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Abstract

Objective—Seizures are currently defined by their electrographic features. However, neuronal
networks are intrinsically dependent upon neurotransmitters of which little is known regarding
their peri-ictal dynamics. Evidence supports adenosine as having a prominent role in seizure
termination, as its administration can terminate and reduce seizures in animal models. Further,
microdialysis studies in humans suggest adenosine is elevated peri-ictally, but the relationship to
the seizure is obscured by its temporal measurement limitations. Because electrochemical
techniques can provide vastly superior temporal resolution, we test the hypothesis that
extracellular adenosine concentrations rise during seizure termination in an animal model and
humans using electrochemistry.

Methods—White farm swine (n=45) were used in an acute cortical model of epilepsy and 10
human epilepsy patients were studied during intraoperative electrocorticography (Ecog). Wireless
Instantaneous Neurotransmitter Concentration Sensor (WINCS) based fast scan cyclic voltametry
(FSCV) and fixed potential amperometry were obtained utilizing an adenosine specific triangular
waveform or biosensors respectively.

Results—Simultaneous Ecog and electrochemistry demonstrated an average adenosine rise of
260% compared to baseline at 7.5 £ 16.9 seconds with amperometry (n=75 events) and 2.6 + 11.2
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seconds with FSCV (n=15 events) prior to electrographic seizure termination. In agreement with
these animal data, adenosine elevation prior to seizure termination in a human patient utilizing
FSCV was also seen.

Significance—Simultaneous Ecog and electrochemical recording supports the hypothesis that
adenosine rises prior to seizure termination, suggesting that adenosine itself may be responsible
for seizure termination. Future work using intraoperative WINCS based FSCV recording may help
to elucidate the precise relationship between adenosine and seizure termination.
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Introduction

Adenosine has a long history in epilepsy research.! It is an endogenous inhibitor of
excitatory synaptic transmission with potent anticonvulsant properties in the mammalian
brainl. It appears to facilitate neuroprotection against ischemia and seizures and to be
essential for natural seizure termination.1~4 When applied exogenously, it has been reported
to terminate seizures in virtually all animal models in which it has been tested.l: 415 In
humans, it likely plays a prominent role, along with GABA, in seizure regulation, as
measured by electroencephalography (EEG).10 Due to its fast metabolism, adenosine is
quickly and tightly regulated, which makes it a promising therapeutic intervention for
epilepsy.1~* However, despite evidence that adenosine suppresses epileptic activity, its peri-
ictal dynamics are not known. This knowledge gap may be attributed in large part to
difficulty in measuring adenosine, which has a very short, 8-15 second half-life in
humans.16

Microdialysis, a method in which aliquots of effluent are collected from tissue, has been
used to measure adenosine in relation to seizures. During and Spencer, for example, used it
to measure peri-ictal adenosine changes in humans and found increases of 6-31 fold three
minutes after seizures.10 However, microdialysis is slow and constrained by a need for at
least 2 minutes to collect an individual aliquot. Whereas epileptiform events occur over tens
of seconds, microdialysis simply can not explore the peri-ictal dynamics of adenosine.10
Winn et al. used a freeze-blow technique in which animal brains are quickly frozen prior to
analyte measurement, and found evidence of peri-ictal adenosine increase.}” However this
technique requires immediate sacrifice of the subject and permits assessment only of the
total tissue content of adenosine, not of active extracellular concentrations alone.

Two alternative techniques, fast scan cyclic voltammetry (FSCV) and fixed potential
amperometry (FPA), offer a viable and technically superior means of measuring changes in
extracellular adenosine in vivo during peri-ictal events. Both are electrochemical techniques
that have the sub-second time resolution needed to record adenosine peri-ictally. An
additional benefit of these techniques is their sub-millimeter spatial resolution. They
typically sample radially from 250 to 50 pm, a much more narrowly defined area than that
sampled by microdialysis, which perfuses a relatively large area. Given the short half-life
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(<15 seconds) of adenosine, and because it has been shown to be electrochemically active,
both FPA and FSCV appear to be ideal means of measuring adenosine release during seizure
activity in animal models.18 Indeed, previous research in small animal models has shown
that both techniques provide complimentary information.19-21

Although both techniques record electrochemical activity, there are important differences
between them. FSCV relies on Faradic principles and measures analytic substrates at an
implanted carbon fiber microelectrode (CFM) by detecting the oxidation and reduction
currents of molecules. FPA uses carbon-based microelectrodes to detect the current
associated with electroactive compounds. They also differ in their safety for human use. The
components of the working and reference electrodes in FSCV are considered safe, whereas
those for FPA are not. The enzymatic preparations in the adenosine FPA biosensors contain
Nafion, which is not approved for humans by the U.S. Food and Drug Administration. FPA
biosensors also contain bovine proteins which are unable to be sterilized for surgical use in
humans.

We chose to use both methods to test the hypothesis that adenosine release is elevated in a
large animal model during epileptiform events with the goal of testing that same hypothesis
in humans. For our FSCV recordings we used an in-house designed wireless instantaneous
neurochemical sensing system (WINCS). Here, we demonstrate the effective measurement
by FSCV and FPA of cortical extracellular adenosine release during electrographic events
induced by acute chemoconvulsant injection in swine.

Having found that both techniques were effective in measuring alterations in adenosine in a
large animal model, we chose FSCV to evaluate human subjects undergoing surgery for
partial epilepsy. Applied in a small group of human subjects, we demonstrate the safety and
potential clinical utility of FSCV for real-time neurochemical monitoring. The findings
suggest that this technique could advance understanding of the mechanisms of seizure onset
and help define the boundaries of the seizure onset zone in humans with epilepsy.

Animal Recordings

Surgery

All basic research studies had prior approval of the Mayo Clinic Institutional Animal Care
and Use Committee. Studies were performed on 45 castrated male domestic swine (Large-
white/Landrace/Duroc cross), each weighing between 30-35kg.

Pig surgery was performed in a manner that conformed as closely as possible to the
conditions in the human operative theater, as previously described.22 Epileptiform activity
was induced by subcortical injection 4-5 mm below the cortical surface of 5 ul Benzyl-
penicillin (PCN).22 This simple protocol reliably produces initial effective spikes as
previously described, followed by runs of spikes greater than 3.5 Hz (Figure 1).
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All animals were sacrificed at the end of the procedure. Brains were removed, fixed in 10%
formalin and examined after sectioning to determine the exact location of the working
electrode position (e.g., the FSCV carbon fiber microelectrode or amperometry biosensor).
All recording electrodes were implanted at a depth of 3—7 mm with the implantation goal of
4-5 mm. Only animals with accurate electrode or biosensor positioning were considered for
data analysis.

Amperometry

Amperometry for ADO, Hx, ATP, and control sensor (without enzymes) was performed
with commercial Pinnacle Biosensors (biosensor 7001, integrated with reference, Pinnacle
Technology INC. Lawrence, KA). These sensors are fabricated in collaboration with Sarissa
(Sarissa-Biomedical Ltd, Coventry, UK). The sensor coatings are provided by Sarissa on the
Pinnacle hardware, and handling and use of these sensors was performed as suggested by
Sarissa-Biomedical, Ltd. The signal was digitized on an 8 channel recording system (e-
corder 821,eDAQ PIt Ltd, Denistone East, Australia) and recorded on a Dell Latitude E6400
with software provided with the device (eDAQ Chart, v5.5.8). Multichannel amperometry
was driven by the EP352 Biosensor Isopod (eDAQ) for each sensor channel (up to 3). Prior
to their use, amperometry biosensors were stored at 4° C. Rehydration was performed as
described by Sarrisa-Biomedical, Ltd, with the proximal 3 mm submersed in Buffer A (2
mM Sodium Phosphate buffer, pH 7.4, 100 mM NaCl, 1 mM MgCl,, and 2 mM glycerol)
for at least 10 minutes. From that point on, biosensors were used only once, handled in
congruence with manufacturer instructions, and were not allowed to re-dry. Calibration
protocol can be reviewed in the supplemental material.

In vivo implantation was performed immediately after calibration. Implantations were
performed by microdriver measurement to a 4-5 mm depth in the cortex. The sensors were
polarized at +500 mV. The biosensors were then allowed to asymptote for 15 minutes. In all
cases, an analyte specific biosensor was placed with a null sensor in order to perform
differential measurements. One hour of recording was taken after stabilization. Data analysis
were performed by importing Edaq Chart data in .txt format to Spike2 6.11. The following
time points were chosen for analysis: the onset of the epileptiform event was defined as
confluent spiking greater than 3.5 Hz. The termination of the epileptiform event was defined
as a pause without spiking of greater than 3 second at the end of the event. Adenosine onset
time was defined as the low point (lowest current (nA) signal) of the adenosine signal during
seizure, and the peak of adenosine response (high point of the current (nA) signal) was also
recorded. These time points are shown and marked as seen in Figure 2.

In Vitro FSCV

FSCV was performed acquiring raw cyclic voltammograms using with WINCS (Wireless
Instantaneous Neurochemical Sensor) as previously described, and analyzed by WincsWare
(Mayo Clinic, Rochester, MN, USA).18: 23-27 For FSCV measurements of ADO, a triangular
waveform was used with a voltage ramp from —0.4 to 1.5 V and back to 0.4 V at a scan
rate of 400 V s-1 repeated at 10 Hz with a resting potential of —0.4 V between scans as
described by Venton.19: 20 |n all experiments the background current was allowed to
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stabilize for at least 15 min. All potentials were reported against an Ag/AgCl reference
electrode in a grounded Faraday cage. Experiments utilized a carbon-fiber microelctrode
(CFM) which was constructed as previously described.26

FSCV and EEG time-locked data

In order to establish the exact temporal relationship of the EEG data and FSCV signal, we
altered our original software (internal programming) to send a synchchronized pulse of 6 V
for 1 ms during every 5 seconds of acquisition and a double pulse for every 10 pulses from
the WINCS base unit to the neuralynx EEG recorder. FSCV data were then converted to
current-by-time output at 1.45V and 1.0V. These data were then synchchronized to the EEG
data within an estimated accuracy of 1/100 of a second. Three consecutive swine were used
to evaluate the relationship between the EEG data and WINCS-based FSCV at seizure onset
and seizure termination, defined as an isoelectric signal with greater than 3 second pause.
Time points for rise, peak, and return to baseline (offset) of the FSCV signal were identified.
We used 5 consecutive epileptiform events per animal for a total of 15 events.

Computer analysis

Offline EEG data processing was performed utilizing matlab r2009b with mef2
formatting.28 Processing of FSCV and amperometry data was conducted with conversion to
txt files and analysis in spike 2 version 6.11 (Cambridge Electronic Design, Cambridge,
UK). Statistical procedures in the software package Graph Pad Prism (Graph Pad Software,
Inc., San Diego, USA) as well as JMP 8.0 (2008, SAS Institute Inc., Cary, NC, USA) were
used.

Statistical Tests

For ADO amperometry 75 events (evenly collected amoungst animal recordings) were
recorded, meeting the central limit theorem, and t-test analysis was used. For FSCV ADO
and Hx/ADO Amperometry (n=15 and n=12 respectively), Kruskal-Wallis tests were used
for 3 group analysis (i.e. Null, ADO, Hx) and Wilcoxon matched pairs test was utilized as
well. Statistical procedures in the software package Graph Pad Prism (Graph Pad Software,
Inc., San Diego, USA) as well as JIMP 8.0 (2008, SAS Institute Inc., Cary, NC, USA) were
used.

Human Recordings

Prior to enrollment, this study was approved by our Mayo Clinic (Rochester) Institutional
Review Board and neurosurgical/neurology departmental review boards. Participants
included ten patients with medically intractable temporal lobe epilepsy who had been
scheduled for an anterior temporal lobectomy. These 10 patients underwent
electrocorticography (Ecog), which is the standard procedure to determine the extent of
neocortical resection. In addition to the standard neurosurgical elements, these included a
sterilized WINCS unit, two separate sets of three working electrodes, and a base station
computer. After appropriate positioning, a standard craniotomy for anterior temporal
lobectomy was performed. Electrocorticography was performed as previously described.29
A separate FSCV electrode was placed 5 um into the cortical surface. Recordings where
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then performed for 10 minute periods. Additional details of the consent and implantation
process can be found in supplemental materials.

Results

Profile of epileptiform activity induced by penicillin injection in the swine model

Penicillin (PCN) injection reliably induced epileptiform events and spiking in the pig cortex
as previously described.22 Figure 1 demonstrates a typical macro and micro-cortical
electrode implantation. PCN injection-induced spiking occurs within three minutes and
within one to two hours progresses to runs of spiking events focal to the PCN injection site
(Figure 1)22. These epileptiform events conform to induced clinical convulsions in other
animal models. Although different in important ways from the chronic seizures that arise
from complex epileptic foci in humans, these induced convulsions are referred to as seizures
in the animal literature. The first such epileptiform events among 23 pigs (for a total of
ninety epileptiform events) were selected for correlation analysis to assess their relationship
to the electrochemical findings. The mean £ SD seizure duration was 55.2 + 31.9 seconds
(95% CI 62.0 to 48.6).

Amperometric (FPA) measurement of Adenosine during epileptiform events

Pig epileptiform events were analyzed using adenosine differential FPA (co-monitored with
EEG). A total of 20 pigs and 75 random chosen seizure events were analyzed with this
technique (Figure 2). Notably, there was minimal variation in the recorded adenosine signals
when FPA was performed without PCN injection. However, during grade 1V seizure events,
there was a one-to-one statistical correlation between the electrographic event and rise in
adenosine peri-ictally (Figure 2). For this reason, the rises and peaks of adenosine were
recorded relative to the most reliable time period in each epileptiform event, which was the
post-ictal pause in spiking.

The rise in the adenosine signal was perfectly correlated with epileptiform event termination
and had a mean onset at 7.5 + 16.9 seconds (95% CI —11.4 to —3.6 seconds) prior to seizure
termination (Figure 2), with a median rise point at —1 second and a range of =57 seconds to
31 seconds over 75 events. The peak adenosine signal occurred after the seizure termination
with a mean of 19.5 + 10.6 seconds (95% CI 17.1 to 21.9 seconds). The mean increase in
adenosine concentration was 649 + 513 nM (95% CI 505 to 794 nM) (Figure 2). The range
of peri-ictal increase was 100 [nM] to 2200 [nM] of Adenosine. There were no significant
correlations between the rise of adenosine and the duration of epileptiform event (r=0.06),
time to adenosine peak (r=-0.11), or increase in the concentration of adenosine (r=0.3).

FSCV characterization of purines

To determine the background current at a given time, adenosine biosensors used in
conjunction with FPA must be referenced to a null electrode. Contemporary adenosine
biosensors use a sequence of reactions as demonstrated in Figure 2a. Reference biosensors
typically consist of an electrode coated with Nafion and bonding agents, but inosine
biosensors (lacking only the adenosine deaminase) have been also been used.30: 31 While
this is a clever solution, a critical problem remains. Adenosine is a substrate for nucleoside
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phosphorylase, which has a high affinity for adenosine.32: 33 Although this high affinity does
not affect the adenosine signal from the adenosine biosensor, it does make referential
recordings uncertain until proper kinetic studies are performed. For this reason, to
characterize purines, we used FSCV, an electrochemical technique capable of identifying
electroactive adenosine without this potential confound.19-21 Supplemental Figure 1
demonstrates the plethora of potential molecules that may interfere in the signaling cascade
present on the FPA adenosine biosensor. Notably, only adenosine, guanosine, and
hypoxanthine (Hx) have electroactivity at 5 uM (SF1). Fortunately, using FSCV guanosine
was reliably distinguished from adenosine by the subtracted unfolded voltammogram (SF
1B). Hx could interfere, but only if present in logarithmically higher concentrations than
adenosine, which it was not.

FSCV measurement of adenosine during epileptiform events

Fifteen epileptiform events in 3 pigs were analyzed to assess their concordance with the
FPA data. Figure 3 demonstrates an example of a seizure in relation to the synchronized
FSCV signal. Here, there is a clear increase in adenosine associated with seizure termination
(Figure 3). Analysis of these events showed Peak 1 of ADO at 1.45V. In those events with
significant increases in Peak 1, Peak 2 can be seen at 1.0 V (Figure 3b), these two peaks are
considered the neurochemical signature of ADO.18 Consistent with our previous FPA data,
the rise in the adenosine signal had a mean increase at 2.6 + 11.2 seconds (95% CI -8.8 to
3.5 seconds) prior to seizure termination. The peak adenosine signal typically occurred after
seizure termination at a mean of 26.8 + 16.5 seconds (95% CI 16.6 to 34.9 seconds) which is
concordant with our FPA data.

Adenosine and hypoxanthine resolved through amperometry

Although FSCV was capable of distinguishing most of the adenosine metabolites from
adenosine (SF1), there appeared to be some overlap between the oxidation peaks of
hypoxanthine (Hx) and adenosine. To determine whether Hx contributed significantly to the
peri-ictal rise in adenosine, we performed concomitant FPA recordings of adenosine, Hx,
and a null prepared electrode in 3 pigs. We analyzed 4 consecutive epileptiform events in
each animal, for a total o f 12 events (Figure 4).

The raw FPA average of control, adenosine, and Hx responses at the termination of seizure
events were as follows: null =0.7+£0.5 nA; adenosine 7.0£1.2 nA; and Hx —0.6£0.7 nA (95%
Cl) (null: =1.4 to 0 nA, adenosine: 5.6 to 8.5 nA, Hx: —1.4 to 0.2nA). There was a
significant difference in signal strength between adenosine and Hx, and adenosine and
control, but not between Hx and control (p=0.0089, Kruskal-Wallis) (Figure 4).

A comparison of the averaged normalized adenosine and Hx responses at the termination of
seizure events revealed the following: adenosine: 2.6+1.4, Hx: 0+0.2 nA (95% CI);
adenosine: 1.7 to 3.4; and Hx: —0.2 to 0.1 nA. There was a significant difference between
adenosine and Hx (p=0.0005, Wilcoxon matched pairs). Thus, although microdialysis
studies have found a more prolonged increase of Hx relative to a single epileptiform event,
our results show no significant change in Hx above baseline and that increased Hx reaches
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the level of adenosine elevation. These results suggest that adenosine alone may be
important.®

Human FSCV

Having successfully recorded adenosine in our swine model, we sought to assess this
technology in human patients undergoing surgery for epilepsy. At the time of this study,
FSCV had not yet been conducted in human epilepsy subjects so our initial trials focused on
safety.34 Ten epilepsy patients consented to participate in the study (Table 1). A CFM was
implanted into the temporal lobe of each patient for 15 minutes during intraoperative Ecog
prior to resection. It is estimated that 10% of temporal lobe epilepsy patients will have
lateral temporal lobe seizure activity and that in the other 90% seizure activity will be
generated from mesial temporal structures.2? Thus, we anticipated that of the 10 patients in
the safety study, at least one would have lateral neocortical seizure activity. Our expectation
was met. Patient #2 had lateral neocortical seizure activity, which occurred with FSCV
recording and showed a Peak 1 indicative of adenosine (Figure 5). The remaining nine
patients had stable neocortical recordings at Peak 1 and did not have lateral neocortical
events.

Discussion

This study demonstrates an integrated effort to establish safety and importance of
electrochemical techniques for detecting neurochemical changes during human epilepsy
surgery. Firstly, utilizing a model we developed for translational development of
intraoperative EEG monitoring, we demonstrate that it is possible to conduct neurochemical
measurement during such events to determine the relationship of adenosine to seizure onset
and termination in both a swine model and during intraoperative epilepsy surgery in
humans. Our findings, utilizing a novel form of electrochemical detection, demonstrate the
peri-ictal dynamics in alive and intact animals of adenosine which support its role in seizure
termination.

To establish equivalency between FSCV and FPA in the cortical measurement of
extracellular adenosine release during epileptiform events, we conducted FSCV with a free-
floating CFM implanted in the pig cortex. We found that extracellular ADO increases as
measured by both FSCV and FPA just prior to the termination of epileptiform events.
Further enzyme-based FPA studies were conducted to confirm that FSCV was recording
ADO alone and not Hx.

Our FPA and FSCV findings indicate that extracellular levels of ADO increase just prior to
the termination of acute epileptiform events and attain peak values following seizure
termination. In this acute chemoconvulsant swine model, the second-to-second rise in ADO
levels during seizure activity and the peak values immediately following seizure events were
predictive of the termination of epileptiform events. Considering that PCN is a GABAa
receptor inhibitor, these studies provide evidence that when the GABAa is inhibited, that
ADO participates in epileptiform event termination.
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As noted in the introduction, because of its inadequate time resolution, microdialysis can not
measure ADO relative to seizure activity.3° Therefore, it has become increasingly more
common for researchers to utilize electrochemistry to measure ADO in in vitro
preparations.3® For example, Etherington et al., used a slice model of epileptiform activity
induced by high frequency stimulation in magnesium-free conditions and found that ADO
increases at or after seizure termination.30: 31 The order of ADO increase they observed was
1to 5 uM, which agrees with our data (Figure 4). While their study corroborates the validity
of electrochemistry for analyzing epileptiform activity, our in vivo experiment takes this
technique a step closer to clinical utility.3” Like Etherington et al., we used FPA to assess
seizure levels of purines and FSCV to further characterize the signal.39: 31

Having established the utility of FSCV coupled with a free-floating CFM to measure ADO
release during seizure events in the swine model, we tested the procedure in ten human
patients with intractable partial epilepsy. We expected one of these 10 patients to have a
lateral neocortical seizure onset zone.2? In the single patient with lateral neocortical seizures
in our series, an ADO signal was observed, which exhibited a time course and pattern
similar to that seen during seizure events in our pig model. In the remaining 9 patients there
was no such change, which was not surprising, given the expectation again that only 10% of
these consecutively selected patients would have neocortical epilepsy.2

Our findings also provide support for ADO as a natural anti-epileptic and describe its peri-
ictal dynamics. Adenosine antagonists have been capable of inducing epileptiform activity
in animals,38: 39 and in a variety of animal models, adenosine treatment has resulted seizure
reduction.l: 4-12. 14, 15 ynfortunately, its therapeutic usefulness as an antiepileptic is limited
by the fact that systemic administration of adenosine induces cardiac asytole and by the fact
that at present there is no currently available effective local delivery system.2: 3

Our human study was designed to demonstrate the safety of FSCV recording during epilepsy
surgery. This aim is of clinical importance, given that introducing enzymatic elements and
foreign proteins, such as bovine proteins into the human brain through an FPA biosensor
makes amperometry unsafe for human use. The fact that there were no complications or
post-surgical infection in these initial ten patients supports the possibility of expanding the
protocol to include mesial temporal or extratemporal FSCV monitoring. Clearly, a larger
cohort is needed to reach conclusions about the clinical utility and further safety of
intraoperative FSCV monitoring. We are now working on the design of a human biosensor
probe, which could be implanted into mesial (versus lateral) temporal structures, and are
designing more reliable electrodes to perform multiple array measurements.

Our overall goal in utilizing neurochemical monitoring in epilepsy surgery is to provide an
additional means of identifying the seizure onset zone prior to resective surgery for
intractable epilepsy. Current methods rely on EEG and neuroimaging, which are helpful but
imperfect techniques.2% 38: 39 As an adjunctive tool for defining the borders of epileptogenic
tissue, electrochemical characterization via FSCV could potentially improve surgical
outcomes. In the future, using FSCV to monitor the neurochemical changes during
epileptiform events may potentially be utilized in devices designed to stop seizures as they
occur, such as local delivery of ADO itself.
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Conclusions

Our findings support the role of ADO in seizure termination during seizures in a large
animal model, which is confirmed in two separate techniques of electrochemisty which
corroborate each other. Our human study demonstrates the clinical safety of intraoperative
FSCV in a small group of patients, suggesting that FSCV is a potentially useful tool for
investigating neurochemical changes during human epilepsy surgery. Our clinical goal is to
move toward larger scale human trials with the ultimate aim of chronic neurochemical
monitoring. Continuous neurochemical feedback could not only aid in diagnosis and the
demarcation of the epileptogenic zone, but eventually provide the necessary input to
neuromodulation devices designed to abort seizures before they begin.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

upper left: Intraoperative picture of grid implantation and electrode setup. Color coded
electrodes correspond to channels in attached EEG data. Position of PCN injection (1*) and
microwire EEG channels (micro 1 and 2) are also shown. Upper right top: overall time
course after injection (vertical bar is 1 volt, horizontal bar is 1000 seconds), bars with letter
labels correspond to time for panels with appropriate letter below (vertical bar is 1 volt,
horizontal is 20 seconds): grey bar labeled by PCN is the PCN injection. (A) grade 1
activity, EEG prior to injection of 5500 U of PCN (B) grade 2 activity, spiking seen for first
1-2 hours after PCN injection (C, D) examples of electrographic events (grade 3—4 activity)
used to evaluate electrochemical data. Note the clear transition to synchronized activity
greater than 3.5 Hz (green bars) and the most reliable time point for each event, the clear
seizure stoppage with prolonged electrographic silence (red bars). (E) 10 seconds of EEG
data from 1 microwire electrode (top) and two macrocontacts (bottom two) at increased
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magnification demonstrates the spike waveform. The green bar (S) represents a transition
into an event.
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Figure 2. Fixed potential amperometry (FPA) analysis of adenosine release during epileptiform

events

Amperometric (FPA) analysis of acute seizure model in swine: (A) schematic drawing of the
dimensions and enzymatic setup of the biosensor used to detect adenosine; (B) two separate
examples of seizures (EEG top) (note there is little variation in the raw null signal (bottom
grey), but the raw (adenosine) and differential (adenosine-conrtrol (null)) signal demonstrate
an increase in relative adenosine). The rising adenosine signal (yellow bar) and peak (pink
bar) are noted; (C) averaged adenosine response for 5 seizures: top represents EEG signal,
middle graph represents the normalized response of differential adenosine recordings
(intervening pink bars represent mean + SEM (error bars) of the onset of adenosine increase
and peak signal relative to seizure pause); bottom represents mean + SD of the raw signal
with blue the adenosine, grey control (null), and black lines the mean polynomial fit for this
data; (D) 95% confidence interval for average peak values of adenosine (left y-axis nA, right
is uM) and null. As expected there is a decrease in signal across time in the control (null)
(grey), but also a marked increase in the adenosine concentration; (E) example of one event
in which there were two pauses, each of which is associated with a unique adenosine

increase.
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Figure 3. Fast scan cyclic voltammetry (FSCV) analysis of epileptiform events
Time-locked FSCV and EEG: (A) Example of a epileptiform event evaluated by FSCV

synchronized to EEG data with 3D mesh plots of the continuous data with the x axis
representing seconds, the black tracing set apart, representing ne channel of EEG data, the y
axis representing the voltage (V) of voltammogram scans starting at —0.4 to 1.5 (mid-y axis)
to —0.4; and the z-axis representing the current (nA). Note after termination of the
terminates, there is an elevation in the current at 1.5 V; (B) unfolded voltammogram
demonstrating the unique Peak 1 (1.5V) and Peak 2 (1.0V) increases consistent with
adenosine; (C) timeline showing average length of EEG event (black line), 95% CI of the
onset and peaks of FSCV (blue) (n=15) and a comparative technique, amperometry (red)
(n=75).
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Figure 4. Biosensor amperometric separation of adenosine and hypoxanthene (Hx) during
epileptiform events
(A) Continuous fixed potential amperometry (FPA) recording over 900 seconds

demonstrating 5 epileptiform events in which (1) represents a higher magnification of such
an event, and (2) shows continuous spiking at the end. Note there is little variation in Hx,
but adenosine consistently varies with the epileptiform activity; (B) adenosine and Hx
micromolar change with event termination, 95% CI for adenosine is 1.7 to 3.4 uM and for
Hx is —0.2 to 0.1. Inset shows variation in raw current (nA) of the FPA recordings. Note that
there is a general decrement with null and Hx as is typical with amperometry.
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Figure 5. Human Intraoperative Fast Scan Cyclic Voltammetry (FSCV) Recording
Representative intraoperative human FSCV recorded by the wireless instantaneous

neurochemical concentration sensing system (WINCS): (A) a schematic demonstrating the
human intraoperative implantation, experimental setup, illustrating the implantation depth
electrophysiology electrodes and glass-insulated CFM in the gray matter of temporal cortex
targeted for resection for seizure control; (B) intraoperative photo of human surgery utilizing
FSCV. A glass capillary carbon fiber microelectrode (*green wire) is delivered into the
lateral neocortex near the electrocorticography electrode S3 during pre-lobectomy
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electrocorticography. FSCV is performed relative to a stainless steel electrode. There is an
eight contact strip over the inferior temporal gyrus (right of exposure), an eight contact strip
over the superior temporal gyrus (most visible in center of exposure) and a separate strip is
over the interior frontal lobe. There are 3 mesial temporal depths in the exposure (white
leads) penetrating the middle temporal gyrus; (C) 10x hematoxylin and eosin stain of
electrode insertion site on pathology. Note the entire FSCV electrode tract is within grey
matter (inset shows the gross anterior temporal lobe specimen with methylene blue at the
insertion site); (D) 140 seconds of electrocorticography demonstrating spontaneous
epileptiform activity with that from 7 to 30 seconds most prominent in the mesial temporal
lobe (D1-3) with associated lateral neocortical activity (S1-3). (E) Current (at 1.45 V or
Peak 1 of adenosine) vs. time plot corresponding in time to the above (D) EEG. Note there
appears to be an increase in Peak 1 of adenosine with the peak near the termination of this
epileptiform event in patient 2. Inset: unfolded voltammogram of the signal at 53 seconds,
when scanning from -0.4 to 1.5, showing a unique oxidation peak at 1.45 Volts.
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