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The  purines  adenosine  and  ATP  are
important endogenous  neuroactive
compounds.
They  are  released  during  seizures
where  they  influence  neuronal  activ-
ity.
Enzyme-based  biosensors  can  be
used to detect  purines  in real-time
during  seizures.
Sensors  can  be  used  with  elec-
tro/optical  techniques  to  correlate
release  and  activity.
Together  with  modelling,  new
insights  in  purine  release  and  action
can be determined.
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a  b  s  t  r  a  c  t

Background:  Cortical  brain  slices  offer  a readily  accessible  experimental  model  of  a  region  of  the  brain
commonly  affected  by epilepsy.  The  diversity  of  recording  techniques,  seizure-promoting  protocols  and
mutant  mouse  models  provides  a rich diversity  of avenues  of  investigation,  which  is  facilitated  by the
regular  arrangement  of  distinct  neuronal  populations  and  afferent  fibre  pathways,  particularly  in the
hippocampus.
New method  and  results:  We  have  been  interested  in  the  regulation  of  seizure  activity  in  hippocampal
and  neocortical  slices  by the  purines,  adenosine  and  ATP. Via  the  use  of  microelectrode  biosensors  we
have  been  able  to  measure  the  release  of these  important  neuroactive  compounds  simultaneously  with
on-going  epileptiform  activity,  even  of brief  durations.  In  addition,  detailed  numerical  analysis  and  com-
iosensor
denosine
TP

putational  modelling  has  produced  new  insights  into  the  kinetics  and  spatial  distribution  of  elevations
in  purine  concentration  that occur  during  seizure  activity.
Comparison  and conclusions:  Such  an  approach  allows  the  spatio-temporal  characteristics  of  neurotrans-
mitter/neuromodulator  release  to  be directly  correlated  with  electrophysiological  measures  of synaptic
and seizure  activity,  and  can  p e  greater  insight  into  the  role  of purines  in epilepsy.
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. Introduction

Brain slices have a long and venerable history in experimental
euroscience. Their use was promoted in large part by the late,
reat Henry McIlwain who, from the 1950s onwards, produced
n impressive series of papers on this versatile preparation. These
tudies initially used biochemical techniques to investigate brain
etabolism, but later adopted electrophysiological approaches
ith which to study functional aspects of brain physiology in vitro

McIlwain, 1984). Of relevance to the present review are his con-
ributions to the effects of convulsant drugs on brain energy

etabolism and the release of the purines such as adenosine and
TP, some of which we have discussed in a previous review (Dale
nd Frenguelli, 2009).

The purines have, to some extent, been overlooked by sections of
he epilepsy community in favour of the more readily accessible and
xperimentally-amenable fast synaptic transmission mediated by
lutamate and GABA receptors. This is not surprising: since epilepsy
esults from an imbalance between excitation and inhibition, then
here better to look than at the major players of excitation and

nhibition? This approach has certainly been successful in gener-
ting antiepileptic drugs that target GABA receptors in particular.
owever, there is another naturally occurring inhibitory substance

n the brain – adenosine – the release of which has been measured
ia microdialysis from the hippocampi of humans during seizures
During and Spencer, 1992). From these studies the time-course of
ctal adenosine release suggested to the authors that adenosine may
e responsible for both seizure arrest and post-ictal refractoriness
o subsequent seizures. Studies using microelectrode biosensors for
denosine have borne out these prescient predictions and confirm
he value of direct measurement of substances of interest.

Adenosine is a metabolite of ATP, the primary cellular energy
ource and a neurotransmitter in its own right (Burnstock, 2006).
ccordingly, adenosine can arise in the extracellular space via

wo distinct mechanisms: following the intracellular breakdown
f ATP and equilibrative transport of adenosine across the plasma
embrane into the extracellular space, or via the release of ATP,

otentially via vesicular or channel-mediated mechanisms, and
ubsequent extracellular metabolism to adenosine via a wide array
f ecto-nucleotidases (Dale and Frenguelli, 2009; Zimmermann
t al., 2012; Wall and Dale, 2013). A third, somewhat provocative,
uggestion is that adenosine is released as a neurotransmitter in its
wn right (Klyuch et al., 2012b). Here we run into the first problem

 the ubiquitous nature of ATP and adenosine and the many cellular
ources and release conduits for adenosine per se or a precursor,
ncluding cAMP (Fig. 1). The second issue is that, until recently,
here were no means by which to measure rapidly and directly the
elease of adenosine. Valuable inferences as to the presence and
ffects of adenosine in brain tissue have been obtained through
he use of receptor antagonists, of which there are good examples
or each of the four known adenosine receptors (A1, A2A, A2B, A3),
nd from which we know that the A1 receptor is anticonvulsant.
owever the limited temporal and spatial resolution of microdial-
sis techniques, which require an additional and time-consuming
PLC identification step, precluded the ready detection of adeno-

ine release during brief events such as seizures.

. The development of microelectrode biosensors

In the late 1990s Nicholas Dale at the University of St Andrews
eveloped a means to measure directly adenosine release from the

enopus spinal cord during fictive locomotion (Dale, 1998). The
echnique involved a solution of adenosine metabolising enzymes
ontained within microdialysis tubing, which was  placed against
he isolated Xenopus spinal cord. Adenosine produced by the spinal
cience Methods 260 (2016) 202–214 203

cord during fictive swimming diffused into the microdialysis tubing
where it was  sequentially metabolised to uric acid and hydrogen
peroxide, the latter of which was oxidised on polarised platinum
wires in the tubing to give rise to an oxidation current linearly
related to the initial adenosine concentration (Dale, 1998). This
experimental demonstration allowed him to confirm that extra-
cellular adenosine levels rose gradually during locomotor activity
and terminated the ATP P2Y1 receptor-driven neuronal activity
that initiates swimming. Subsequent studies in hippocampal slices
revealed for the first time the direct release of adenosine during
hypoxia and allowed an estimation of the IC50 in the low micromo-
lar range for the inhibitory effect of adenosine against excitatory
synaptic transmission (Dale et al., 2000).

These initial studies using the first generation microdialysis
tubing-based biosensors indicated the value of being able to mea-
sure directly and in real time the release of neuroactive compounds
simultaneously with on-going electrophysiological activity. Sub-
sequent developments in biosensor technology saw the enzymes
immobilised in a polymer layer on the surface of 25–50 �m plat-
inum/iridium (Pt/Ir) wires (Fig. 2) (Llaudet et al., 2003, 2005),
allowing for the insertion of biosensors into discrete brain regions
thereby improving spatial resolution and allowing the mapping
of differential release from closely spaced anatomical regions.
Moreover, the miniature nature of the sensors facilitates simultane-
ous electrophysiological (both extracellular and whole-cell patch
clamp; see below) as well as optical measurements to be made
(Sims and Dale, 2014). This latter imaging study allowed the conclu-
sion to be drawn that the consumption of ATP by the Na+/K+ ATPase
at synapses generated localised adenosine release – a plausible
mechanism by which the release of adenosine is directly coupled
to synaptic activity (Sims and Dale, 2014). These developments and
some of their applications by us and others are described in a recent
review (Dale and Frenguelli, 2012).

3. Practicalities of biosensor use

Biosensors are an invaluable tool for directly measuring
localised changes in the extracellular concentration of analytes, in
real time, during brain activity. However the data produced must
be treated with caution and appropriate controls must be used. The
major issues concerning the use of biosensors and the interpreta-
tion of the resultant signals can be summarised under the following
headings.

3.1. Practical considerations

For in vitro (and in vivo) studies, sensors are held by microma-
nipulators and positioned into the region of interest under optical
magnification. The exposed sensor tip (usually 500 �m in length;
Fig. 2) should be fully embedded into the tissue to avoid a sensor/air
interface and to maximise the contact area with the tissue. Typi-
cally we use brain slices that are submerged in aCSF, though a fluid
meniscus around the sensor in an interface chamber should suffice.
In vivo a fluid pool could be created around the sensor using dental
wax and an appropriate medium (Dale et al., 2002), whilst in cell
culture the incubation medium serves this purpose (Rubini et al.,
2009; Wall et al., 2010; Huckstepp et al., 2010). Prior to first use
of the sensors they should be hydrated in the recording medium
by placing them in the recording chamber. They should be kept
hydrated for the remainder of their lifetime.

Insertion of sensors into tissue will cause damage. This is min-

imised by the narrow diameter of the sensors (typically 25–50 �m
for Pt/Ir sensors, but as thin as 7 �m for carbon fibre sensors). Time
should be left, usually 30 min, for any insertion-associated signals
to dissipate. Time should also be allowed for the Faradic current
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Fig. 1. Generic scheme for the range of sources of extracellular adenosine and ATP. 5′N, cytosolic 5′-nucleotidase; AC, adenylate cyclase; AD adenosine deaminase; AdK,
adenylate kinase; ADK, adenosine kinase; AL, adenylosuccinate lyase; AS, adenylosuccinate synthase; e5′N, ecto 5′-nucleotidase; eAP, ectoalkaline phosphatase; ePD, ecto-
phosphodiesterase; HGPRT, hypoxanthine-guanine phospho-ribosyl-transferase; NP, nucleoside phosphorylase; NPP, nucleotide pyrophosphatase/phosphodiesterase; NTPD,
nucleoside triphosphate diphosphohydrolase; SAHase, S-adenosyl-l-homocysteine hydrolase; XO, xanthine oxidase. In red is the primary route of adenosine metabolism
and  the enzymic cascade utilised by the adenosine biosensor. Circles on the plasma membrane reflect transporters; the invagination represents vesicular release whilst
membrane channels provide an additional release conduit for purines. (For interpretation of the references to color in this figure legend, the reader is referred to the web
version of this article.)

Modified from Dale and Frenguelli (2009).

Fig. 2. Microelectrode biosensor design (top) and placement in the hippocampal slice (below) with (right) enzyme cascades allowing detection of adenosine (upper right
panel)  and ATP (lower right panel). The enzymes utilised preclude cross-reactivity of adenosine and ATP between the sensors. Ado, adenosine biosensor; stim, twisted bipolar
stimulating electrode within a plastic sleeve (∼100 �m diameter); rec, glass recording microelectrode. Sensors in the slice measure 50 �m in diameter and the exposed
sensing  element is 500 �m in length. The null sensor lacks enzymes and is used to detect any non-specific electroactive interferents, the contribution of which can be
subtracted from the signal detected on the purine sensors.

Modified from Dale and Frenguelli (2009). Microelectrode design figure courtesy of Sarissa Biomedical.
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ssociated with the sensor to fade. This is an exponential process
nd time should be left until the sensor current is seen to be stable
nd upon which any biological signals can be clearly observed and
easured.
To improve sensor stability careful control over recording cham-

er fluid level and temperature is required. We  achieve this by using
eristaltic pumps to control inflow and suction from the chamber,
nd a feedback-based heating system for the perfusion medium,
espectively. Pre-warming the perfusion medium in a water bath
an help avoid a large temperature differential across the heating
lements and can contribute to a more stable bath temperature, as
ell as reducing out-gassing from the perfusion medium. It is good
ractise to check for stability by placing sensors into the recording
hamber (either away from or in the absence of tissue). The sensor
ignal should not fluctuate if: the fluid level and bath tempera-
ure are stable; all connections are sound and dry, and appropriate
arthing of the set-up is achieved. This is also the configuration
n which the sensors are calibrated with known concentrations of
xogenous analytes, for example 10 �M for adenosine and ATP.

Under such stable conditions, we routinely make sensor record-
ngs from individual slices for several hours with no ill-effect to
asal neuronal properties as far as we can discern. Whilst the sen-
ors are polarised to +500 to 600 mV  with respect to the Ag/AgCl
eference electrode, this potential dissipates over a short distance
of nm)  and indeed it is possible to record field excitatory postsyn-
ptic potentials (Frenguelli et al., 2003) and electrographic seizure
ctivity (Etherington et al., 2009) on sensors suggesting that the
europil around the sensors has not been inactivated. The ability to
ake such recordings directly from the sensors also indicates that

ny damage caused by sensor insertion is not extensive and does
ot preclude the detection of neuronal activity in the close vicinity
f the sensors. Additional conventional stimulating and recording
lectrodes can be inserted in the vicinity of the sensors (Fig. 2).
owever, it should be appreciated that afferent fibres may  have
een damaged by the sensors and their insertion likely provokes the
elease of substances that might interfere with synaptic transmis-
ion (K+, adenosine, glutamate). Thus, attempts to record synaptic
ctivity should be delayed until the bulk of the insertion signal has
issipated. We  have noticed that electrically-evoked seizures are
horter in duration when sensors are embedded into the slice and
his may  reflect the severing of afferent fibres and the reduction of
oth neuronal connectivity and the propagation of seizure activity
cross the slice (Etherington et al., 2009).

.2. Specificity

.2.1. The range of detectable analytes
The sensors rely on an enzymatic cascade that results in the

eneration of hydrogen peroxide (H2O2) which is oxidised on a
olarised (+500 to 600 mV)  Pt/Ir microelectrode to generate an
xidation current that is linearly related to the concentration of
he analyte of interest, typically over the low-mid nM to high
M range. The reliance upon an oxidase in principle means that

 biosensor could be made for any analyte, which at some stage in
heir metabolism, requires an oxidase. Thus, sensors currently exist
or adenosine, inosine, hypoxathine/xanthine, ATP, glutamate, d-
erine, acetylcholine/choline, glucose and lactate. Whilst a GABA
ensor would no doubt be of value to the epilepsy field, there
s no direct means to oxidise GABA to H2O2 without generat-
ng glutamate and hence an oxidation current via the necessary
se of glutamate oxidase. Whilst such a need may  be reduced by
he ability to use evoked, spontaneous or miniature excitatory or

nhibitory postsynaptic currents to detect the release of glutamate
nd GABA, respectively, recordings of synaptic currents can have
imitations in terms of: the limited duration of patch-clamp record-
ngs; the infrequency of miniature events; potential non-linearity
cience Methods 260 (2016) 202–214 205

or desensitisation/deactivation of postsynaptic receptors, and the
restriction of measuring synaptic, vs extrasynaptic or nonsynaptic
release, although it is appreciated that holding current measure-
ments, coupled with GABAA receptor antagonists, can be used as
an index of the extracellular GABA concentration.

3.2.2. Identifying signals and avoiding artefacts
In principle any cellular reaction capable of generating H2O2 or

the release of any electro-active substance oxidised at +500 mV,  for
example 5-HT, can give rise to a current on the sensor. Such extra-
neous signals could erroneously be construed as deriving from the
release of the analyte of interest. Thus, it is important to be certain
that what is measured by the biosensor reflects the extracellular
presence of the analyte of interest i.e. that an ATP biosensor is
detecting ATP. Fortunately there are a number of ways in which
confidence can be instilled as to what is actually being detected by
the biosensor.

3.2.2.1. A selectivity layer excludes electroactive substances. The first
of these specificity measures involves a selectivity layer coated onto
the surface of the Pt/Ir microelectrode which excludes electroactive
substances such as 5-HT and dopamine (Fig. 2). The patency of this
layer can easily be tested via the perfusion of 5-HT (at 10 �M)  onto
the sensor whilst it is placed in the recording chamber. The 5-HT
should give no, or a very small current (<150 pA) on the sensor. We
routinely perform this procedure at the end of every experiment
after removal of the sensors from the tissue.

3.2.2.2. The importance of the null sensor and the value of differential
recordings. The second means by which the specificity of the signal
can be determined is via the use of a null sensor. The null sensor
is exactly the same as the biosensor but lacks enzymes and thus
cannot detect the analyte of interest. This controls for non-specific
electroactive interferents and for changes in pH, ionic environment,
perfusion flow, temperature etc. which would produce practically
identical signals on both the biosensor and the null sensor. The
signal from the null sensor can be digitally subtracted from the
biosensor thus taking into account any extraneous currents not
related to the analyte of interest. It is good practice to include a
null sensor in recordings from tissue (Fig. 2) to avoid doubt as to
the source of the signal on the enzyme-containing sensor.

Interestingly, a recent innovation has seen the development of
a null sensor for the null sensor! The fact that the null can detect
electroactive interferents such as reactive oxygen species (ROS) has
led to the creation of a sensor in which the embedding of superox-
ide dismutase and catalyse eliminate ROS prior to their detection
on the surface sensor (Ficker et al., 2014). This then allows subtrac-
tion of the ROS sensor signal from the null sensor giving rise to a
signal attributable to the presence of extracellular ROS, in this case
evoked in spinal cord by the activation of P2X7 receptors (Ficker
et al., 2014).

An extension of this dual sensor approach is to perform differ-
ential recordings between two  sensors that differ in one enzyme
in the cascade. This is only applicable where biosensors utilise a
multi enzyme cascade such as the sensors for adenosine and ino-
sine. Under these circumstances the contribution of extracellular
inosine, as detected on the inosine biosensor which lacks adeno-
sine deaminase, is subtracted from the signal generated by the
adenosine biosensor (Dale et al., 2000; Pearson et al., 2001, 2006;
Frenguelli et al., 2003; Pearson and Frenguelli, 2004; Dulla et al.,
2005). Thus a net adenosine signal is produced and a “true” adeno-
sine concentration can be given. However, we have found that

this approach is likely most amenable to global challenges such as
hypoxia or oxygen/glucose deprivation and not electrically-evoked
release (Wall and Dale, 2007) or seizure activity (Etherington et al.,
2009) where neuronal activity may  be highly localised and thus the
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wo sensors may  report varying amounts of purine release render-
ng differential recordings meaningless (see below). In these cases

e report the signal generated as that with the null subtracted and
scribe the concentration as �M’  (�M prime) to indicate that the
ignal reflects a composite of adenosine and its metabolites.

.2.2.3. Inactivating sensors to confirm the analyte. A further control
or the specificity of the signal detected on the sensor is to either
oison the biosensor so it cannot detect the analyte, or remove a
o-factor necessary for the generation of H2O2: both these manipu-
ations should abolish the signal if it is produced by the analyte. For
xample, the adenosine deaminase inhibitors EHNA (see below)
r coformycin prevent the adenosine biosensor detecting adeno-
ine by blocking the first enzyme in the cascade (Dale, 1998; Dale
t al., 2000; Frenguelli et al., 2003; Wall and Dale, 2007; Wall and
ichardson, 2015).

Since the ATP biosensor requires glycerol as a cofactor to detect
TP, the absence of glycerol should cause a loss of the signals if they
re produced by ATP. In reality, it is easier to start experiments
ithout glycerol and then wash glycerol in and see the appear-

nce of the signals, as glycerol is very difficult to wash out from the
ensor. If the correct analyte is being detected, then it should be pos-
ible to modulate the signals in a predictable manner. For example,
ignals on an ATP biosensor, if produced by ATP, would be predicted
o be enhanced if the extracellular breakdown of ATP was inhib-
ted, since more ATP will reach the biosensor. This was the case
n the hippocampus where the ecto-ATPase inhibitor, ARL67156
nhanced the ATP signals measured in response to DHPG applica-
ion (see below and Lopatar et al., 2015). Conversely ATP signals
hould be reduced or abolished if the ecto-nucleotidase apyrase is
pplied.

.2.2.4. Independent tests as a reality check for sensor signals. If there
s evidence for changes in the concentration of an analyte from
iosensor measurements, it is good practise to confirm this with

ndependent evidence. For example, a train of impulses in both
he cerebellum and hippocampus causes adenosine release (as
etected by a biosensor). This was confirmed by measuring fEPSPs
nd showing that following a train of stimuli or theta burst stimu-
ation they are depressed, an effect which is prevented by blocking
denosine A1 receptors with an antagonist (Wall and Dale, 2007,
013; Diogenes et al., 2014). A similar result has been produced
ith adenosine release produced by hypoxia and oxygen/glucose
eprivation (Dale et al., 2000; Pearson et al., 2006) and follow-

ng seizures (Etherington et al., 2009; Wall and Richardson, 2015),
oth of which inhibit excitatory synaptic transmission in a manner
ensitive to adenosine A1 receptor antagonists.

.3. Sensitivity

.3.1. Calibration of signals
As indicated previously the biosensors effectively measure over

 wide physiological range, typically tens of nM to tens of �M,
lthough for some the range is greatly extended (e.g. lactate to
00 �M and glucose to 40 mM).  Once the identity of the analyte is
onfirmed the concentration of analyte measured during an exper-
ment needs to be quantified. This is achieved by comparing the
mplitude of the measured signal on the biosensor during an exper-
ment, to the biosensor calibration which, for an ATP biosensor, is
sually achieved by bath applying 10 �M exogenous ATP. Thus, if

 100 pA signal is measured on an ATP biosensor during an exper-
ment and the calibration for 10 �M ATP gives 1000 pA, then the

ignal represents the measurement of 1 �M ATP. The calibration is
ften carried out before the biosensors are inserted into the tissue,
nd after the experiment when they have been removed from the
issue, so that any loss in biosensor sensitivity can be measured.
cience Methods 260 (2016) 202–214

The second calibration is routinely used to calculate the amount of
analyte detected during experiments, whereas the first can inform
whether the sensor requires cycling to improve sensitivity (see
below).

It is important that the calibration is conducted in the same solu-
tion as that in which the experiment was performed. This way  the
sensor can be tested in a solution with identical composition, pH
and temperature so that the enzymes will behave similarly in the
two situations. We  calibrate with sensors in the recording cham-
ber through which experimental solution continues to be perfused.
For experiments in which appreciable tissue pH changes are antic-
ipated, a calibration curve (to, for example, 10 �M analyte) at a
range of known pHs should be conducted to take into account any
influence of pH on the enzymes. Similarly, to avoid the possibil-
ity of experimental drugs influencing the sensitivity of sensors, it
is worthwhile calibrating in the presence and absence of the drug,
especially if high concentrations of drugs are used. This can indi-
cate whether the drug is directly oxidised on the polarised Pt/Ir
wire (which should give a signal on the null) or whether the drug
inhibits any of the enzymes in the sensor.

The sensitivity of the biosensor can change during an experi-
ment (see below), especially if prolonged, and thus it is not possible
to accurately calculate the absolute concentration of analyte but
instead an approximate figure is obtained. Note also the caveats
above with respect to adenosine measurements when no differen-
tial (adenosine-inosine) measurements are being performed.

3.3.2. Measurements of basal concentrations or the background
tone

Measuring an increase in the concentration of an analyte in
response to activity (i.e. above basal) is relatively straight forward
but biosensors can also, with caution and in selected circumstances,
be used to infer the basal extracellular concentration (or tone) of
an analyte in tissue. This can be achieved in two  ways. Firstly when
biosensors are removed from tissue they will no longer measure the
concentration of an analyte within the tissue and thus the baseline
current will fall. If the signal from the null sensor (when it is also
removed from the tissue) is subtracted from the biosensor signal to
control for changes in the ionic environment, then this fall in cur-
rent can be used as an index of the tone of analyte in the tissue. This
method has been used to show changes in extracellular adenosine
tone in the hippocampus when animals are sleep deprived (Schmitt
et al., 2012; Sims et al., 2013) and in the influence of genetic manip-
ulations of adenosine kinase on extracellular adenosine (Diogenes
et al., 2014).

In contrast, the increase in current that is measured when a
biosensor is inserted into tissue cannot be used to measure the
extracellular tone of an analyte, as clearly cells will be damaged dur-
ing insertion leading to the release of ATP, adenosine, glutamate etc.
Thus, it is important to wait for at least 20–30 min  after biosensor
insertion before starting experiments, so that any released sub-
stances are washed away. A tone can also be measured by moving a
biosensor from a distal location to a point close to the slice surface
(Wall et al., 2007). This approach does not damage the tissue but
relies on the analyte diffusing out of the tissue. Another approach
is to leave the biosensor within the tissue and inhibit the biosen-
sor so it cannot detect the analyte and then measure the resultant
fall in baseline current. This can be achieved by applying EHNA
for example, to block the adenosine biosensor. Also if the tone
of adenosine is produced by extracellular ATP metabolism, then
blocking ATP metabolism with agents such as ARL67156 and POM-
1 should reduce the baseline current (Dulla et al., 2005; Frenguelli

et al., 2007; Wall et al., 2007, 2008). If the extracellular tone is
activity-dependent then blocking activity (with tetrodotoxin, glu-
tamate receptor antagonists etc.) should also produce a fall in
baseline current.
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Fig. 3. Model of repetitive and reproducible electrically-evoked seizures in 600 �m rat hippocampal slices bathed in nominally Mg2+-free aCSF. (A) Continuous electrophys-
iological recording showing evoked fEPSPs (periodic downward deflections) and time of high frequency stimulation (HFS; arrow; 2 s 60 Hz). Note transient depression of
fEPSP  after HFS. (B) Expanded seizures taken at times indicated showing consistency of electrographic activity over time. Short black bars above the traces indicate the 2 s
period of HFS. (C) Time course of fEPSP slope for experiment depicted in A. Inset fEPSPs (a–f) taken at times indicated.
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.4. Stability

The biosensors can lose some sensitivity during experiments,
ue to the actions of proteases in the tissue, which can dam-
ge the enzyme layer, and also through fouling of the surface of
he Pt/Ir wire hampering access of H2O2. This latter component
s offset by the presence of an outer anti-fouling layer (Fig. 2)
nd fouling itself can often be reversed by a process of “cycling”
here a positive going (to +500 mV)  and then a negative going

to −500 mV)  voltage ramp is applied to the biosensor over a

ew seconds for 10–12 cycles. In our experience we find that

ost sensors can be used several times if treated carefully, cycled
pon each use and stored in PBS to prevent them from drying
ut.
3.5. Speed

In our experience sensors typically respond within a few sec-
onds of the start of physiological or pathological activity. This delay
is not due to inefficiencies in enzymic conversion or diffusional
barriers within the sensor to the analyte or to H2O2. In a recent pub-
lication (Wall and Richardson, 2015) we  showed that the response
time of multi-enzyme adenosine biosensors to brief (200 ms)  puffer
application of adenosine was  in the order of 1 s, but that detectable
adenosine release in response to seizure activity occurred ∼30 s

after seizure onset. This delay may  therefore represent the reaching
of a threshold of activity sufficient to provoke the release of a com-
pound such as adenosine or ATP, and/or may reflect delays associ-
ated with the compound overcoming local uptake and metabolism
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Fig. 4. Adenosine A1 receptors mediate profound anticonvulsant actions. (A) Electrically-evoked seizures as per Fig. 3 in the absence (left) and presence (right) of the A1

receptor antagonist 8-cyclopentyltheophylline (8-CPT; 1 �M).  Seizures are longer and more intense in the presence of the A1 antagonist. Short black bars above the traces
indicate the 2 s period of HFS. Diamond on the extreme left of the trace indicates the fEPSP immediately preceding HFS. (B) Mean time-course of seizure-induced fEPSP
depression in the absence (filled square) and presence of 8-CPT (grey circles). Light grey bar represents mean duration of seizures under control conditions and dark grey
bar  the additional seizure duration in 8-CPT. Note the seizures are twice as long in 8-CPT, but the depression of the fEPSP is greatly attenuated. Inset fEPSPs taken (a) before,
(b)  at peak and (c) after seizure-induced synaptic depression in the absence (left) and presence (right) of 8-CPT. (C) Release of adenosine, as measured via an adenosine
(Ado)  sensor, in response to a single electrically-evoked seizure (open triangle) and the consequent inhibition of the simultaneously-recorded fEPSP. (D) Application of
8-CPT  (arrow) results in spontaneous seizure activity and a large rise in extracellular adenosine, which is sustained by continued interictal activity (filled triangles). Note
the  preservation of the fEPSP despite the high levels of adenosine. Electrographic seizure activity can be observed on the adenosine sensor. All experiments conducted in
n 2+

T

a
s
c
l
v

c
i
w
o
i
s
i
m
b
d
s
o

3

e
t
t
h
t
s
2
e
r

ominally Mg -free aCSF.

aken from Etherington and Frenguelli (2004), Etherington et al. (2009).

nd the spread to the sensors. In this regard it is unlikely that
ensors detect exclusively, or even at all, the synaptic release of
ompounds but instead potentially spillover of the analyte beyond
ocal buffering and may  indeed reflect that signal associated with
olume transmission of neurotransmitters/modulators.

Such delays do not detract from the ability to correlate, in our
ase, purine release with ongoing synaptic or physiological activ-
ty. For example the in vivo ATP release from sensory afferents

as shown to be phase locked to respiratory rhythm (cycle period
f about 1 s) (Gourine et al., 2008). In addition, the differences
n the kinetics of release on the initiation and termination of a
timulus clearly reveal that distinct processes are occurring dur-
ng the release and removal phases of the signal. In this regard

icroelectrode biosensors allowed a surge of adenosine release to
e observed upon reoxygenation after hypoxia or oxygen/glucose
eprivation, and permitted hysteresis to be detected in the relation-
hip between adenosine release and the depression and recovery
f synaptic transmission (Frenguelli et al., 2003).

.6. Size

Typically we use sensors made with Pt/Ir wire of 50 �m in diam-
ter and 500 �m in length. This allows penetration of the entire
hickness of brain slices at an acute angle to ensure that most of
he sensing surface is in contact with the tissue. These sensors
ave a sensitivity of several nA/10 �M of analyte providing a good
rade-off between sensor diameter (and damage to the tissue) with

ensitivity. Thinner Pt/Ir sensors are available, most commonly
5 �m,  but the thinnest sensors currently available are 7 �m diam-
ter carbon fibres (Yang et al., 2012). These carbon fibre sensors
etain good sensitivity (1 nA/10 �M analyte) likely by virtue of the
patterned surface of the carbon fibre providing greater surface area
for enzyme deposition. These carbon fibre sensors are very flexible
and may  not be suitable for tissue penetration unless a guide can-
nula is used, but instead could be placed on the surface of tissue.
Whilst the nominal diameter of the most frequently-used sensors
are the values given above, deposition of the various enzyme and
selectivity layers does add to the diameter of the sensors, but not
to the extent that it hampers penetration of tissue.

3.7. Future perspectives

The currently available microelectrode biosensors are a con-
siderable advance on the first generation sensors based around
enzymes in solution within barrels formed by microdialysis tub-
ing (Dale, 1998; Dale et al., 2000). These sensors were not suited to
tissue penetration and so this need to do so was  met  by immobil-
ising enzymes in a gel layer on the surface of thin Pt/Ir wire. The
subsequent appreciation that harsh experimental conditions (e.g.
in response to the anoxic depolarization during prolonged oxygen
glucose deprivation) provoked the release of electroactive interfer-
ents led to the incorporation of the selectivity layers on the sensors
(Frenguelli et al., 2007). Thus, developments are led in part by the
need to improve the technical and experimental capabilities of the
sensors, and by demands for additional sensing capacity.

We foresee future developments to revolve around further
miniaturisation of the sensors, for example to the level of carbon
nanotubes, that might allow single-, and indeed within-cell sens-

ing. Additionally the need for chronic (hours, days, weeks) sensing
in freely-moving animals will drive improvements in enzyme
stability and anti-fouling of the sensors, whilst the desire to simul-
taneously sample multiple analytes may  see silicon or ceramic
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Fig. 5. Adenosine kinase (ADK) regulates activity-dependent adenosine release. Top
panel: Adenosine (Ado) sensor signals in response to theta-burst stimulation (TBS;
arrowhead) in slices from wild-type (WT), ADK deficient (Fb-Adk-def) and ADK
overexpressing (Adk-tg) mice. Lower panel: Time course of TBS-induced synaptic
depression and potentiation. Note that the depression and recovery of transmis-
sion  was longer in slices from mice deficient for ADK (filled circles), which released
more adenosine (upper panel), whereas the depression and recovery was  quicker in
slices from mice overexpressing ADK (filled triangles), which released less adenosine
(upper panel). WT mice (filled squares) showed an intermediate phenotype. Inset are
fEPSPs for each of the genotypes taken at the times indicated. Scale bars for fEPSPs
B.G. Frenguelli, M.J. Wall / Journal of N

icroelectrode array sensors, which may  allow independent sam-
ling through various cortical layers. The analyte range, stability,
ensitivity or specificity of sensors may  be enhanced by advances in
rotein engineering or synthetic biology through the modification
r creation of enzymes capable of being incorporated into gel lay-
rs and still retaining optimal activity. From a clinical perspective,
he value of purines as potential biomarkers of disease in complex
uids such as whole blood has led to the development of medi-
ted biosensors where the Pt/Ir electrode is held at a much lower
otential (0 to −50 mV)  where there are fewer substrates for, in
his case, amperometric reduction. Trials are currently under way
o test their value in a number of life-threatening conditions.

Readers interested in current and future developments in micro-
lectrode biosensors are referred to an excellent recent textbook
n this topic edited by Stéphane Marinesco and Nicholas Dale
Marinesco and Dale, 2013).

. The application of biosensors to study seizures

Utilising the methods and approaches described in the previous
ection, we have used microelectrode biosensors, in conjunction
ith electrophysiological and pharmacological tools, to investi-

ate the release and effects of endogenous adenosine and ATP
uring seizure activity in a number of contexts. This work has
een conducted in wild-type and genetically-modified rodent
arasagittal hippocampal and neocortical slices. A thickness of
00 �m is required for hippocampal slices, as opposed to the stan-
ard 300–400 �m,  as we find thinner rat slices do not support
lectrically-evoked seizure activity (Etherington and Frenguelli,
004) or that induced by the GI mGluR agonist DHPG (Lopatar
t al., 2015). We  avoid hypoxia in the core of the slice by suspend-
ng the slice upon a mesh in the recording chamber and perfusing
he submerged tissue on both sides, using gas-impermeable tub-
ng and perfusing aCSF at ∼6 ml/min (Etherington and Frenguelli,
004; Wall and Richardson, 2015). However, 450 �m thick mouse
lices can support seizure-like events provided they are cut mid-
ay between the sagittal and horizontal orientation, potentially via

etter preservation of the entorhinal cortex and trisynaptic path-
ay within the plane of the slice (unpublished observations). For
ecortical slices, the greater recurrent network connectivity means
hat standard 300–400 �m thick slices can support spontaneous
eizures (Wall and Richardson, 2015).

Promotion of seizure activity in hippocampal slices can involve
rief high-frequency stimulation (2 s, 60 Hz) of the Schaffer
ollateral-commissural pathway in area CA1 in nominally Mg2+-
ree aCSF (Fig. 3) (Pearson et al., 2003; Etherington and Frenguelli,
004; Etherington et al., 2009; Lopatar et al., 2011), perfusion
f slices with nominally Mg2+-free and high K+ aCSF (0 mM
g2+/6 mM K+), (Lopatar et al., 2011) or low Mg2+ (0.1 mM)  and

he K+ channel blocker 4-AP (10–50 �M)  (Avoli et al., 2002). For
eocortical slices, we have found that perfusion with nominally
g2+-free aCSF reliably induces spontaneous seizures (Wall and

ichardson, 2015). It is however important to slowly reduce the
oncentration of magnesium in the aCSF to avoid the production
f spreading depression or mixed states (combination of spread-
ng depression and seizure activity). The advantage of evoking
eizures by electrical stimulation, rather than acquiring sponta-
eous events, is that electrical stimulation permits accurate timing
f highly reproducible seizure events (Fig. 3), typically of 20 s in
uration. This permits within-slice comparisons of the effects
f various drugs (Etherington and Frenguelli, 2004; Etherington

t al., 2009; Lopatar et al., 2011). This protocol also results in a
ransient (4–6 min) depression of electrically-evoked field excita-
ory postsynaptic potentials (fEPSPs), which is greatly attenuated
y A1 receptor antagonists (Fig. 4). This is despite the fact that
measure 0.5 mV and 5 ms. Adenosine sensor traces are displayed as mean ± SEM.

From Diogenes et al. (2014).

electrically-evoked seizure duration is at least doubled and seizure
intensity, in terms of spike frequency, is greatly increased. These
observations, and similar observations made by others (Dragunow,
1986; Dunwiddie, 1999; Boison, 2012), suggest that seizures cause
the release of endogenous adenosine which acts, via A1 receptors,
to both reduce the intensity of seizures and to bring them to
an abrupt halt (Etherington and Frenguelli, 2004; Etherington
et al., 2009; Lopatar et al., 2011; Wall and Richardson, 2015).
Indeed, antagonism of adenosine A1 receptors during conditions
of heightened excitability (e.g. low extracellular Mg2+) can per
se provoke intense and prolonged electrographic seizure activity
in vitro (Fig. 4D) whilst in vivo can convert self-terminating seizure
activity in into status epilepticus (Young and Dragunow, 1994).

5. Insight into the regulation of basal and seizure-induced
purine release
The observations above imply that as well as being released by
seizure activity and providing a potent negative feedback mech-
anism for controlling seizure intensity and duration, there is also
a basal extracellular tone of adenosine in the tissue that raises the
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Fig. 6. No obvious ATP release following electrically-evoked or high K+-induced seizure activity in hippocampal area CA1. High-frequency stimulation (2 s, 60 Hz; delivered
at  the arrow on the lower fEPSP trace) was delivered to a slice in nominally Mg2+-free aCSF. Whilst this elicited a robust signal on the adenosine (ADO) sensor (upper trace)
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o  signal was detected on the ATP sensor. Provoking a spontaneous seizure through
f  the Schaffer pathway was  halted) resulted in a prominent signal on the adenosin

aken from Lopatar et al. (2011).

hreshold for ictogenesis. This adenosine tone likely results, at least
n part, from localised low-level network activity. This is supported
y data from paired patch clamp recording from layer 5 pyramidal
ells which show considerable heterogeneity in the basal extracel-
ular adenosine concentration present at synapses within the same
lice and even between reciprocal connections (Kerr et al., 2013).

Interestingly, this basal adenosine tone seems to be at least
artly dependent on the presence and metabolism of extracellular
TP: studies using ecto-nucleotidase inhibitors such as ARL 67156

Dulla et al., 2005; Frenguelli et al., 2007) or POM1 (Wall et al., 2008)
eveal a decrease of the adenosine sensor signal of ∼100 nM,  which
ay  indicate an astrocytic origin for the adenosine tone (Pascual

t al., 2005). Furthermore, this adenosine tone can also be reduced
y hypocapnia, which promotes seizure activity in hippocampal
lices (Dulla et al., 2005). The fact that hyperventilation-induced
ypocapnia is used to provoke seizures as a diagnostic test (Mendez
nd Brenner, 2006) and enhance electroconvulsive seizures, as
re A1 receptor antagonists such as caffeine, theophylline and
minophylline (Loo et al., 2010), strongly suggests an important
onic inhibitory role for endogenous adenosine in the regulation
f human seizures. Moreover, successful attempts to terminate
uman epileptic seizures, even after their initiation, have been
ade using 5% CO2 inhalation (Tolner et al., 2011). Indeed, we have

hown in hippocampal slices that hypercapnia is a powerful stim-
lus for adenosine release and adenosine A1 receptor-dependent
uppression of seizure activity (Dulla et al., 2005).

In addition to pH-dependent regulation of extracellular adeno-
ine (Dulla et al., 2005, 2009) an additional critical regulator is
denosine kinase (ADK), an enzyme that converts adenosine to
MP  thereby maintaining an inward adenosine gradient across

he plasma membrane (Boison, 2008). That this enzyme plays a
rucial role in determining extracellular levels of adenosine is
videnced by the fact that mutant mice expressing elevated or
educed levels of forebrain ADK show differential release of adeno-
ine and adenosine-dependent transient inhibition of the fEPSP
n response to theta-burst stimulation (Fig. 5) (Diogenes et al.,
014). Furthermore, inhibition of ADK with iodotubercidin results

n accumulation of extracellular adenosine, inhibition of synaptic

ransmission and the abolition of seizure activity in hippocampal
lices (Etherington et al., 2009). This involvement of ADK in regu-
ating extracellular adenosine and the threshold for ictogenesis is
articularly pertinent in the context of chronic epilepsy in which
evation of extracellular K from 3 mM to 6 mM (prior to which periodic stimulation
or, but no signal on the ATP sensor.

astrogliosis is a prominent feature since ADK is predominately
located in astrocytes (Studer et al., 2006; Etherington et al., 2009).
Thus, the astrogliosis precipitated by brain injury begets a vicious
cycle in which ADK expression is elevated, extracellular adenosine
is lowered, the threshold for seizures is reduced, chronic seizures
cause more brain damage and so on, and has led to the ADK hypoth-
esis of epileptogenesis (Boison, 2008). Indeed, ADK over-expressing
mice exhibited spontaneous seizures and fatal kainic acid-induced
status epilepticus (KASE), whereas ADK-deficient mice showed
reduced KASE-induced seizures and brain damage and were pro-
tected against subsequent KASE-induced epileptogenesis (Li et al.,
2008). Accordingly, ADK and the adenosine-dependent changes
that contribute to astrogliosis are promising targets in both injury-
induced epileptogenesis and indeed established but refractory
epilepsy (Aronica et al., 2013).

Given the profound influence of adenosine acting via adenosine
A1 receptors in the suppression of seizures, an obvious question
is to what extent does this result from the prior release of ATP?
Indeed, given the wide array of excitatory and inhibitory receptors
for ATP (Burnstock et al., 2011), and the potential for their involve-
ment in epilepsy (Kumaria et al., 2008), we recently investigated
the possible release and role of ATP receptors hippocampal slices
in different models (Lopatar et al., 2011, 2015). In the first model,
using brief high-frequency stimulation of the Schaffer pathway in
nominally Mg2+-free aCSF, we observed that broad spectrum antag-
onism of ATP P2X (ionotropic) and P2Y (GPCR) receptors had only a
minor inhibitory effect on the duration and intensity of electrically-
evoked seizures. This minor role was echoed by ATP biosensor
measurements, which showed little appreciable release of ATP dur-
ing either evoked seizure activity or spontaneous seizures caused
by the elevation of extracellular K+ to 6 mM,  both of which were
capable of provoking considerable adenosine release (Fig. 6). Thus,
under these conditions there seems to be both little ATP release and
little P2 receptor involvement in modulating epileptiform activ-
ity, observations confirmed by others (Klaft et al., 2012). However,
these findings do not preclude the potential importance of ATP
release and P2 receptors in other seizure models or conditions
(Burnstock et al., 2011).
Indeed, in a more recent study, we  have observed that the appli-
cation of the GI mGluR agonist DHPG elicits burst firing in area
CA1, which is associated with adenosine release from areas CA1
and CA3, but ATP release from only area CA3 (Fig. 7) (Lopatar et al.,
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Fig. 7. The GI mGluR agonist S-DHPG elicited bursting activity and the region-
specific release of ATP in hippocampal slices. (A) DHPG induced ATP release in area
CA3 (black trace) but not in the CA1 region (grey trace). (B) The ecto-ATPase inhibitor
ARL 67156 caused a further increase in ATP in area CA3 (upper trace labelled “ATP”)
above that induced by DHPG alone (the pre-DHPG sensor baseline is depicted by
the  lower broken line). ARL 67156 also elicited a change in bursting pattern. An
example is shown in the middle trace with two DHPG-induced bursts before (left)
and  after (right) ARL 67156 application. This change is quantified in (C) with a graph
showing an increase in the duration of DHPG-induced bursts after ARL 67156 admin-
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Fig. 8. Analysis of biosensor signals during seizure activity (A) ADO biosensor and
extracellular (ext) recording during seizure activity in a neocortical slice. The trace
from the null sensor (not shown) has been subtracted from the ADO biosensor trace
(ADO-null). Following each burst of activity a large current is produced on the ADO
biosensor showing an increase in extracellular purine concentration. The downward
deflections on the biosensor are local field potentials as the biosensor also acts as
an  extracellular electrode. (B) The solid line shows the model to fit the data in (A).
The dotted line shows each separated purine waveform, with the baseline removed,
allowing accurate measurement of biosensor current amplitude. Inset log plot of
the ADO biosensor waveform in response to the first burst of activity. The decay is
well described by a single exponential. (C) ADO biosensor and extracellular (ext)
recording during seizure activity. Application of the adenosine deaminase inhibitor
EHNA (20 �M),  which reduces the ability of the sensors to detect adenosine, reduced
the  amplitude of purine waveforms by ∼75% confirming that the purines detected
stration in six individual slices (filled circles) and the mean ± SEM for the data (open
iamond; *p < 0.02; paired t-test). ATP traces in A and B are displayed as mean ± SEM.

igure taken from Lopatar et al. (2015).

015). Importantly, ATP release, but not the release of adenosine,
as greatly suppressed by either probenecid or a low concentration

f carbenoxolone, suggesting both a spatial and mechanistic disso-
iation between ATP and adenosine release, and the release of ATP
ia pannexin-1 hemichannels. We  went on to show that ATP drove
urst firing via the activation of ATP P2Y1 receptors, whereas the
iming and intensity of burst firing was regulated by adenosine A1
eceptors. These observations suggest bidirectional actions of the
urines reminiscent of the observations made in Xenopus spinal
ord.

Attempts to define the cellular source and molecular conduit
or adenosine and ATP release under physiological and patho-
ogical conditions have been fraught with difficulty due to the
arge variety of potential cellular and molecular sources (Fig. 1).
ccordingly, there is evidence (reviewed in (Dale and Frenguelli,
009)) to include both neurones (Lovatt et al., 2012; Wall and
ale, 2013) and astrocytes (Pascual et al., 2005; Wall and Dale,

013) as sources of purines, and equilibrative adenosine trans-
orters, vesicular release, connexin and pannexin gap junction
emichannels and maxi anion channels as effective conduits
hat can be recruited, potentially in isolation or in combination,
arise from either adenosine or adenosine metabolites.

Modified from Wall and Richardson (2015).

depending upon the prevailing stimuli. With judicious use of the
more selective pharmacological tools, molecular reagents to knock
down protein expression or activity, appropriate mutant mice, and
direct measurement of the kinetics of purine release, it may  be pos-
sible to tease apart potentially overlapping sources. This has been
attempted recently in the context of K+ depolarisation of hippocam-
pal slices and the release of adenosine, ATP and glutamate (Heinrich
et al., 2012), and in stimulated adenosine release in the cerebellum
and hippocampus (Klyuch et al., 2012a; Wall and Dale, 2013).

6. Analysis of biosensor signals and modelling of adenosine

release kinetics

To better address the kinetics of purine release during seizure
activity we  have recently applied computational methods that
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Fig. 9. Increases in extracellular purine concentration during seizure activity are highly localised. (A) Positioning of two biosensors (labelled A and B) in layer V of the
neocortex, with diagrams illustrating the localisation of increases in extracellular purine concentration during network activity as interpreted from the biosensor traces
below  in (B). Network activity was induced by nominally Mg2+-free aCSF. Initially the network was only active around biosensor B (fast deflections, arrows) and not around
biosensor A. The resultant increases in extracellular purine concentration, measured by biosensor B, were not detected by biosensor A. When the network was active around
both  biosensors then an increase in purine concentration was  detected on both biosensors, although there was no relationship between the concentrations of purines
measured. (C) Data from a mathematical model showing that purine concentration decreases rapidly with distance because of diffusive dilution. At the release site the
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oncentration (C) is 100% (C = 100%) and the rise time of the biosensor signal is 2.5 s
apidly  and the rise of the biosensor signal becomes slower. At 100 �m from the re

odified from Wall and Richardson (2015).

llow pertinent release parameters to be extracted from the biosen-
or signals observed during spontaneous seizures. It is desirable
o accurately measure the amplitude of the biosensor current
roduced by each seizure and to thus estimate the increase in
xtracellular purine concentration. However, this is often difficult
s spontaneous seizures can occur so frequently that the biosen-
or currents overlap and thus each increase in biosensor current
its on the decay of the previous biosensor current (Fig. 8A). This
roblem can be overcome using the method of Richardson and
ilberberg (Richardson and Silberberg, 2008). Signals are decon-
olved by removing the long decay component, which reflects the
low loss of purines from the slice surface (Klyuch et al., 2011;

all and Richardson, 2015). The sharper biosensor signals can then
e cropped out and reconvolved to yield isolated waveforms from
hich the amplitude can be accurately measured (Fig. 8B) and from
hich the concentration of purine calculated. From such measure-
ents it is clear that the amount of purine released by each seizure

rogressively reduces, likely reflecting the depletion of intracellular
urine stores (Pearson et al., 2001, 2003; Klyuch et al., 2011).

Depletion of adenosine release has been observed in vivo and

o is not merely an artefact of the slice preparation (Pearson
t al., 2003). We  have considered the implications of this deple-
ion, which likely revolves around the diminution of the ATP
ool during metabolic stress or seizure activity, and have recently
5 s). With increasing distance from the release sites the amount detected decreases
ites only 2% is detected and the rise of the biosensor signal is 22 s.

demonstrated that the provision of ribose (1 mM)  and adenine
(50 �M)  in the slice incubation medium for ∼3 hours restores
tissue ATP levels to those found in vivo (zur Nedden et al.,
2011). This results in greater adenosine release in response to
physiological (zur Nedden et al., 2011) and pathological stim-
uli (zur Nedden et al., 2014) with consequent raising of the
threshold for the induction of long-term potentiation and the
acceleration of the depression of glutamatergic transmission by
oxygen/glucose deprivation and a slowing of the recovery, respec-
tively.

Since adenosine biosensors detect both adenosine and its
metabolites (inosine and hypoxanthine; Fig. 2) the biosensor cur-
rents produced during seizures could be due to direct detection
of adenosine, detection of metabolites or a combination of both. It
may  not be important to determine the precise composition of the
purines detected as long as it can be shown that any metabolites
detected arise from the extracellular metabolism of adenosine and
are not directly released themselves (for example see (Wall et al.,
2010) where inosine is directly released). To estimate the compo-
nent of the biosensor signal directly attributable to adenosine, we

have used the adenosine deaminase inhibitor EHNA. This blocks
the biosensor’s ability to detect adenosine and also prevents the
endogenous metabolism of adenosine to inosine within the slice.
Since this reduced biosensor signals by ∼70–80% it confirmed that
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he majority of the purines detected during seizures arise from
xtracellular adenosine rather than direct release of inosine or
ypoxanthine (Fig. 8C, Wall and Richardson, 2015).

Biosensors have additionally allowed us to test whether there
s a homogeneous increase in extracellular purine concentration
cross the tissue during seizures or whether instead release is
atchy and depends on local network activity. This was made pos-
ible by the biosensor’s ability to also act like an extracellular
lectrode and detect local network activity. Measurements with
ultiple biosensors, particularly at the onset of seizure activity,

how considerable heterogeneity in the concentration of purine
etected (Wall and Richardson, 2015). In some examples (Fig. 9A
nd B) purines released by activity around one biosensor could not
e detected by another biosensor ∼0.5 mm away, where the net-
ork was inactive. As discussed previously, this highly localised

eizure-induced purine release precludes the use of differential
easurements to separate an increase in the concentration of

denosine from an increase in adenosine metabolite concentration.
n the example shown in Fig. 9, if biosensor A was an inosine biosen-
or and B an adenosine biosensor, it would be incorrectly assumed
hat all of the initial signal on biosensor B is due to adenosine as no
nosine is detected. However such differential measurements are
ossible when the challenge to the slice is uniform, for example
uring oxygen/glucose deprivation, and a net adenosine signal can
e determined (Frenguelli et al., 2003). This highly localised signal
oes allow us to begin to make estimates of the diffusion of purines
uring seizures and the sphere of influence over which adenosine
xerts its actions (Wall and Richardson, 2015; Fig. 9C). Using a sim-
le mathematical model, we could estimate an upper bound on the
istance that purines travels in the extracellular space. This model
uggests that the concentration of adenosine (and its metabolites)
ecreases rapidly with distance, with, for example, only 2% remain-

ng at a distance of 100 �m from the release site (Fig. 9C). This,
ogether with the experimental evidence in Fig. 9B, suggests that
he extracellular adenosine concentration becomes uncorrelated
ith global seizure activity over very short distances in tissue,
hich are certainly less than 500 �m (Wall and Richardson, 2015).

hus adenosine, acting via A1 receptors, provides a negative feed-
ack mechanism which can be fine-tuned depending on the local
etwork activity.

. Summary

Neocortical and hippocampal brain slices offer the means to gain
aluable insight into the underlying neurobiology of seizure activity
n clinically-relevant brain areas. The many and varied approaches
hat can be deployed to probe the circuitry and neurochemistry
f epileptiform activity have allowed the generation of testable
ypotheses and identification of tractable drug targets. Given the
ighly dynamic, transient and often erratic nature of seizures there
emains a need for the monitoring of such activity in real time.
iosensors, together with modelling, optical imaging and electro-
hysiology, offer a means by which to monitor on-going seizure
ctivity and to complement existing techniques with knowledge of
he release of neuroactive compounds.
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