extracellular ATP metabolism,
with ATP released by exocytosis from neurons (White
& MacDonald, 1990; Jo & Schlichter, 1999; Pankratov
et al. 2007) or glial cells (Zhang et al. 2003; Pascual
et al. 2005; Serrano et al. 2006), or via gap junction
hemi channels (Pearson et al. 2005; Huckstepp et al.
2010). Adenosine release may be further complicated if
these release mechanisms occur together (for example see
Cunha et al. 1996).

Trains of action potentials release adenosine in the calyx
of Held (Kimura et al. 2003; Wong et al. 2006), cerebellum
(Wall & Dale, 2007) and caudate putamen (Cechova
& Venton, 2008). In the hippocampus high frequency
stimulation (HFS) depresses synaptic transmission via
the release of adenosine to activate A; receptors (Mitchell
et al. 1993; Manzoni et al. 1994). This phenomenon has
been studied by several groups and there are currently
two major hypotheses of how the adenosine is released.
First, astrocytes release ATP by exocytosis and this ATP
is metabolised to adenosine in the extracellular space

2006). This form of adenosine release is abolished in
dn-SNARE mice, which selectively express a dominant
negative form of the SNARE protein in glia. In contrast,
Lovatt et al. (2012) showed that the firing of individual
hippocampal pyramidal cells directly releases adenosine,
via equilibrative nucleoside transporters (ENTs). The
increased metabolic load, imposed by activity, increases
the intracellular metabolism of ATP through to adenosine,
increasing the outward adenosine concentration gradient
leading to efflux. This form of adenosine release persists
in mice which cannot metabolise extracellular ATP to
adenosine but is blocked by ENT inhibitors. In both
cases the release of adenosine was monitored indirectly
via inhibition of (field) excitatory postsynaptic potentials
((f)EPSPs).

To further characterise adenosine release in the
hippocampus, we have directly monitored extracellular
adenosine concentration following focal stimulation.
We have used microelectrode biosensors together with
pharmacological manipulation and transgenic mice to
elucidate and quantify the mechanisms of adenosine
release. Our data support previous studies that adenosine
can be released in the hippocampus both directly from
neurons by ENTs and indirectly as ATP by exocytosis from
glial cells. It extends the field by demonstrating the relative
proportions of these two pathways of release and their
dynamic properties.

Methods
Preparation of hippocampal slices

Parasagittal hippocampal slices (400 um) were prepared
from 6- to 12-week-old C57 BL/6 mice. Mice were killed
by cervical dislocation and then decapitated in accordance
with the UK Animals (Scientific Procedures) Act 1986. The
brain was rapidly removed, cut along the midline and the
two halves of the brain stuck down on their medial surface.
Slices were cut on a Microm HM 650V microslicer in
cold (2-4°C) high Mg**, low Ca?* artificial cerebrospinal
fluid (aCSF), composed of (mm): 127 NaCl, 1.9 KCI,
8 MgCl,, 0.5 CaCl,, 1.2 KH,PO,4, 26 NaHCO;, 10
D-glucose (pH 7.4 when bubbled with 95% O, and 5%
CO,). Slices were stored in aCSF (1 mm MgCl,, 2 mm
CaCly) at 34°C for 1h and then at room temperature
for a further 1-6 h.

© 2013 The Authors. The Journal of Physiology © 2013 The Physiological Society
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Recording from slices

Anindividual slice was transferred to a recording chamber,
submerged in aCSF and perfused at 6 ml min~! (32°C).
For stimulation, to evoke adenosine release, square voltage
pulses (2-5V, 200 us duration) were delivered by an
isolated pulse stimulator ISO-STIM 01M (NPI, Tamm,
Germany) via a concentric bipolar metal stimulating
electrode (FHC, Greenville, PA, USA) placed on the
surface of area CAl. Adenosine release was evoked by
trains of stimuli (100 stimuli per train, at a frequency
of 1-20 Hz), with a 5-10 min interval between trains.
For extracellular recording, an aCSF-filled microelectrode
was placed in stratum radiatum of CAl. Extracellular
recordings were made using an EXT-10C extracellular
amplifier (NPI), filtered at 1kHz and digitised on line
(10kHz) with a Micro 1401 interface controlled by
Spike2 software (v. 6.14) (Cambridge Electronic Design,
Cambridge, UK). A perfusion pipette (PDES-02DX, NPI)
was used to pressure eject N-methyl-D-aspartate (NMDA)
or glutamate onto the surface of CAl with pressures of
0.1-0.5 bar applied for 0.2—-1s.

Biosensor characteristics

Biosensors were obtained from Sarissa Biomedical Ltd
(Coventry, UK). Four types of sensor were used in this
study. First, a screened null sensor, possessing the matrix
but no enzymes, was used to control for the release
of any non-specific electro-active interferents. Secondly,
screened ADO biosensors (Llaudet ef al. 2003) containing
adenosine deaminase, nucleoside phosphorylase and
xanthine oxidase (responsive to adenosine and its
metabolites inosine and hypoxanthine) were used. ADO
biosensors show a linear response up to 20 uM adenosine
(Llaudet et al. 2003) and a 10-90% rise-time of ~10s,
although this was measured from bath application of
adenosine and is considerably faster for rapid adenosine
application. Thirdly, we used screened ATP biosensors
which consisted of the entrapped enzymes glycerol kinase
and glycerol-3-phosphate oxidase (Llaudet et al. 2005).
Glycerol (2 mMm) was included in the aCSF as it is a
co-substrate required for ATP detection. Finally, screened
glutamate biosensors, consisting of entrapped glutamate
oxidase, were used to measure stimulated glutamate release
(Tian et al. 2009). Biosensors were calibrated with 10 um
adenosine, ATP or glutamate before the slice was pre-
sent in the perfusion chamber and after the slice had
been removed, allowing measurement of any reduction
in sensitivity during the experiment. The screening of
biosensors, to reduce interference from electro-active
substances, was routinely checked by applying 10 um
5-hydroxytryptophan (5-HT), which typically produced
little or no response. Adenosine, ATP or glutamate
biosensors together with null sensors were inserted into
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stratum radiatum of the CAI area (see Fig. 1A for
positioning). Sensors were fully inserted so that some of
the sensing area protruded out of the bottom of the slice.
This ensured no unstirred layer of slice under the sensor.
In some control experiments, sensors were positioned just
above the surface of the slice, bent so their longitudinal
surface was parallel to the stratum radiatum in CAl.
After insertion of sensors, slices were left to recover for
15-30 min before starting experiments. This allowed any
released ATP/adenosine/glutamate to wash away following
damage to cells. Signals were acquired at 1kHz with
a Micro 1401 interface using Spike2 (v. 6.14) software
(Cambridge Electronics Design).

CD73-/) transgenic mice

The ¢d73 gene was disrupted in C57BL/6 mice
by homologous recombination and activation of the
Cre-loxP system (Koszalka et al. 2004). Knockout
and wild-type mice were generated by the inter-
breeding of heterozygous CD73 mice. Mice were
genotyped using two pairs of primers. The first
primer pair (reverse 5° CGATGCCCTTCAGAGGATAA
3', forward 5 ACGGTGTGGAAGGACTGATT 3')
detected a band in CD737/* DNA of 300bp. For
detection of the knockout, a second primer pair
(reverse 5 TGTAACCCCGATAAGCTTGG 3/, forward 5’
CGGGCTGCTCAAAATAAGAG 3’) was used and gave a
band of 700 bp. In the heterozygote both bands (300 and
700 bp) were present. Comparison of adenosine release in
CD73*%/* and CD73~/~ mice was performed with an inter-
leaved design using slices from CD73%/* and CD737/~
mice (littermates).

dn-SNARE transgenic mice

In dn-SNARE mice, the cytosolic portion of the SNARE
domain of synaptobrevin 2 (amino acids 1-96, SNARE)
is selectively expressed in astrocytes, a manipulation
that blocks glio-transmission (Pascual et al. 2005). Two
mice lines were crossed to generate the dn-SNARE
mice, hGFAP.tTA and tetO.SNARE. When these lines are
crossed doxycycline suppresses SNARE, EGFP and lacZ
expression. Removal of doxycycline (for at least 3 weeks)
leads to selective expression of SNARE, EGFP and lacZ
in astrocytes (Pascual et al. 2005). This was confirmed by
observing EGFP fluorescence in hippocampal slices with
confocal microscopy.

The breeding and use of transgenic mice was approved
by the University of Warwick ethics committee in
accordance with the UK Animals (Scientific procedures)
Act 1986.
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Drugs

All drugs were made up as stock solutions, stored frozen
and then thawed and diluted with aCSF on the day of
use. Fluoroacetate (FAC), erythro-9-(2-hydroxy-3-nonyl)
adenine (EHNA), EGTA, dipyridamole, adenosine,
glutamate,  S-(4-nitrobenzyl)-6-thioinosine ~ (NBTI)
and 8-cyclopentyltheophylline (8-CPT) were
purchased from Sigma (Dorset, UK). 6-Cyano-7-
nitroquinoxaline-2,3-dione (CNQX), D-(-)-2-amino-
5-phosphonopentanoic acid (D-AP5) and tetrodotoxin
(TTX) were purchased from Ascent Scientific (Bristol,
UK). ATP was purchased from Roche (Indianapolis,
IN, USA). All substances were dissolved in distilled
water except NBTI, which was dissolved in DMSO (final
concentration of DMSO in aCSF was 0.05%, which had
no effect on biosensors or tissue responses), and D-AP5,
which was dissolved in equimolar sodium hydroxide.

Data analysis and statistics

Data are presented as mean £ SEM. Statistical analysis was
performed with paired and unpaired Student ¢-tests. The
significant level was set at P < 0.05. The decay time course
of biosensor currents was determined from exponential
fits (Origin v8, GE Healthcare, Little Chalfont, UK) made
to individual currents after baseline removal.

Results

Adenosine is released by local stimulation in area CA1
of hippocampal slices

Local electrical stimulation with a train (100 stimuli,
20Hz) in stratum radiatum of area CAl in the
hippocampus reliably produced a signal on an adenosine
biosensor placed in this layer (see Fig. 1A for positioning
of electrodes). The signal consisted of a fast rising
and decaying early component, which persisted during
stimulation, also present on null sensors placed in CAl,
and resulted from the detection of EPSPs and action
potentials by the biosensor (Dale et al. 2000) followed by a
slower signal (Fig. 1B). As this slow current was absent
on null sensors (Fig. 1B) it resulted from an increase
in the extracellular purine concentration. Inhibition of
adenosine deaminase with 20 um EHNA, which pre-
vents biosensor detection of adenosine with no effect on
the detection of adenosine metabolites inosine or hypo-
xanthine (Wall & Dale, 2007; Kluych et al. 2012a), reduced
the amplitude of the slow biosensor signal by 86 & 4%
(n=8) demonstrating that the major purine detected was
adenosine (Fig. 1C). In 36 slices, the mean amplitude of
the ADO biosensor current following stimulation (20 Hz,
100 stimuli) was 35+ 4 pA, which is equivalent to the
detection of ~ 0.25 uM adenosine. Similar concentrations
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of adenosine were detected in the molecular layer of
cerebellar slices with the same stimulation paradigm (Wall
& Dale, 2007). Adenosine release could also be detected if
the adenosine biosensor was laid parallel to the surface of
area CAl (n=38, as in Wall & Dale, 2007). This confirms
that the adenosine release measured does not arise as a
consequence of damage to the slice following biosensor
insertion.

The release of adenosine inhibits synaptic
transmission

Glutamatergic transmission, from Schaffer collaterals,
onto CAl pyramidal neurons is strongly inhibited by
adenosine activating A; receptors (Dunwiddie & Hoffer,
1980). Thus, if sufficient adenosine is released during
stimulation this should inhibit glutamate release, an effect
which should be prevented by A; receptor antagonists (see
Mitchell et al. 1993). To test this, fEPSPs were recorded
simultaneously with the biosensor detection of adenosine
release. In four slices, following 20 Hz stimulation (100
stimuli) synaptic transmission was depressed (68 &= 5%)
with approximately the same time course as the adenosine
signal detected on the biosensor (Fig. 1D). Following
the addition of 1 um 8-CPT, to block A; receptors, the
release of adenosine could still be detected by the biosensor
but there was little or no depression of fEPSPs (7 & 5%,
n=4, Fig. 1E). Thus, sufficient adenosine is released by
stimulation to inhibit glutamatergic synaptic transmission
onto CA1 pyramidal cells.

Adenosine release is dependent on the activation of
ionotropic glutamate receptors

Adenosine release was abolished by the sodium channel
blocker TTX (1 uM, n=7), demonstrating that the release
of adenosine is action potential dependent (Fig. 2A).
In four slices adenosine release was also abolished by
substitution of normal aCSF with Ca**-free aCSF (Mg**
increased to 3mm and with 1mm EGTA, Fig. 2B).
It is possible that adenosine is directly released by
stimulation, following the opening of voltage gated
Ca®* channels as a result of action potential firing, as
observed in the cerebellum (Wall & Dale, 2007) or instead
stimulation may indirectly release adenosine. For example,
stimulation could result in neurotransmitter release,
which, as a downstream action, activates receptors leading
to extracellular adenosine release (see Wall & Dale, 2008
for review). Since stimulation will release glutamate from
Schaffer collaterals, we investigated whether ionotropic
glutamate receptor antagonists could block adenosine
release. Application of CNQX (10 um) and D-AP5
(50 um), to block NMDA and non-NMDA receptors,
reversibly abolished adenosine release (7 out of 7 slices,

© 2013 The Authors. The Journal of Physiology © 2013 The Physiological Society
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Fig. 2C). Application of the AMPA receptor antagonist
CNQX (20 um) alone reduced adenosine release by
77.5+4.3% (range of inhibition 10-95%, n=12,
Fig. 2D). Adenosine release was also reduced by blocking
NMDA receptors (with 50 uM D-AP5, mean inhibition
73.5+12%, n=7, range of inhibition 25-100%,
Fig. 2E). Thus, adenosine release requires the activation
of ionotropic glutamate receptors, either NMDA or
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AMPA/kainate receptors, which are activated by the
glutamate released by stimulation.

Block of A; receptors (2 um 8-CPT) increased the
amount of adenosine detected (mean increase 65 % 6%,
n=12, Fig. 2F), suggesting either feedback inhibition
of adenosine release by the adenosine released or an
inhibitory effect of a basal extracellular adenosine tone
(see Klyuch et al. 2012b). This effect could result from

ATP/null

control

_J1opa

10s
E scpt
-0.75 4
-0.50 4
-0.25

_Jo2mv
5ms
-0.00 Y '
0 100 200

time (seconds)

Figure 1. Electrical stimulation in CA1 of the hippocampus releases adenosine

A, diagram illustrating the positioning of biosensors and electrodes in a hippocampal slice. B, ADO biosensor (top)
and null sensor (bottom) traces. Stimulation (100 stimuli, 20 Hz) evoked a rapid short-lived response on both the
null and ADO biosensor but only evoked a large slower response (x) on the ADO biosensor. C, ADO biosensor
traces in control (top) and following addition of EHNA (20 wum, bottom). EHNA caused a marked inhibition (~95%)
of the slow component of the ADO biosensor current, confirming that it results from either the detection of
adenosine or metabolites derived from the extracellular metabolism of adenosine. D, graph plotting the amplitude
of individual fEPSPs against time. Following 20 Hz stimulation, there is marked inhibition of EPSP amplitude
(~63%) and increase in adenosine concentration, as illustrated by the adenosine biosensor trace. The amplitude
of fEPSPs are not plotted during the train. Inset, superimposed individual fEPSPs before and immediately after
the train. E, graph plotting the amplitude of individual fEPSPs against time in the presence of 1 um 8-CPT, to
block A1 receptors. A 20 Hz stimulation has little effect on fEPSP amplitude, although the extracellular adenosine
concentration still increases, as shown by the adenosine biosensor trace. The amplitude of fEPSPs are not plotted
during the train. Inset, superimposed individual fEPSPs before and immediately after the train. Data from D and E
are from the same slice. The biosensor traces are aligned with the fEPSP plots and are at the same time base.

© 2013 The Authors. The Journal of Physiology © 2013 The Physiological Society
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Figure 2. Properties of adenosine release: adenosine release is
glutamate receptor dependent

A, ADO biosensor traces in control (top) and following addition of
TTX (1 M, bottom). TTX abolished the stimulated increase in
adenosine concentration. B, ADO biosensor traces in control (top)
and following addition of Ca®*-free aCSF (bottom). The removal of
extracellular Ca2t prevented an increase in adenosine concentration
following stimulation. C, example of a biosensor recording (20 Hz
stimulation applied every 5 min). Addition of the glutamate receptor
antagonists, 10 um CNQX and 50 M p-AP5, abolished stimulated
increases in adenosine concentration. Upon wash there is only
partial recovery, which may reflect a downward trend in adenosine
release throughout the recording. D, graph summarising the effects
of the AMPA receptor antagonist CNQX (20 M) on the normalised
concentration of adenosine detected following stimulation (n = 12
slices). £, graph summarising the effects of the NMDA receptor
antagonist b-AP5 (50 um) on the normalised concentration of
adenosine detected following stimulation (n = 7 slices). F, example
of an adenosine biosensor recording in control (top) and in the
presence of the Aq receptor antagonist 8-CPT (2 um, bottom). In
8-CPT the amount of adenosine detected, following stimulation,
increased by 72%. G, example of a glutamate biosensor recording of
the increase in glutamate concentration following 20 Hz stimulation
in control (top) and in 8-CPT (bottom). The area and amplitude of
the glutamate biosensor signal was increased in 8-CPT. The line
denotes the period of stimulation (20 Hz). The biosensor records
have had the response from the null sensor subtracted.
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an increase in the amount of glutamate released by the
stimulation, as the amount of glutamate detected by
glutamate biosensors was increased in 8-CPT (Fig. 2G,
n=3). Blocking A,, receptors (with 100 nm ZM 241385)
following block of A receptors (8-CPT) had no significant
effect on the amount of adenosine detected (n=4),
suggesting A,, receptors do not modulate the release of
adenosine.

Adenosine is directly released by local application of
either glutamate or NMDA to CA1

Since adenosine release depends on the activation of
ionotropic glutamate receptors, application of glutamate
receptor agonists onto CAl should directly evoke
adenosine release. Short (0.2-1s), focal applications of
either glutamate (10-25mM) or NMDA (100-200 M)
onto the surface of CA1 produced a signal on the adenosine
biosensor (Fig. 3A, n=15). This signal consisted of two
components: a fast transient component which was also
present when aCSF was applied, probably a pressure
artefact, and a much larger slower component which
was absent when aCSF was applied, reflecting adenosine
release. Both signals were absent from null sensors and the
adenosine release was greatly reduced (85 =+ 5%) in the
presence of either CNQX or D-AP5 (n = 3) and thus results
from the activation of ionotropic glutamate receptors
(Fig. 3B). Glutamate-evoked adenosine release persisted
in TTX (1 uMm, n=10) but was greatly reduced by the
removal of extracellular Ca*" (Mg?* increased to 3 mm
with 1 mM EGTA, n =6, reduction 75 4 3%, Fig. 3C).

Properties of adenosine release

To investigate how the amount of adenosine detected
by the biosensor depends on stimulation parameters,
the frequency of stimulation, amplitude and number of
stimuli were altered. Initially the number of stimuli was
kept constant (100) while the frequency of stimulation was
reduced from 20 to 1 Hz (n=6). Reducing stimulation
frequency either had little effect (two slices) or actually
increased the amount of adenosine detected (four
slices, Fig. 4A—C). This contrasts with the effects seen
in the cerebellum, where the amount of adenosine
detected scaled with the stimulation frequency, reaching
a maximum at around 20Hz (Wall & Dale, 2007).
These effects of stimulation frequency may reflect changes
in the amount of glutamate released, the amount of
glutamate receptor activation and therefore downstream
adenosine release. This was investigated using glutamate
biosensors (Tian ef al. 2009) to measure the change
in extracellular glutamate concentration produced by
stimulation at different frequencies (5 and 20 Hz). The
glutamate biosensor waveform had a similar amplitude at
5 and 20 Hz but a significantly larger area at 5Hz (n=4,

© 2013 The Authors. The Journal of Physiology © 2013 The Physiological Society
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Fig. 4D), which presumably leads to prolonged receptor
activation and greater adenosine release.

The concentration of adenosine detected was
proportional to the stimulation strength, presumably as
greater areas of fibres are activated by a larger stimulus
(Fig. 4E, n = 3) and the number of stimuli (Fig. 4F, n =4).
The minimum number of stimuli required to produce
detectable adenosine release varied from slice to slice, pre-
sumably depending on the distance between the release
sites and the biosensor and also on the biosensor sensitivity
(range 1-3nA for 10 um). For example in Fig 4F 10
stimuli (at 5Hz) was insufficient to produce detectable

aCSF
RN | N
_| 20
20s
B
TTX

C TTX

Ca® free

T

100s

Figure 3. Adenosine release is evoked by glutamate receptor
agonists

A, focal application of NMDA (0.5 s puff) onto the surface of CA1
induced a small pressure artefact (at arrow) followed by a much
larger, delayed slower component which is absent if only aCSF is
applied (using the same perfusion pipette at the same pressure). B,
focal application of NMDA (0.5 s puff) induced an increase in the
extracellular concentration of adenosine in the presence of 1 um TTX
to block action potentials. NMDA was applied twice in control (1 um
TTX, application at arrows) and then was applied in the presence of
the NMDA receptor antagonist b-AP5 (50 M), which prevented an
increase in adenosine concentration. This confirms that increases in
adenosine concentration evoked by puffing on NMDA result from
NMDA receptor activation rather than from a pressure change. C,
superimposed biosensor adenosine traces following application of
glutamate (1 s puff) in control aCSF (with 1 um TTX) and in
Ca?t-free aCSF (3 mm Mg?t, 1 mm EGTA). Glutamate was applied
in Ca2t-free aCSF first, to prevent any run down of release due to
depletion of adenosine stores, and then an increase in adenosine
concentration was evoked after normal aCSF was washed in.
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adenosine release whereas 25 stimuli produced marked
release. In many slices as few as five stimuli could produce
detectable adenosine release and in a small number of
slices (3 out of 15), a single stimulus produced detectable
release, although the biosensor waveform was only a few
picoamperes in amplitude and thus close to the limits of
resolution (Fig. 4G). In the rest of the paper a stimulation
train of 100 stimuli at 20 Hz was used, to produce
reproducible adenosine release with a minimal stimulation
time and to avoid contamination of the rising phase of the
biosensor waveform with stimulation artefacts.

A proportion of adenosine arises from extracellular
ATP metabolism

Following stimulation, adenosine could either be directly
released (Lovatt et al. 2012; Klyuch et al. 2012a) or
instead could arise from the extracellular breakdown
of ATP released from neurons or glia (Jo & Schlicter,
1999; Pascual et al. 2005; Pankratov et al. 2007). To
investigate whether adenosine arises from ATP, we first
tried to directly measure ATP release with ATP biosensors.
As in the cerebellum (Wall & Dale, 2007) and during
seizure activity in hippocampal slices (Lopatar et al. 2011),
we could not detect any increase in extracellular ATP
concentration during adenosine release (n = 8, Fig. 5A).If,
however, cells were electroporated using a high stimulation
voltage (20-25V) we could clearly measure a large
increase (1.5 & 0.3 uM) in extracellular ATP concentration
(Fig. 5A inset, n =3, also see Wall & Dale, 2007). Because
the metabolism of ATP is extremely rapid (Dunwiddie
etal. 1997), any ATP that is released could be metabolised
before it reaches the biosensor. Thus, NTPDase-mediated
ATP metabolism was inhibited using sodium poly-
oxotungstate (POM-1; 100 uM, Wall et al. 2008). POM-1
reduced the amount of adenosine detected in 6 out of
9 slices (mean biosensor signal remaining 43.2 + 11.2%
of control, n=6, Fig. 5B and C) with no effect in 3
slices (Fig. 5C). This inhibition was not fully reversible
(recovery to 69.6 = 9.5% of control, Fig. 5B and C) and
did not reveal a signal on the ATP biosensor (n=4). As the
effects of POM-1 on ATP metabolism are fully reversible
(Wall et al. 2008), a proportion of the inhibition probably
results from off-target effects on glutamate release, which
are slow to reverse (Wall et al. 2008). The effects of
POM-1 on glutamate release have a slow onset, which
may account for the variation in reversal across slices. It
was also observed that the decay of the adenosine wave-
form was consistently (5 out of 6 slices) faster in POM-1
(Fig. 5B, inset), suggesting that the adenosine arising from
the extracellular metabolism of ATP (blocked by POM-1)
could represent a slow component of the waveform.

To determine unequivocally whether adenosine
arises from extracellular ATP metabolism we made
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use of CD737/~ mice, which lack the enzyme
ecto-5-nucleotidase (Koszalka et al. 2004) and thus can
only weakly break down extracellular AMP to adenosine
(Klyuch et al. 2012a; Lovatt et al. 2012). As with
previous experiments, using cerebellum slices, we first
confirmed that hippocampal slices from mice lacking
CD73 (5-nucleotidase) have reduced metabolism of
ATP and AMP to adenosine. ATP and AMP (30 um)
were applied to hippocampal slices and the adenosine
produced by native enzymes in the slice was measured
with an adenosine biosensor placed on the surface of CA1.
In CD73™/* mice, 30 um ATP produced 3.1 £ 0.4 um
adenosine (n = 11) whereas in slices from CD73~/~ mice
only 0.4+ 0.2 uM adenosine (n=11) was detected, a
reduction in adenosine production of ~90% (Fig. 6A
and B). Similar results were found with the extracellular
metabolism of AMP (CD73%/* 5.4+0.5 uM, n=>5, vs.
0.54+03uMm CD737/7, n=7, a reduction of ~90%,
Fig. 6A and B). We next investigated the effects of
ATP on synaptic transmission (see Klyuch et al. 2012a).
fEPSPs of similar amplitude were recorded in slices
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from CD73™/* and CD737/~ mice and were reduced
in amplitude to a similar extent by 50 um adenosine
(85+ 1.5 vs. 89 £2.2% inhibition, n=5, Fig 6C and
D). Application of ATP (50 um) produced almost the
same reduction in fEPSP amplitude as adenosine (50 uM)
in slices from CD73%/* mice (mean reduction 81 + 1.9
vs. 854+2.2%, n=>5, Fig. 6C), with the same time
course (time from start to peak of inhibition 62 9.7 vs.
58 + 7.3, Fig. 6C). In contrast, the inhibitory effect of
ATP on fEPSP amplitude was significantly (P =0.0014)
reduced compared to adenosine in slices from CD737/~
mice (mean reduction 55+ 1.7 vs. 854 2.2%, Fig. 6D)
and the time course of inhibition was greatly slowed (time
from start to peak of inhibition 148 +17s vs. 52 &5,
Fig. 6D). This provides independent evidence that the
deletion of the 5'-nucleotidase in CD73~/~ mice greatly
reduces the conversion of ATP to adenosine. Furthermore
the lack of ecto-5'-nucelotidase is not bypassed by over-
expression of additional enzyme pathways, allowing the
metabolism of ATP to adenosine. The small amount of
adenosine produced from ATP and AMP may result from

Figure 4. Frequency dependence of adenosine
release

A, biosensor recording of increases in extracellular
adenosine concentration evoked with different
stimulation frequencies, with the number of stimuli kept
constant (100). Changing the stimulation frequency from
20 to 10 Hz and then from 20 to 5 Hz increased the
concentration of adenosine detected. B, biosensor
recording of the increase in adenosine concentration
produced by 1 Hz stimulation (100 stimuli). Inset, an
expanded portion of the trace from B showing that the
rise in extracellular adenosine concentration occurs after
~30 stimuli. C, graph summarising the effect that
changing the stimulation frequency has on the
concentration of adenosine detected following
stimulation. The adenosine concentration is normalised to
the concentration detected at 20 Hz and summarises data
from six slices. D, glutamate biosensor recordings
illustrating the increase in extracellular glutamate
concentration produced by 20 and 5 Hz trains of stimuli.
The filled line indicates the stimulation period. The
records have had the null sensor responses subtracted to
leave the glutamate concentration transient. £, example
of an adenosine biosensor trace, illustrating how the
concentration of adenosine detected scales with the
stimulation voltage (5 Hz, 100 stimuli). F, example of a
biosensor trace showing how the concentration of
adenosine detected scales with the number of action
potentials (stimuli). No increase in extracellular adenosine
concentration, above baseline, could be detected with
only 10 stimuli, but with 25 and 50 stimuli, increasing
concentrations of adenosine could be detected. The
stimulation frequency was 5 Hz. G, example of a
biosensor trace (ADO-null) illustrating an increase in
adenosine concentration produced by a single stimulus.

© 2013 The Authors. The Journal of Physiology © 2013 The Physiological Society
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the action of alkaline phosphatase or the E-NPP family of
enzymes (Zimmermann, 2000). This confirms previous
studies that showed unchanged alkaline phosphatase and
E-NPP expression and activity following deletion of CD73
(Langer et al. 2008). The difference from Zhang et al.
(2012) may reflect the different line of Cd73~/~ mice used
in that study.

Although the breakdown of ATP to adenosine is almost
abolished in hippocampal slices from CD73~/~mice,
adenosine release in response to stimulation could still
be detected (n =18 mice, 31 slices, Fig. 6E) and had the
same properties of release in CD73"/" mice: blocked by
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Figure 5. Inhibition of NTPDases reduces adenosine release
A, example ADO and ATP biosensor traces during stimulation (both
biosensors were inserted into CA1). Although an increase in
adenosine was detected, the concentration of ATP did not increase
above baseline. Inset, increasing the stimulation strength (to 25 V)
electroporates the cells under the stimulating electrode leading to a
large increase in extracellular ATP concentration (1.8 uMm). B, an
example experiment showing biosensor traces in control, in the
presence of the NTPDase inhibitor POM-1 (100 wm) and in wash.
Application of POM-1 reduced the concentration of adenosine
detected by 44% with partial recovery to 78% of the control
concentration. The inset shows superimposed normalised adenosine
waveforms from control and in POM-1 illustrating a speeding up of
decay kinetics in the presence of POM-1. C, graph summarising the
effects of the NTPDase inhibitor POM-1 (100 wm) on the normalised
increase in adenosine concentration produced by stimulation (n = 9
slices). The concentration of adenosine detected in POM-1 and in
wash were normalised to control.
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glutamate receptor antagonists (n = 6), abolished by TTX
(n=3), etc. As in wild-type mice, puffing of glutamate
or NMDA onto CA1 in slices from CD73~/~ mice elicited
adenosine release, which persisted in TTX but was greatly
reduced in zero Ca*" (n=4). Thus, a major proportion
of the released adenosine arises independently from the
extracellular metabolism of ATP.

Examining the data in more detail revealed that
there was significantly (P =0.00041) less adenosine
detected following stimulation in slices from CD737/~
mice compared to slices from CD73%/* littermates
(105+ 1.5nm, n=31 vs. 245+ 5nM, n= 36, Fig. 6F).
There was also a change in the time course of the
biosensor current (Fig. 6G) with a noticeably faster decay
in CD737/~ mice. The decay was best described with a
single exponential, with the time constant of decay (7)
significantly (P = 0.0018) smaller in slices from CD737/~
mice than in slices from CD73%/* mice (78 £ 12, n=13
vs. 182.5 £ 255, n=15). All the data together, including
the effects of blocking NTPDases, strongly suggests that
a slower component of adenosine release results from the
release of ATP.

ENT inhibitors reduce adenosine release and slow
kinetics

Data from the CD737/~ mice and NTPDase inhibitors
suggest that a substantial proportion of the adenosine is
released directly and not via extracellular ATP metabolism.
This could occur via ENTs as a result of an increased
metabolic load produced by the glutamatergic activation
of neurons and/or glial cells (Lovatt et al. 2012). To
test this, adenosine release was stimulated in wild-type
mice in the presence of NBTI (5 uM) and dipyridamole
(10 uM) to block ENT 1 and ENT 2 (Dunwiddie &
Diao, 1994; Frenguelli et al. 2007; Wall & Dale, 2007).
This significantly (P =0.004) reduced the concentration
of adenosine detected by adenosine biosensors (mean
reduction 39.5 =% 5%, range 24-60%, n = 8 slices, Fig. 7A
and B) following a 20-30 min application. Experiments
were done in 8-CPT (1-2 um) to prevent any build-up
of endogenous adenosine activating A, receptors and
reducing adenosine release. As well as reducing the
amount of adenosine released, blocking ENT 1 and 2
also significantly slowed the kinetics of the adenosine
waveform (Fig. 7B, inset). The latency, defined as the
time interval from the beginning of stimulation to the
point where the adenosine waveform goes above baseline
(Fig. 7C and inset), was significantly increased
(P =0.0001) from 12.6 £ 2.4 to 26.3 & 3 s (Fig. 7C). The
rise, measured as the time from the beginning of the rise in
adenosine concentration to the peak, and decay, described
by a single exponential, were significantly slowed: rise-time
increased from 32.3+2.8 to 51.9+3.6s (Fig. 7D and
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Figure 6. Adenosine release is present but reduced in CD73~/~ mice

A, ADO biosensor traces recorded from hippocampal slices from CD73*/* and CD73~/~ mice following application
of 30 um ATP (left) and 30 M AMP (right). B, summary of ATP and AMP extracellular metabolism from CD73+/+
and CD73~/~ mice (n = 11 ATP metabolism in CD73~/~ and CD73*/* mice, n = 5 AMP metabolism CD73*/+
mice, n = 7 AMP metabolism CD73~/~ mice). C, graph plotting EPSP amplitude against time recorded in a slice
from a CD73*/* mouse. Application of either adenosine (50 pM) or ATP (50 um) produced the same reduction of
EPSP amplitude (~90%) with the same time course. Inset, superimposed average EPSPs in control and in 50 um
ATP, from experiment in C. D, graph plotting EPSP amplitude against time recorded in a slice from a CD73~/~
mouse. Application of ATP (50 um) produced a smaller reduction (~ 45%) in EPSP amplitude than adenosine
(50 um, ~ 90%) with a much slower time course. Inset, superimposed average EPSPs in control and in 50 um
ATP, from experiment in D. E, example of biosensor recording of stimulated adenosine release from a CD73~/~
slice. F, graph summarising the concentration of adenosine detected following stimulation (20 Hz, 100 stimuli) in
slices from CD73%/* and CD73~/~ mice (n = 31-36). G, graph summarising the decay time constant (z) of the
adenosine waveform recorded in slices from CD73*/+ and CD73~/~ mice (n = 13-15). Inset, example biosensor
traces recorded in slices from CD73%/* and CD73~/~ mice with the decay fitted with a single exponential, time
constant given.
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Figure 7. A component of adenosine release is via equilibrative nucleoside transporters (ENTs)

A, graph summarising the effects of NBTI (5 um) and dipyridamole (10 um) on the amplitude of the adenosine
waveform (n = 7 slices). B, adenosine biosensor traces in control and in the presence of 5 um NBTI and 10 um
dipyridamole. Inset, the NBTI/dipyridamole-sensitive current obtained by subtracting the trace in NBTI/dipyridamole
from the control trace. C, graph summarising the effects of NBTI and dipyridamole on the latency of the adenosine
waveform. The latency was measured as the time between the start of the stimulation and when the adenosine
waveform started to rise above baseline. Inset, traces from B expanded to show the change in latency following
application of NBTI and dipyridamole. D, graph summarising the effects of NBTI and dipyridamole on the rise time
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inset) and decay time constant increased from 171 &+ 27
to 241 £ 51 s (Fig. 7E and inset).

Our data suggest that there are two components of
adenosine release: (1) direct release of adenosine via
ENTs, which is blocked by NBTT and dipyridamole, and
(2) via the extracellular metabolism of ATP, which is
insensitive to NBTI and dipyridamole but reduced by
NTPDase inhibitors and absent in CD737/~ mice. In
slices from CD73~/~ mice, because the second component
of adenosine release is absent, we hypothesise that all
of the adenosine release remaining will be via ENTs.
Thus, NBTI and dipyridamole should block more of the
adenosine release in CD73~/~ mice than in wild-type mice.
This was indeed the case with significantly (P =0.002)
more inhibition (74 +5%, n=46, Fig. 7F and G) in
CD737/~ mice than in wild-type mice (37 & 6%, n=4),
with little effect on the release kinetics compared with
wild-type slices (Fig. 7F inset). This data further support
the presence of two distinct forms of adenosine release:
direct, via ENTs, and indirect, via extracellular ATP
metabolism.

The role of glial cells

A component of adenosine release could arise from the
activation of ionotropic glutamate receptors expressed
by glial cells to release ATP or adenosine (for example
see Queiroz et al. 1997). To investigate this we applied
the gliotoxin FAC to inactivate glial cells (Clarke et al.
1970; Waniewski & Martin, 1998; Martin et al. 2007).
In agreement with previous studies (Canals et al
2008) we found that FAC (5 mmMm) directly increased the
extracellular concentration of adenosine, resulting in an
upward shift in the ADO biosensor baseline, with no
effect on a null sensor (n=7, Fig. 8A). This effect
was rapid, occurring within a few minutes of FAC
application, with a peak extracellular concentration of
1.1 £0.5 umM adenosine (n= 7). Because of this increase
in the basal extracellular concentration of adenosine, all
experiments were carried out in 1-2 um 8-CPT, to pre-
vent the extracellular adenosine activating A; receptors
and inhibiting stimulated adenosine release. In these
conditions, FAC did not reduce stimulated-adenosine

M. J. Wall and N. Dale
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release but actually increased it (mean increase 43 £ 20%,
n=7, Fig. 8A-C), even with applications which were over
1 h in duration (Fig. 8B). In some slices (3 out of 7) there
was a transient reduction in stimulated adenosine release
during the initial FAC-mediated increase in extracellular
adenosine concentration, with recovery and subsequent
increase in stimulated adenosine release. This may reflect
a transient reduction, or even a reversal, of the adenosine
concentration gradient, from outwards to inwards, pre-
venting efflux of adenosine via ENTs. As in control
conditions, adenosine release was abolished by CNQX and
D-AP5 in the presence of FAC (n = 3).

The FAC-mediated increase in adenosine detected by
biosensors following stimulation probably arises from the
loss of adenosine uptake by metabolically compromised
glial cells. This increase could occlude any reduction
in adenosine release produced by the loss of other
mechanisms of release, including the loss of ATP exocytosis
from glia. Thus, we investigated if there was any change in
the kinetics of the waveform of the adenosine biosensor
current in FAC. In 5 out of 7 slices (no effect in 2 slices)
there was a clear speeding of kinetics in FAC (both rise
and decay, Fig. 7D). A speeding of rise could be accounted
for by loss of glial adenosine removal but this would
be expected to slow decay rather than speed it up. Sub-
traction of the normalised currents in FAC from control
revealed an FAC-sensitive component that had slow rise
and decay kinetics. The simplest explanation is that this
component results from the release of adenosine from
glial cells. Application of NBTT and dipyridamole to block
ENTs markedly reduced the release of adenosine in FAC
(78 & 7%, n=3). The effects of FAC, direct release of
adenosine and increase in stimulated adenosine release,
were still observed in CD737/~ mice (n=15) confirming
that they do not arise from the release of ATP and its sub-
sequent extracellular metabolism. However, there was no
speeding of the adenosine waveform decay as observed in
wild-type mice as presumably FAC does not remove a slow
component of adenosine release in slices from CD737/~
mice, as adenosine cannot arise from ATP exocytosis.

To further investigate the role of glial cells, we made
use of dn-SNARE mice, in which glial cells are unable to
release transmitters by exocytosis (Pascual et al. 2005). As
expected, from our previous results, stimulated adenosine

of the adenosine waveform. The rise time was measured as the time taken for the waveform to rise from the
baseline to the peak. Inset, traces from B expanded and normalised to show slowing of rise following application
of NBTI and dipyridamole (grey line). E, graph summarising the effects of NBTI and dipyridamole on the time
constant of decay of the adenosine waveform. The decay was fitted with a single exponential. Inset, traces from
B with the decay fitted with a single exponential. F, superimposed adenosine biosensor traces in control and in
the presence of 5 uM NBTI and 10 M dipyridamole in a recording from a CD73~/~ mouse hippocampal slice.
Inset, the traces from F normalised to illustrate that NBTI and dipyridamole had little effect on the kinetics of the
waveform. G, graph summarising the effects of NBTI and dipyridamole on the stimulated increases in adenosine
concentration detected in slices from wild-type and in CD73~/~ mice. Graphs A, C, D and E all summarise data
from seven slices. For G, n = 4 slices for wild-type mice and n = 6 slices for CD73~/~ mice.

© 2013 The Authors. The Journal of Physiology © 2013 The Physiological Society
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release could still be measured in hippocampal slices
from these mice (n=21 slices, eight mice, Fig. 9A),
confirming that a substantial component of adenosine
release is independent of ATP exocytosis from glial cells. As
with wild-type mice and with CD73~/~ mice, adenosine
release was blocked with glutamate receptor antagonists
(n=3) and could be evoked by puffing glutamate onto
the slice surface (release persisted in TTX but was

Mechanisms of hippocampal adenosine release
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greatly reduced by removal of extracellular Ca**, n=4).
However, the amount of adenosine released by electrical
stimulation was significantly (P = 0.002) smaller in slices
from dn-SNARE mice than in slices from wild-type mice
(111 %20 vs. 314 =45 nM, n =21, Fig 9B) and the decay
of the adenosine waveform was significantly (0.001) faster
in dn-SNARE mice (t =57 &= 11svs. 1854+ 10s, n=10),
suggesting that a slower component of release is absent
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A
ADO- null
B
Figure 8. Effects of the gliotoxin
flouroacetate (FAC) on adenosine release
A, example biosensor trace showing the
effects of FAC (5 mwm). Application of FAC
caused an increase in the extracellular ADO

concentration of adenosine and enhanced

the stimulated increase in adenosine

concentration. Inset, normalised and C
superimposed adenosine waveforms (from A)

in control and in FAC (dotted line) to illustrate

the speeding of rise and decay kinetics in

FAC. B, example biosensor trace illustrating

how prolonged application of FAC (5 mm)

had little effect on the stimulated increases in
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biosensor. In this example, FAC had been 0.5+
applied for ~70 min. C, graph illustrating the 00 —
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illustrate an example recording where there
was very marked changes in waveform
kinetics. The decay of the waveforms has
been fitted with a single exponential (control
T =128s, FAC 7 = 28 s). Inset, the waveform
in FAC subtracted from the waveform in
control to illustrate the FAC-sensitive
component of adenosine release. E, example
biosensor traces in FAC (5 mm). Addition of

NBTI/dipyridamole

20s

5 uM NBTI and 10 uM dipyridamole (to block -
ENTs) markedly (~80%) reduced the F CD73 8 CPT + FAC
concentration of adenosine detected. F, 8 CPT

example biosensor traces of adenosine release

in control and in FAC (5 mwm) taken from a
CD73~/ slice. Although FAC increased the
concentration of adenosine detected there
was little change in the time course of the
adenosine biosensor waveform (as illustrated
in the inset, grey line is control).
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Figure 9. Adenosine release is present but reduced in
dn-SNARE mice

A, example biosensor trace showing a stimulated increase in
adenosine concentration recorded in a slice from a dn-SNARE
mouse. The decay of the waveform has been fitted with a single
exponential (z =47 s). B, graph summarising the increase in
adenosine concentration produced by stimulation in slices from
dn-SNARE mice versus wild-type (n = 21 slices). C, graph
summarising the decay of adenosine waveforms in slices from
dn-SNARE mice versus wild-type (n = 10 slices). D, example
biosensor traces of stimulated increases in adenosine concentration
in control and in the presence of the ENT inhibitors NBTI and
dipyridamole recorded in a slice from a dn-SNARE mouse.

(Fig. 9A and C). In slices from dn-SNARE mice, adenosine
release was greatly reduced (78 4= 5%) by blocking ENTs
with NBTI and dipyridamole (1 = 8, Fig. 9D), confirming
that the majority of the adenosine release in these slices
is via ENTs. Data from dn-SNARE mice confirm the pre-
sence of a component of adenosine release that arises from
exocytosis of ATP from glial cells.

Discussion

We have used adenosine microelectrode biosensors to
determine and quantify the mechanisms of adenosine
release in area CAl of hippocampal slices, in response
to focal, short duration electrical stimulation. Adenosine
release could reliably be detected with stimulation
frequencies as low as 1 Hz and in some slices adenosine
release could even be detected following a single stimulus.
This is in agreement with Mitchell et al. (1993) who
reported that a single conditioning pulse could release
enough adenosine to weakly (~5%) inhibit synaptic trans-
mission. Although it is possible to detect adenosine release
in response to a single stimulus, the slow rise-time of the
adenosine biosensor waveform (~30s compared to 10s
for calibration) suggests that either the release process
itself is slow or more likely that the biosensor is not
immediately adjacent to the release sites and that the
speed of rise is limited by diffusion. Differences in the
distance between release sites and the inserted biosensor
could explain the variation in the minimal stimulus
required to produce detectable adenosine release. As in
the cerebellum (Wall & Dale, 2007), the adenosine release
detected by biosensors in the hippocampus is both action
potential and Ca’" dependent. However, unlike in the
cerebellum, the adenosine detected in the hippocampus
is entirely dependent on the activation of ionotropic
glutamate receptors. Thus, stimulation releases glutamate,
presumably from Schafer collaterals, to activate glutamate
receptors on neurons and/or glial cells to produce the
downstream release of adenosine. Previous studies have
shown that adenosine release, evoked by HFS and detected
by fEPSP inhibition, can be blocked with NMDA receptor
antagonists (Manzoni et al. 1994; Serrano et al. 2006)
and adenosine can be released by application of NMDA
(Brambilla et al. 2005) or AMPA receptor agonists (Hoehn
& White, 1990; Craig & White, 1993). We found that
activating either NMDA or non-NMDA receptors leads
to adenosine release with considerable variation (across
slices) in the relative contribution of the receptor type to
the amount of adenosine released

Mechanisms of adenosine release

Using transgenic mice and pharmacological manipulation
we provide strong evidence for two distinct mechanisms
of adenosine release: fast, direct release via neuronal

© 2013 The Authors. The Journal of Physiology © 2013 The Physiological Society
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ENTs and slower, indirect release via the metabolism of
extracellular ATP released from glial cells by exocytosis
(Fig. 10).

Inhibition of ENTs led to a ~40% reduction in the
amount of adenosine detected following stimulation
together with a marked slowing in adenosine waveform
kinetics (both rise and decay). This agrees with a number
of previous studies which showed adenosine release can
be reduced by inhibiting ENTs (Jonzon & Fredholm, 1985;
White & MacDonald, 1990; Gu et al. 1995; Cunha et al.
1996; Lovatt et al. 2012). However, these previous studies
used methodology that was unable to measure changes
in adenosine kinetics. Our finding contrasts with other
studies that showed blocking ENTs increases glutamate
and ischaemia evoked adenosine release (Craig & White,
1993; Frenguelli et al. 2007). Presumably, in these cases,
the removal of adenosine from the extracellular space
is reduced but the release mechanism is unaffected.
This direct ENT-mediated form of adenosine release
persisted in slices in which glial cells were inactivated
with the gliotoxin FAC. Thus, the most likely source

Ado

Pre
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of the adenosine is neuronal. This is consistent with in
situ hybridisation studies identifying strong expression
of ENT1 and ENT2 mRNA in hippocampal pyramidal
cells (Anderson ef al. 19994,b) and is consistent with pre-
vious studies (Brundege & Dunwiddie, 1996; Lovatt ef al.
2012) where adenosine is directly released from CAl
pyramidal cells via ENTs. At the age used in our study,
neurons do not express adenosine kinase (Studer et al.
2006) and thus potentially any increases in neuronal intra-
cellular adenosine concentration could, in theory, directly
increase adenosine efflux. In contrast, glial cells strongly
express adenosine kinase (Studer et al. 2006), which will
maintain an inward concentration gradient, preventing
adenosine efflux. A previous study, in which adenosine
release was measured in response to epileptic activity,
found that inhibiting adenosine kinase had no effect on
the amount of adenosine released, suggesting a neuronal
source of the adenosine (Etherington et al. 2009). Our
data suggest that there is no requirement for postsynaptic
action potential firing to release adenosine via ENTs, as
local application of glutamate evoked adenosine release in

Pathway 4-6

Pathway 1-3

Figure 10. Scheme of adenosine release in the hippocampus

Glutamate release from the Schaffer collaterals releases glutamate, which can activate NMDA and AMPA receptors
on the postsynaptic spine (1) of a pyramidal neuron and also NMDA and AMPA receptors on nearby astrocytic
processes (4). By some means, yet to be elucidated, this activation of glutamate receptors increases the metabolic
load on the neuron and leads to an increase in intracellular adenosine (2), which is then rapidly transported out
of the cell by the ENTs (3). In parallel with this, the activation of glutamate receptors on the astrocyte (4) leads to
an increase in intracellular Ca2* and increased exocytosis of ATP-containing vesicles (5). Once in the extracellular
space, ATP is broken down to adenosine (6). Extracellular adenosine can be taken up into astrocytes via ENTs (7) as
the astrocytes maintain very low intracellular adenosine levels as a consequence of the activity of adenosine kinase
(ADK), which converts adenosine to AMP (8). The two parallel pathways have differing kinetics: the neuronal
pathway of direct release (1-3) has rapid kinetics, while those of the indirect astrocytic pathway (4-6) are slower.

© 2013 The Authors. The Journal of Physiology © 2013 The Physiological Society
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the presence of TTX. Thus, the metabolic load produced
by the activation of glutamate receptors is sufficient to
increase the intracellular concentration of adenosine in
neurons leading to efflux. Of course the firing of action
potentials will also increase the metabolic load and thus
will presumably enhance the adenosine release. Our data
also suggest that this ENT-mediated release is partially
Ca’* dependent, which has also been observed for the
release of purines via ENTs in other studies (Zamzow
et al. 2009; Wall et al. 2010). The exact mechanism for
the Ca®t dependence of release is currently unclear but
could be the gating of ENTs or the Ca** dependence of
specific intracellular purine-metabolising enzymes.

The incomplete block of adenosine release by ENT
inhibition suggests that adenosine could also be released
by other mechanisms, which are independent of ENTs.
The slowing of adenosine waveform kinetics, when ENTs
are blocked, could result from a reduction in adenosine
removal but also suggests that there could be a mechanism
of release remaining that is slower than ENT-mediated
release. We have several lines of evidence to support the
latter and that this remaining adenosine release arises
from ATP exocytosis from glial cells. Firstly, the NTPDase
inhibitor POM-1 (Wall et al. 2008) reduced adenosine
release, with partial reversal, and also increased the speed
of adenosine waveform kinetics, consistent with the loss
of a slow component of adenosine release. Secondly,
the amount of adenosine released in slices from both
CD737/~ (which cannot metabolise ATP to adenosine)
and dn-SNARE mice (loss of exocytosis of ATP from glial
cells) was significantly smaller (~50%) than that detected
in slices from wild-type mice and the time course was
faster in these mice, suggesting loss of a slow component
of release. Thirdly, a significantly greater proportion of
adenosine release was blocked by inhibiting ENTs in both
CD73~/~ and dn-SNARE mice, consistent with the loss of a
component of release that is insensitive to ENT inhibition.
Finally, inactivating glial cells, with FAC, speeded the
kinetics of the adenosine waveform and resulted in a
greater sensitivity of adenosine release to ENT inhibition.
It has previously been shown that glial cells can release ATP
in response to activation of either NMDA or non-NMDA
receptors (Queiroz et al. 1997; Loiola & Ventura, 2011).
This is also consistent with Pascual et al. (2005) and
Serrano et al. (2006) who showed that ATP release from
glial cells is a major source for the adenosine released by
HEFS to inhibit synaptic transmission. Interestingly, Lalo
et al. (2006) showed that the NMDA receptors expressed
by cortical glial cells are devoid of Mg*" block, unlike
neuronal NMDA receptors which are potently blocked
by Mg>* at the resting potential. Hoehn & White (1990)
showed that the amount of adenosine released by applying
NMDA to cortical slices was not enhanced by removing
Mg”*, consistent with a lack of Mg** block, suggesting
that glial NMDA receptors are activated. Thus, perhaps the
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major mechanism of ATP release from glial cells involves
the activation of NMDA receptors.

Our data provides strong evidence for a component
of adenosine release arising from the extracellular
metabolism of ATP, released by exocytosis from glial cells.
This component of adenosine release appears to have
slower kinetics than the direct release of adenosine from
neurons. It is unlikely that the speed of adenosine release
is limited by the speed of extracellular metabolism, as no
ATP could be measured by an ATP biosensor, suggesting
rapid ATP metabolism (and see Dunwiddie et al. 1997).
Similar results have also been observed in the cerebellum
(Wall & Dale, 2007; Klyuch et al. 2012a). It is possible
that the slower kinetics of ATP release stem from the
speed of intracellular signalling within the glial cells or
that glutamate activation of neurons releases a transmitter
leading to downstream activation of glial cells and sub-
sequent ATP release.

What about neuronal release of ATP? Although we have
been unable to provide evidence for the release of ATP
from neurons, we cannot exclude it. There is evidence for
the tight coupling of ATP metabolism to the activation
of A; receptors by somehow channelling the produced
adenosine to the receptors (Cunha et al. 1998). This would,
in theory, allow the release of minute amounts of ATP, from
nerve terminals, to be locally metabolised to adenosine and
then activate closely apposed adenosine receptors (Cunha
et al. 1998). Such adenosine would not appreciably raise
the extracellular concentration of adenosine and thus may
not be detected by biosensors.

Actions of fluoroacetate

FAC is a gliotoxin which selectively impairs oxidative
metabolism in glial cells. Previous studies have shown
that even at high concentrations (up to 20 mm), FAC
only starts to have effects on pyramidal cells after ~1h
of incubation (Canals et al. 2008). This specificity for glial
cells arises from selective expression of an acetate trans-
porter by glial cells and not by neurons (Clarke et al.
1970). In agreement with previous studies (Canals et
al. 2008) we found that application of FAC caused a
marked increase in extracellular adenosine concentration,
exceeding 1 uM, which is sufficient to almost completely
inhibit synaptic transmission by activating A, receptors
(Canals etal. 2008). Ithas been reported that such increases
in adenosine occur in the absence of neurons, in glial
cultures, and thus results directly from the block of the
tricarboxylic acid (TCA) cycle within glial cells (Canals
et al. 2008). This increase in extracellular adenosine
probably results from the inability of adenosine kinase to
maintain a low intracellular concentration of adenosine
in metabolically compromised glial cells, resulting in
adenosine efflux via ENTs. Previous experiments have
shown that loss of adenosine kinase activity, following
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block with iodotubercidin, leads to rapid and large
increases in adenosine concentration (Wall et al. 2007;
Etherington et al. 2009). Although FAC increased the basal
concentration of adenosine, it did not block the electrically
stimulated release of adenosine, even with incubations
over 1h in duration. In many slices, FAC markedly
increased the amount of adenosine detected following
stimulation. The mechanism for such an increase is
unclear, but could result from a loss of adenosine removal
by glial cells, leading to a greater concentration of
adenosine diffusing to the biosensor. Such an increase
could also account for the speeding of the rise in adenosine
biosensor waveform but would not explain the speeding of
adenosine waveform decay, which would be expected to be
slowed as removal isreduced. Theloss of a slow component
of adenosine release is the simplest explanation for the
speeding of decay and fits with our other observations.

Summary

The field of adenosine release has been characterized
by considerable multiplicity of mechanisms and lack of
clarity, and even conflict, as to which mechanisms may
be physiologically important. For a long time direct
adenosine release was seen as occurring only under
pathological conditions. There is now no doubt that
it also occurs as a result of physiological signalling
activity in the brain. Our results bring clarity to the
field by demonstrating that both direct and indirect
release of adenosine occurs in response to neural activity
(summarized in Fig. 10). These two pathways make
roughly equal contributions to the total amount of
adenosine released. Our studies have allowed us to
assign the direct release pathway to neurons, and the
indirect pathway to astrocytes. Furthermore, the direct
transport-mediated pathway of adenosine release has
significantly faster kinetics than the indirect pathway.
Future work needs to address the precise roles of
these mechanisms of adenosine release in hippocampal
function, but as adenosine can modulate the capacity for
long-term potentiation, these functions are likely to be
highly significant.
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