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Abstract

Epilepsy is a prevalent neurological disorder with a complex pathogenesis and unpredictable
nature, presenting limited treatment options in >30 % of affected individuals. Neurometabolic
abnormalities have been observed in epilepsy patients, suggesting a disruption in the coupling
between neural activity and energy metabolism in the brain. In this study, we employed
amperometric biosensors based on a modified carbon fiber microelectrode platform to directly
and continuously measure lactate and oxygen dynamics in the brain extracellular space. These
biosensors demonstrated high sensitivity, selectivity, and rapid response time, enabling /n vivo
measurements with high temporal and spatial resolution. /n7 vivo recordings in the cortex of
anaesthetized rats revealed rapid and multiphasic fluctuations in extracellular lactate and oxygen
levels following neuronal stimulation with high potassium. Furthermore, real-time measurement
of lactate and oxygen concentration dynamics concurrently with network electrical activity during
status epilepticus induced by 4-aminopyridine (4-AP) demonstrated phasic changes in lactate
levels that correlated with bursts of electrical activity, while tonic levels of lactate remained stable
during seizures. This study highlights the complex interplay between lactate dynamics, electrical
activity, and oxygen utilization in epileptic seizures.
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Introduction

Epilepsy is a common neurological disorder characterized by a persistent predisposition

to generate seizures due to a sudden and temporary synchronization of neuronal electrical
activity [1]. The causes of epilepsy are varied and can include genetic predisposition,
traumatic brain injury, brain development disorders, infection, or other conditions [2-4].
Epilepsy can be treated with medication, surgery, and other therapies, but there is currently
no cure for epilepsy and its pathogenesis and predictability remain largely unknown.
Additionally, despite the constant development of antiepileptic drugs, the percentage of
patients with drug refractory epilepsy remains at a high value of >30% [3,5].

Several studies have shown that metabolic abnormalities are common in epilepsy patients
[6]. Epilepsy imposes an increase in energy demand not only during initiation and duration
of seizures, but also for repair and recovery. Neurometabolic coupling - the relationship
between neural activity and energy metabolism in the brain - may be disrupted in epilepsy,
leading to alterations in brain function and increased susceptibility to seizures. These
findings have been supported by imaging data and physiological measurements in humans
and animal models [7]. Most importantly, the strict association between seizure activity,
metabolism and cerebrovascular response is the basis of current diagnostic strategies aimed
at identifying the zone of seizure onset in many patients as well as in pre-clinical research
[8,9].

A key feature of seizures is the increase in energy metabolism that occurs during abnormal
neuronal firing, which leads to an increase in glucose metabolism and oxygen consumption.
This increased metabolic demand evokes an increase in blood flow, while also producing an
accumulation of metabolic intermediates such as lactate, adenosine, and changes in pH [10-
15]. Many studies have supported the notion that energy metabolism is compartmentalized
between neural cells, with astrocytes presenting a glycolytic profile and neurons an oxidative
profile. Furthermore, the glycolytic end product in astrocytes appears to be lactate, which

is transported to the extracellular space and then into neurons to fuel the tricarboxylic acid
cycle and oxidative phosphorylation [16]. In addition to its role as a non-glucose energy fuel,
recent studies have highlighted the role of lactate in the regulation of neuronal excitability.

Evidence for the role of lactate in seizures and epilepsy arises from a set of key observations,
including i) lactate-induced reduction of epileptiform activity through HCA1 and G-protein-
coupled inwardly rectifying potassium (GIRK) channel activation [17], ii) changes in the
expression of monocarboxylate transporters (MCT) in models of epilepsy which may
impact the vectorial flux of lactate from astrocytes to neurons [18], and iii) Stiripentol,

an anti-epileptic drug, is an inhibitor of lactate dehydrogenase, the enzyme responsible for
catalysing the conversion of lactate to pyruvate [19].

In vivo electrophysiology and electrochemistry are valuable tools to understand the
correlation between different neuronal activities [20]. Regarding epilepsy, electrophysiology
can identify the location and timing of seizure activity, while electrochemistry can identify
changes in neurotransmitter levels that may be contributing to the seizure [21-26].
Combining the two measurements can provide a more complete picture of the changes that
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occur in the brain during seizures and how these changes may contribute to the development
and spread of epilepsy [27].

The ability of high-frequency amperometry to report both electrochemical and
electrophysiological data from a single sensor was initially demonstrated using a choline
biosensor, where the authors demonstrated the concurrence between the high-frequency
component of the amperometric signal (>1 Hz) and local field potential [28]. This was also
verified for biosensors for glucose and lactate [29] as well as oxygen [23]. Other works have
also demonstrated that field potentials, effectively field currents, can be reconstructed from
the signal of amperometric sensors [30].

In the present work, we aim to extend our previous work on exploring the potential of

fast sampling amperometry for concurrent monitoring of chemical and electrophysiological
changes associated with seizures. We have combined two carbon fiber microelectrode
(CFM)-based biosensors to simultaneously monitor /n7 vivo lactate and oxygen during 4-AP-
evoked status epilepticus in the rat brain with high temporal and spatial resolution. The
lactate biosensor was designed by exploring the analytical properties of Pt-nanoparticles and
lactate oxidase while the oxygen sensor was based on a multiwall carbon nanotube modified
CFM. By using high-frequency amperometry, we are able to extract the local field potential
in the form of local field currents and correlate the chemical and electrophysiological
changes associated with ictal activity with high spatial overlap. This study provides insights
into the role of lactate and oxygen in a rodent model of seizure activity and furthers the
development of treatments and therapies for epilepsy.

2. Materials and methods

2.1. Chemicals and solutions

All chemicals were of analytical grade. Lactate oxidase (LOX) from Aerococcus viridians

in lyophilized powder form, glutaraldehyde solution (25 %) (GA), bovine serum albumin
(BSA), L-lactate sodium salt, hydrogen peroxide solution (30 % w/w), Nafion®, hydrogen
hexachloroplatinate solution (8 % in H»0), polyurethane (PU), tetrahydrofuran (THF),
dimethylformamide (DMF), meta-phenylenediamine (m-PD) and ascorbate were obtained
from Sigma Aldrich, Portugal. 4-aminopyridine (4-AP) was obtained from Tocris Bioscience
and multiwall CNT (MWCNT) from Nano-lab, USA. All solutions were prepared in
bideionized MilliQ water with resistivity 218mQ cm (Millipore Corporation, USA). Argon
and oxygen were provided by Air Liquide, Portugal.

The /n vitro analytical evaluation of microbiosensors was performed in a 0.05 M phosphate-
buffered saline (PBS lite) (pH 7.4) with the following composition (mM): 100 NaCl, 10
NaH,PO4 and 40 Nay,HPO,. The 0.4 % chloroplatinic acid solution was prepared in 0.1 M
H»S0O;,. Stock solution of lactate (1 M) was conserved at 4 °C protected from light. The
working solutions of H,O, (9.8 mM) and ascorbate (20 mM) were prepared freshly each
day. The solutions used for intracranial pressure-ejections were prepared in saline (0.9 %
NaCl) at a pH of 7.4. Saturated O solutions for calibrations were prepared by bubbling 0.05
M PBS lite with 100 % O at 37 °C for 20 min, resulting in a 1.04 mM O, solution [31].
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2.2. Electrochemical instrumentation

Chronoamperometric and voltametric measurements were performed using a
MultiPalmSens4 potentiostat controlled by MultiTrace v 4.2 software (PalmSens BV,
Houten, The Netherlands) using a three electrode electrochemical cell comprised of a CFM
as working electrode, an Ag/AgCl (3 M NacCl) as reference electrode (RE-5B) and Pt wire
as an auxiliary electrode. For amperometric calibration and /7 vivo recording of the lactate
biosensor and oxygen sensor, a FAST16mkll potentiostat (Quanteon, Nicholasville, KY,
USA) was used in a two-electrode electrochemical cell configuration mode comprised of the
working electrode and an Ag/AgCl (3 M NacCl) reference electrode. For in vivo recordings,
an Ag/AgCl wire reference electrode was prepared by electro-oxidation of the exposed tip
of a Teflon-coated Ag wire (200 um o.d., Science Products GmbH, Hofheim, Germany) in
1 M HCl saturated with NaCl, which develops an Ag/AgCl half-cell when in contact with
cerebrospinal fluid in the brain containing chloride ions.

2.3. Fabrication of carbon fiber microelectrodes

Carbon fiber microelectrodes were fabricated as previously described [32]. Briefly, single
carbon fibers (30 um in diameter) were inserted into borosilicate glass capillaries (1.16 mm
i.d. and 2.0 mm o.d., Harvard Apparatus, Holliston, MA, USA) and cleaned with acetone.
After drying, each capillary was pulled on a vertical puller (Harvard Apparatus, UK) and the
protruding carbon fibers were cut to a tip length of 150-250 um. Conductive silver paint was
used to establish the electrical contact between the carbon fiber and the copper wire. The
microelectrodes general recording properties were tested in PBS by fast cyclic voltammetry
at a scan rate of 400 V s71, between - 0.4 and +1.6 VV vs. Ag/AgCl. All CFMs were clean
with isopropanol before platinization and MWCNT coating procedures.

2.4. Oxygen sensor fabrication—The oxygen sensor was fabricated by modification
of the exposed carbon fiber surface with MWCNT (10 mg mI~1in a 0.5 % Nafion®
solution). The MWCNT suspension was placed in an ultrasound bath for 30 min to
guarantee the dispersion of the MWCNT and then the CFM tip was dipped in the suspension
and stirred slowly for about 30 s and then dried at 170 °C for 5 min (CFM/MWCNT-
Nafion®) [33].

2.5. Lactate biosensor fabrication

The lactate biosensor was prepared as previously described [34-36]. Briefly, the bare
CFM was first modified by Pt electrodeposition onto the carbon surface. Potentiostatic
electrodeposition was performed by applying a holding potential of - 0.2 V vs. Ag/AgCl
for 10 s using a deoxygenated 0.4 % chloroplatinic acid solution in 0.1 M HySQOy4. This
was performed in a two-electrode electrochemical cell and using the MultiPalmSens4
Potentiostat (PalmSens, Houten, The Netherlands).

Following the platinization procedure, the Pt-modified CFMs were oven-dried for 5 min at
170 °C to remove traces of humidity. Then, the microelectrodes tips were dipped in a fresh
Nafion® solution (5 % in aliphatic alcohols) at room temperature for 5 s and dried in an
oven for 15 min at 170 °C. The process was repeated to attain two Nafion® layers. Next,

to obtain the lactate microbiosensor (CFM/Pt/Nafion®-LOx) the tip of the CFM/Pt/Nafion®
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was immersed for 5 min in a drop of a cocktail solution containing 5.0 mg mL~1 of LOX,
10 % BSA and 0.125 % GA in water. The procedure was repeated three times with 1 min of
interval.

Null or sentinel sensors (CFM/Pt/Nafion®-Null) for self-referencing recordings were
obtained by coating the CFM/Pt/Nafion® tip surface with a protein matrix solution (only
BSA and GA), using the same procedure described above.

Both the lactate and null microbiosensors were stored dry at room temperature, protected
from light and dust, for at least 72 h for curing. Then, the microsensors were dipped three
times in a 2 % solution of PU dissolved in a THF and DMF solution (98 % and 2 %

vlv, respectively) with 10 min intervals between dips at room temperature to dry the layers
(CFM/Pt/Nafion®-LOx/PU; CFM/Pt/Nafion®-Null/PU). Finally, on the day of experiments,
the sensors surface was modified with an exclusion layer of m-PD, to minimize the
interference of possible undesirable electroactive compounds. /7-PD was electropolymerized
by CV at a scan rate of 50 mV s~1, between +0.25 and +0.75 V vs. Ag/AgCI for 20 min
(FAST16mkKIl) using a freshly prepared 5 mM solution of m-PD in deoxygenated PBS.

2.6. Array assembling

Before brain implantation, the developed lactate biosensor, null sensor and oxygen sensor
were assembled with a micropipette into an array. A glass capillary (0.58 mm i.d. and 1.0
mm o.d., Harvard Apparatus, Holliston, MA, USA) was pulled on a vertical puller and the
stretched end of the capillary was bumped under a microscope to achieve a opening of 15—
20 pm in internal diameter. The lactate biosensor was then attached to the null sensor with
the help of wax. Then, the oxygen sensor was attached to the previous ones, followed by
the micropipette, using the same procedure. This entire process was made with resource to
a microscope to ensure the desire distances between the end points of the biosensor, sensors
and micropipette. The final array geometry is depicted in Fig. 3.

2.7. Invitro evaluation and characterization

The CFM/MWCNT-Nafion® sensitivity towards oxygen was evaluated by amperometry at

- 0.6 V vs. Ag/AgCl in 0.05 M PBS lite at 37 °C under moderate stirring. Oxygen was
removed by purging the solution with argon for 20 min, after which the needle was removed
from the solution and kept above the surface, to decrease O, back-diffusion. When the
baseline was stable, four additions of a saturated O, solution were performed (concentration
range 5.02-41.6 pM).

The enzyme analytical and kinetic parameters of the CFM/Pt lactate microbiosensors were
evaluated by amperometry at + 0.7 V vs. Ag/AgCl in 0.05 M PBS at 37 °C, under moderate
stirring, by evaluating the response towards consecutive additions of lactate (concentration
range: 0.05-20 mM). The sensitivity towards lactate, selectivity against ascorbate, dopamine
and uric acid and the sensitivity to the reporter molecule were determined by evaluating

the response to three additions of lactate (final concentration range: 0.25-0.75 mM) in the
presence of ascorbate 0.25 mM, dopamine 10 pM, and uric acid 20 pM, followed by H,O»
10 pM.
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2.8. Surgical procedures and in vivo experiments

All the procedures used in this study were performed in agreement with the European
Union Council Directive for the Care and Use of Laboratory animals (2010/63/EU) and
were approved by the local ethics committee (ORBEA). The present /n vivo studies were
carried out on an adult male Wistar rats (8—10 weeks, weight between 250 and 350 g)
maintained in the following controlled environmental conditions: temperature of 22-24 °C,
relative humidity of 45-65 %, 15 air exchanges per hour, and a 12:12 light/dark cycle;
housed in filter-topped type Il Makrolon cages on an individually ventilated caging system
(\VVentiRack BioscreenTM, Margate, UK), fed with a standard rat chow diet (4RF21-GLP
Mucedola, SRL, Settimo Milanese, Milan, Italy) and provided with chlorinated water,
available in ad libitum.

Rats were anaesthetized with urethane (1.25-1.50 g/kg, i.p.) and placed in a stereotaxic
frame (Stoelting, Wood Dale, IL, USA). Animal temperature was maintained at 37 °C by
using a deltaphase isothermal pad (Braintree Scientific, Braintree, MA, USA). The skull was
exposed by a midline scalp incision, and then a hole was drilled in the skull over-lying the
brain area of interest according to coordinates calculated from bregma based on the atlas

of the rat brain [37]. Prior to the insertion of the microbiosensor array into the rat brain,

the meninges were refracted. A small hole was drilled in a spot remote from the recording
area and a miniature Ag/AgCI pseudo-reference electrode was inserted and soaked with a
0.9 % NaCl solution. The micropipette was filled with a flexible microfilament (MicroFil,
World Precision Instruments, Hitchin, UK). Amperometric recordings were started, and

the background currents were allowed to stabilize for at least 30 min. After stabilization,
solutions were pressure ejected from the glass micropipette using a Picospritzer 111 (Parker
Hannifin Corp., General Value, Fairfield, NJ, USA) into the brain area adjacent to the
microbiosensors. To assess the operation stability, the response of the lactate biosensors and
oxygen sensors were tested before and after the /n7 vivo experiments.

2.9. Data analysis

In vitro data analysis was performed using GraphPad Prism 8 and OriginPro 2016. For
the O5 sensor, the sensitivity was determined by the slope of the linear regression analysis
between 5.2 and 41.6 pM. Regarding the lactate microbiosensor, enzyme parameters and
kinetics were determined with a Michaelis-Menten type equation, with the obtention of
the apparent Michaelis-Menten constant for lactate (K app) and the maximum steady-
state current response (/nax)- The sensitivity was determined with the slope of the linear
regression in the linear range up to 0.5 mM. The selectivity towards interferents was
calculated on a molar basis as the ratio of the sensitivity towards lactate and interferent.
The limit of detection (LOD) was calculated with the expression LOD = (3xSD)/m where
SD is the standard deviation of the baseline and m the slope of the calibration curve. Values
are given as the mean + standard deviation (SD).

Signal processing of /n vivo recordings was performed using Origin-Pro 2016. The

raw signal acquired at 40 Hz was filtered using a low-pass FFT with a cut-off of

1 Hz. The obtained signal was then converted to lactate and oxygen concentration in
accordance with the sensitivity obtained in the pre-experiment calibration. The obtained
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signal was smoothed using a 200-point Savitzky-Golay method. Representing data of the
high-frequency component corresponds to the FFT band pass (1-20 Hz) and to the power of
the FFT band pass (1-20 Hz) of the raw signal. The frequency power-spectrum was obtained
by applying a short time Fourier transform to the high-frequency component, using an FFT
length of 256, window length of 64, overlap of 32, and a Triangular window type for the
KCI depolarization experiment and an FFT length of 256, window length of 150, overlap of
128, and an Hanning window type for the status epilepticus experiment.

3. Results and discussion

3.1. Analytical performance of the oxygen sensor

A variety of microelectrodes have been used for the direct reduction of O, including

noble metal electrodes (e.g., Pt, Au) and carbon-based electrodes (e.g., carbon paste,
carbon fibers, carbon nanotubes) [23, 38—42]. To minimize biofouling resulting from the
non-specific adsorption of macromolecules and improve biocompatibility, the surface of
the microelectrodes can be coated with BSA, Nafion®, PEDOT, Polyurethane and other
biocompatible biomaterials [42—46]. Here, we extend our previous work in which we have
characterized the electrochemical performance of MEAs for /n vivo oximetry [23,47], by
developing an oxygen microsensor based on a CFM modified with a composite film of
MWCNT (10 mg mI~1) and Nafion® (0.5 %). The electrochemical response of the oxygen
microsensor was evaluated by amperometry at a constant potential of — 0.6 VV vs. Ag/AgCl,
previously reported as the optimal working potential to monitor oxygen [33,42,48]. A
typical response to successive additions of O in the range of 5.2-41.6 uM in N flushed
PBS is depicted in Fig. 1, including the respective calibration curve (inset). On average, the
CFM/MWCNT-Nafion® exhibited a sensitivity of - 0.33 + 0.05 nA uM~1 with a linearity of
R2 = 0.9995 + 0.0002, a sensitivity/area of —1.79 + 0.34 mA mM~1 cm=2, and a LOD of
0.17+0.03puM (n=7).

Data are comparable to the O, response of CFM-modified microsensors described by others
[42,49-51].

3.2. Enzyme kinetics and analytical performance of the lactate biosensor

The lactate microbiosensors were obtained by immobilizing lactate oxidase (LOXx) on the
surface of CFM/Pt/Nafion® by cross-linking glutaraldehyde in a BSA matrix followed by
coating with PU to extend the linear range of the microbiosensor response. Calibrations with
successive additions of lactate were performed to assess the analytical and enzymatic kinetic
parameters of the CFM/Pt/Nafion®-LOx/PU. A typical response to successive additions of
lactate in the range of 0.05-20 mM is shown in Fig. 2. The obtained data was fitted with a
simplified one-substrate Michaelis-Menten equation type (inset panel A), giving an average
Kwm,app = 2.08 = 0.86 mM and /max = 10.41 £2.4 nA (n = 5). The lactate microbiosensor
displayed a linear response up to 2 mM. Panel B shows the amperometric recording and
calibration curve at the lowest lactate concentrations indicated by the dashed box. The
average biosensor sensitivity between 0.05 and 0.5 mM towards lactate was found to be
4.27 +1.35 nA mM~1 (n = 5). The results showed that the lactate microbiosensor exhibited
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comparable enzyme kinetics and analytical performance to previously described lactate
microbiosensors [35].

Given the complex biochemical environment of the brain extracellular space, the selectivity
of the lactate biosensor, even with the high specificity of lactate oxidase, is still a critical
issue to be improved. Therefore, in addition to coating with Nafion® a well-known
negatively charged polymer that repels anions such as ascorbate, both lactate biosensors

and null sensors were coated with a permselective membrane of m-PD prior to insertion into
the tissue. This second layer minimised interference from relevant electroactive compounds
such as ascorbate, the main electroactive interferent present in the brain, and resulted

in a lactate:ascorbate selectivity of 28.7 + 1.9:1 (n = 5). The selectivity towards other
interferents, such as dopamine and uric acid, was also tested and a selectivity of 6.2 + 0.3:1
and 4.4 £ 0.9:1 (n = 5) was obtained, respectively.

3.3. Concurrent monitoring of electrochemical and electrophysiological data

Concurrent measurements of neurochemicals and LFP with a single sensor probe offer

a powerful tool for implantable microelectrode investigating the temporal dynamics of
chemical signaling and neural activity and the neural mechanisms underlying behavior

and cognition, and for identifying biomarkers of neurological disorders [27,28,30,52-58].
Electrophysiology has proven to be an important tool for understanding epilepsy, due

to its ability to directly record neuronal activity with high temporal resolution, allowing

the precise identification of seizure onset [59]. Fast sampling amperometry has been

shown to be effective for the simultaneous measurements of neurochemicals (Echem) and
electrophysiological (Ephys) signals using a single sensor and recording system [23,27,60].
This is supported by the observation that the high-frequency component of an amperometric
recording (greater than 1 Hz) resembles the local field potential (LPF), whereas the low-
frequency component (less than 1 Hz) represents the electrochemical signal arising from
the oxidation or reduction of electroactive species in the surrounding environment [30,61].
Here, concurrent recordings of Echemand Ephys were obtained using high-frequency
amperometry at a 40 Hz sampling rate. The Echem signal was extracted from raw data

by applying low-pass filtering up 1 Hz and a high-pass filtering of >1 Hz was applied for
LPF.

3.3.1. Invivo monitoring of lactate and oxygen in the brain of anaesthetized
rat after KCI depolarization—To evaluate the aptitude of the CFM-based sensors to
monitor rapid changes in lactate and oxygen concentrations as well as local field potentials-
related currents /n vivo, we conducted an experiment measuring amperometric currents in
the rat hippocampus following high K* stimulation. To accomplish this, we assembled an
array containing a lactate biosensor, a null sensor, and an oxygen sensor using a glass
micropipette for local solution delivery, as illustrated in Fig. 3.

This sensor array was then inserted into the exposed hippocampus of an anaesthetized rat.
After stabilization of the baseline current for all sensors, KCI (70 mM, 500 nL) was pressure
ejected from the micropipette.
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As can be seen in Fig. 4, stimulation with KCI led to a rapid and multiphasic fluctuation

of extracellular lactate levels in the rat hippocampus (blue trace). An initial decrease in the
extracellular concentration of lactate was followed by an overshoot above the baseline which
then returned to the baseline levels. The profile of K*-evoked change in extracellular O,
was also biphasic. However, the initial dip in O, was delayed relative to that of lactate.
Also, the overshoot above baseline showed a slower dynamic, most likely reflecting the
neurovascular coupling response evoked by K* stimulation. It is interesting to observe that
for both lactate and O, the dip in extracellular concentration (reflecting an increase in net
consumption of both metabolic substrates) coincides with an initial increase in neuronal
activity. This is reflected both in the power spectrogram as well as the mean square of

the high frequency component (grey trace) in Fig. 4. Following this, a more prolonged
depression in neuronal activity was observed, which then gradually returns to baseline
values as the levels of lactate and O, also return to pre-stimulation values. Our results
support previous findings indicating that the lactate levels following neuronal stimulation are
determined by the dynamic interplay between local glycolytic production and mitochondrial
consumption, defining two distinct and sequential phases: an initial dip in lactate levels

due to rapid mitochondrial consumption, which is followed by a transient increase when
astrocytic production exceeds consumption. Then a decrease when consumption surpasses
production [62]. Simultaneous recordings show a high temporal correlation between oxygen
and lactate dips and suggest that the transient stimulation of oxidative phosphorylation is
followed by a recovery of O, levels by functional hyperaemia [62]. The results highlight the
usefulness of such a powerful multiplexed and multimodal approach based on higher spatial
and temporal resolution amperometric sensors to simultaneously measure neurometabolic
events and ongoing neuronal network activity.

3.3.2. Invivo monitoring of lactate and oxygen during status epilepticus in
the brain of anaesthetized rat—In a second study we recorded changes in lactate and
O, concurrently with local field potentials during chemically-evoked status epilepticus (SE),
a condition characterised by hyper-synchronization of neuronal activity and the occurrence
of bursts of electrical activity [63—-65]. Here we employed an intracortical application of
4-aminopyridine (4-AP) to evoke ictal activity in the rodent cortex. 4-AP is a potassium
channel blocker known to induce intense epileptiform activity both in CNS preparations /n
vitroand /n vivo due to enhanced glutamatergic transmission [66—70]. An array consisting
of a lactate biosensor, a null sensor, an O, sensor and a glass micropipette (Fig. 3) was
inserted into the cortex of an anaesthetized rat and once stable baselines in all sensors
were obtained, SE was evoked by a single pressure ejection of 4-AP (25 mM, 500 nL).

It is of notice that the experiments were performed in urethane anaesthetized rodents.
Previous studies demonstrated that the use of anaesthetics, namely urethane, may influence
the evoked cortical response and local blood flow, which may lead to a lower incidence of
seizure activity during experiments [71,72].

Fig. 5 shows the temporal correlation between lactate, O, signal and LPFs over an expanded
time scale. Following the application of 4-AP, the onset of rhythmic bursting electrical
activity (grey trace) was accompanied by an initial transient increase in extracellular lactate
(blue trace) which then returns to the baseline value. Inversely, an increase in O, level above
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baseline (purple trace) was observed. More interestingly, we observed phasic changes in
extracellular lactate that were accompanied by O, fluctuations during the different stages of
the epileptiform event. As can be observed in the highlights (a), (b) and (c), each individual
burst in electrical activity was accompanied by an initial dip in the extracellular lactate
concentration followed by an overshoot. Since the measured signal for extracellular lactate
reflects the balance between utilization and extrusion, this biphasic response must reflect
changes in this balance, with an initial stage in which the increase in electrical activity
induces increased consumption of lactate as an oxidative metabolic fuel while the overshoot
most likely reflects increased glycolytic rate in astrocytes and lactate release [16,62,73,74].

At this stage, there was a correlation between lactate and O, signals in the ictal or burst
phases. However, the transient dip of lactate in the pre-ictal or early burst phase was not
accompanied by a significant decrease in O,. In the later stages of SE (panels (b) and (c) in
Fig. 5), every interictal spike was accompanied by a biphasic change in lactate. This finding
provides information on a timescale of milliseconds to a second that cannot be accessible
by other techniques, such as brain microdialysis sampling or non-invasive neuroimaging
techniques, such as fMRI or PET.

Given the dependence of seizure intensity on specific brain regions and the variability of

basal lactate levels in different brain regions [75], it is essential that future studies include
other brain regions. Furthermore, experiments in awake/non-anaesthetized rodent models
would provide valuable insights.

Epilepsy is now recognised as a disease with a prominent involvement of energy
metabolism [6,76]. Our technical approach leveraging the use of microsensor probes for
relevant neurometabolic markers combined with amperometry provides a valuable tool
for investigating the underlying mechanisms of status epilepticus and may thus help the
development of novel therapeutic interventions.

4. Conclusions

The utilization of amperometric (bio)sensors based on a modified carbon fiber
microelectrode platform offers a valuable approach for direct and continuous measurements
of neurometabolic markers, including lactate and oxygen in the brain extracellular space.
These microsensors exhibit high sensitivity, selectivity, and rapid response time for both
neurometabolic markers, enabling /n vivo measurements with high temporal and spatial
resolution.

In vivo recordings conducted in the hippocampus of anesthetised rats unveiled rapid

and multiphasic fluctuations in extracellular lactate and oxygen levels following neuronal
stimulation with high K*. This demonstrates the ability of the (bio)sensors to capture rapid
dynamic changes in the concentration of neurometabolic markers during neuronal activity.
Furthermore, our study employed real-time measurements of lactate and O, concentration
dynamics concurrently with network electrical activity during status epilepticus induced
by 4-AP. The observed phasic changes in lactate levels tightly correlated with bursts of
electrical activity, while tonic levels of lactate remained unchanged during seizures. The
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fluctuations in O, levels above the baseline indicated the involvement of activity-stimulated
aerobic glycolysis, which could potentially account for the transient increases in lactate
observed during status epilepticus.

Overall, our study highlights the interplay between lactate dynamics, electrical activity,

and oxygen utilization in seizure-related processes. These findings contribute to a deeper
understanding of the metabolic changes occurring during epileptic seizures and pave the
way for future research aimed at elucidating the specific mechanisms involved that may
uncover novel therapeutic targets for managing status epilepticus and/or treatment refractory

epilepsy.

Funding

This work was supported by the European Regional Development Fund (ERDF) through the COMPETE 2020 —
Operational Programme for Competitiveness and Internationalization and Portuguese National Funds via FCT —
Fundac&o para a Ciéncia e a Tecnologia, under projects UIDB/04539/2020, UIDP/04539/2020 and 2022.09869.BD.

Data availability

Data will be made available on request.

References

[1]. Fisher RS, Acevedo C, Arzimanoglou A, Bogacz A, Cross JH, Elger CE, Engel J, Forsgren L,
French JA, Glynn M, Hesdorffer DC, Lee BI, Mathern GW, Moshé SL, Perucca E, Scheffer
IE, Tomson T, Watanabe M, Wiebe S, ILAE Official Report: a practical clinical definition of
epilepsy, Epilepsia 55 (2014) 475-482, 10.1111/epi.12550. [PubMed: 24730690]

[2]. Annegers JF, Coan SP, The risks of epilepsy after traumatic brain injury, Seizure 9 (2000) 453—
457, 10.1053/seiz.2000.0458. [PubMed: 11034867]

[3]. Thijs RD, Surges R, O’Brien TJ, Sander JW, Epilepsy in adults, Lancet 393 (2019) 689-701,
10.1016/S0140-6736(18)32596-0. [PubMed: 30686584]

[4]. Vezzani A, Fujinami RS, White HS, Preux PM, Bliimcke I, Sander JW, Ldéscher W, Infections,
inflammation and epilepsy, Acta Neuropathol. 131 (2016) 211-234, 10.1007/s00401-015-1481-5.
[PubMed: 26423537]

[5]. Moshé SL, Perucca E, Ryvlin P, Tomson T, Epilepsy: new advances, Lancet 385 (2015) 884898,
10.1016/S0140-6736(14)60456-6. [PubMed: 25260236]

[6]. Boison D, Steinhduser C, Epilepsy and astrocyte energy metabolism, Glia 66 (2018) 1235-1243,
10.1002/glia.23247. [PubMed: 29044647]

[7]. Kovécs R, Gerevich Z, Friedman A, Otahal J, Prager O, Gabriel S, Berndt N, Bioenergetic
mechanisms of seizure control, Front. Cell. Neurosci 12 (2018), 10.3389/fncel.2018.00335.

[8]. Liao L-D, Tsytsarev V, Delgado-Martinez I, Li M-L, Erzurumlu R, Vipin A, Orellana J,

Lin Y-R, Lai H-Y, Chen Y-Y, V Thakor N, Neurovascular Coupling: in Vivo Optical
Techniques for Functional Brain Imaging, 2013. http://www.biomedical-engineering-online.com/
content/12/1/38.

[9]. Wang J, Jing B, Liu R, Li D, Wang W, Wang J, Lei J, Xing Y, Yan J, Loh HH, Lu G, Yang X,
Characterizing the seizure onset zone and epileptic network using EEG-fMRI in a rat seizure
model, Neuroimage 237 (2021), 10.1016/j.neuroimage.2021.118133.

[10]. Oses JP, Muller AP, Strogulski NR, Moreira JD, Bohmer AE, Hansel G, Carteri RB, Busnello JV,
Kopczynski A, Rodolphi MS, Souza DO, Portela LV, Sustained elevation of cerebrospinal fluid
glucose and lactate after a single seizure does not parallel with mitochondria energy production,
Epilepsy Res. 152 (2019) 35-41, 10.1016/j.eplepsyres.2019.03.007. [PubMed: 30875635]

Talanta. Author manuscript; available in PMC 2024 June 10.


http://www.biomedical-engineering-online.com/content/12/1/38
http://www.biomedical-engineering-online.com/content/12/1/38

1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Fernandes et al.

[11].
[12].

[13].

[14].

[15].

[16].

[17].

[18].

[19].

[20].

[21].

[22].

[23].

[24].

[25].

[26].

[27].

[28].

Page 12

Sutula TP, Fountain NB, 2DG and glycolysis as therapeutic targets for status epilepticus,
Epilepsy Behav. 140 (2023), 10.1016/j.yebeh.2023.109108.

Wong ZW, Engel T, More than a drug target: Purinergic signalling as a source for diagnostic tools
in epilepsy, Neuropharmacology 222 (2023), 10.1016/j.neuropharm.2022.109303.

Zhang WM, Natowicz MR, Cerebrospinal fluid lactate and pyruvate concentrations and their
ratio, Clin. Biochem 46 (2013) 694-697, 10.1016/J.CLINBIOCHEM.2012.11.008. [PubMed:
23195138]

During MJ, Fried I, Leone P, Katz A, Spencer DD, Direct Measurement of Extracellular Lactate
in the Human Hippocampus during Spontaneous Seizures, 1994.

Yang H, Wu J, Guo R, Peng Y, Zheng W, Liu D, Song Z, Glycolysis in energy metabolism
during seizures, Neural Regen Res 8 (2013) 1316-1326, 10.3969/j.issn.1673-5374.2013.14.008.
[PubMed: 25206426]

Magistretti PJ, Allaman |, Lactate in the brain: from metabolic end-product to signalling
molecule, Nat. Rev. Neurosci 19 (2018) 235-249, 10.1038/nrn.2018.19. [PubMed: 29515192]

Jorwal P, Sikdar SK, Lactate reduces epileptiform activity through HCA1 and GIRK channel
activation in rat subicular neurons in an in vitro model, Epilepsia 60 (2019) 2370-2385, 10.1111/
epi.16389. [PubMed: 31755997]

Lauritzen F, Perez EL, Melillo ER, Roh JM, Zaveri HP, Lee TSW, Wang Y, Bergersen LH, Eid T,
Altered expression of brain monocarboxylate transporter 1 in models of temporal lobe epilepsy,
Neurobiol. Dis 45 (2012) 165-176, 10.1016/j.nbd.2011.08.001. [PubMed: 21856423]

Sada N, Lee S, Katsu T, Otsuki T, Inoue T, Targeting LDH enzymes with a stiripentol analog

to treat epilepsy, Science 347 (2015) (1979) 1362-1367, 10.1126/science.aaal299. [PubMed:
25792327]

Xu M, Zhao Y, Xu G, Zhang Y, Sun S, Sun Y, Wang J, Pei R, Recent development of neural
microelectrodes with dual-mode detection, Biosensors 13 (2023), 10.3390/biosI3010059.
Stephens ML, Williamson A, Deel ME, Bensalem-Owen M, Davis VA, Slevin J, Pomerleau F,
Huettl P, Gerhardt GA, Tonic glutamate in CA1 of aging rats correlates with phasic glutamate
dysregulation during seizure, Epilepsia 55 (2014) 1817-1825, 10.1111/epi.12797. [PubMed:
25266171]

Mikell CB, Dyster TG, Claassen J, Invasive seizure monitoring in the critically-11l brain injury
patient: current practices and a review of the literature, Seizure 41 (2016) 201-205, 10.1016/
J.SEIZURE.2016.05.017. [PubMed: 27364336]

Ledo A, Lourenco CF, Laranjinha J, Gerhardt GA, Barbosa RM, Combined in vivo amperometric
oximetry and electrophysiology in a single sensor: a tool for epilepsy research, Anal. Chem 89
(2017) 12383-12390, 10.1021/acs.analchem.7b03452. [PubMed: 29067809]

Xiao G, Xu S, Song Y, Zhang Y, Li Z, Gao F, Xie J, Sha L, Xu Q, Shen Y, Cai X, In situ detection
of neurotransmitters and epileptiform electrophysiology activity in awake mice brains using a
nanocomposites modified microelectrode array, Sensor. Actuator. B Chem 288 (2019) 601-610,
10.1016/j.snb.2019.03.035.

Fan X, Song Y, Ma Y, Zhang S, Xiao G, Yang L, Xu H, Zhang D, Cai X, In situ real-time
monitoring of glutamate and electrophysiology from cortex to hippocampus in mice based on a
microelectrode array, Sensors (2017) 17, 10.3390/s17010061.

Li Z, Song Y, Xiao G, Gao F, Xu S, Wang M, Zhang Y, Guo F, Liu J, Xia Y, Cai X,
Bio-electrochemical microelectrode arrays for glutamate and electrophysiology detection in
hippocampus of temporal lobe epileptic rats, Anal. Biochem 550 (2018) 123-131, 10.1016/
j.ab.2018.04.023. [PubMed: 29723519]

Ledo A, Lourenco CF, Laranjinha J, Gerhardt GA, Barbosa RM, Concurrent measurements of
neurochemical and electrophysiological activity with microelectrode arrays: new perspectives
for constant potential amperometry, Curr. Opin. Electrochem 12 (2018) 129-140, 10.1016/
j.coelec.2018.05.018.

Zhang H, Lin SC, Nicolelis MAL, Spatiotemporal coupling between hippocampal acetylcholine
release and theta oscillations in vivo, J. Neurosci 30 (2010) 13431-13440, 10.1523/
JNEUROSCI.1144-10.2010. [PubMed: 20926669]

Talanta. Author manuscript; available in PMC 2024 June 10.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Fernandes et al.

[29].

[30].

[31].

[32].

[33].

[34].

[35].

[36].

[37].
[38].

[39].

[40].

[41].

[42].

[43].

[44].

[45].

[46].

Page 13

Lourenco CF, Ledo A, Gerhardt GA, Laranjinha J, Barbosa RM, Neurometabolic and
electrophysiological changes during cortical spreading depolarization: multimodal approach
based on a lactate-glucose dual microbiosensor arrays, Sci. Rep 7 (2017) 6764, 10.1038/
$41598-017-07119-6. [PubMed: 28754993]

Viggiano A, Marinesco S, Pain F, Meiller A, Gurden H, Reconstruction of field excitatory
post-synaptic potentials in the dentate gyrus from amperometric biosensor signals, J. Neurosci.
Methods 206 (2012) 1-6, 10.1016/j.jneumeth.2012.01.013. [PubMed: 22326619]

Sander R, Compilation of Henry’s law constants (version 4.0) for water as solvent, Atmos. Chem.
Phys 15 (2015) 4399-4981, 10.5194/acp-15-4399-2015.

Santos RM, Lourengo CF, Piedade AP, Andrews R, Pomerleau F, Huettl P, Gerhardt GA,
Laranjinha J, Barbosa RM, A comparative study of carbon fiber-based microelectrodes for the
measurement of nitric oxide in brain tissue, Biosens. Bioelectron 24 (2008) 704-709, 10.1016/
j.bi0s.2008.06.034. [PubMed: 18657966]

Lourenco CF, Ledo A, Caetano M, Barbosa RM, Laranjinha J, Age-dependent impairment

of neurovascular and neurometabolic coupling in the hippocampus, Front. Physiol 9 (2018),
10.3389/fphys.2018.00913.

Dias C, Fernandes E, Barbosa RM, Ledo A, A platinized carbon fiber microelectrode-based
oxidase biosensor for amperometric monitoring of lactate in brain slices, Sensors 22 (2022),
10.3390/s22187011.

Fernandes E, Ledo A, Barbosa RM, Design and evaluation of a lactate microbiosensor: toward
Multianalyte monitoring of neurometabolic markers in vivo in the brain, Molecules 27 (2022),
10.3390/molecules27020514.

Lourenco CF, Caetano M, Ledo A, Barbosa RM, Platinized carbon fiber-based glucose
microbiosensor designed for metabolic studies in brain slices, Bioelectrochemistry 130 (2019),
10.1016/j.bioelechem.2019.06.010.

Paxinos G, Watson Charles, The Rat Brain in Stereotaxic Coordinates, sixth ed., 2007.

Bolger FB, Bennett R, Lowry JP, An in vitro characterisation comparing carbon paste and Pt
microelectrodes for real-time detection of brain tissue oxygen, Analyst 136 (2011) 4028-4035,
10.1039/clanl5324b. [PubMed: 21804983]

Ledo A, Barbosa R, Cadenas E, Laranjinha J, Dynamic and interacting profiles of .NO

and O2 in rat hippocampal slices, Free Radic. Biol. Med 48 (2010) 1044-1050, 10.1016/
j.freeradbiomed.2010.01.024. [PubMed: 20100565]

Anjos TG, Hahn CEW, The development of a membrane-covered microelectrode array gas sensor
for oxygen and carbon dioxide measurement, Sensor. Actuator. B Chem 135 (2008) 224-229,
10.1016/j.snb.2008.08.033.

CaoY, Ma W, Ji W, Yu P, Wu F, Wu H, Mao L, Electrophoretically sheathed carbon fiber
microelectrodes with metal/nitrogen/carbon electrocatalyst for electrochemical monitoring of
oxygen in vivo, ACS Appl. Bio Mater 2 (2019) 1376-1383, 10.1021/acsabm.9b00100.

Zhou L, Hou H, Wei H, Yao L, Sun L, Yu P, Su B, Mao L, In vivo monitoring of oxygen in
rat brain by carbon fiber microelectrode modified with antifouling nanoporous membrane, Anal.
Chem 91 (2019) 3645-3651, 10.1021/acs.analchem.8b05658. [PubMed: 30688067]

Vreeland RF, Atcherley CW, Russell WS, Xie JY, Lu D, Laude ND, Porreca F, Heien

ML, Biocompatible PEDOT:Nafion composite electrode coatings for selective detection of
neurotransmitters in vivo, Anal. Chem 87 (2015) 2600-2607, 10.1021/ac502165f. [PubMed:
25692657]

Santerre JP, Woodhouse K, Laroche G, Labow RS, Understanding the biodegradation of
polyurethanes: from classical implants to tissue engineering materials, Biomaterials 26 (2005)
7457-7470, 10.1016/j.biomaterials.2005.05.079. [PubMed: 16024077]

Sabaté del Rio J, Henry OYF, Jolly P, Ingber DE, An antifouling coating that enables affinity-
based electrochemical biosensing in complex biological fluids, Nat. Nanotechnol 14 (2019)
1143-1149, 10.1038/s41565-019-0566-z. [PubMed: 31712665]

Lee YJ, Kim JD, Park JY, Nation Coated Enzyme Free Glucose Micro-biosensors for Anti-
fouling of Protein, 4th IEEE International Conference on Nano/Micro Engineered and Molecular
Systems, 2009, pp. 335-338, 10.1109/NEMS.2009.5068590.

Talanta. Author manuscript; available in PMC 2024 June 10.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Fernandes et al.

[47].

[48].

[49].

[50].

[51].

[52].

[53].

[54].

[55].

[56].

[57].

[58].

[59].

[60].

[61].

[62].

Page 14

Ledo A, Lourenco CF, Laranjinha J, Brett CMA, Gerhardt GA, Barbosa RM, Ceramic-based
Multisite Platinum microelectrode arrays: Morphological characteristics and electrochemical
performance for extracellular oxygen measurements in brain tissue, Anal. Chem 89 (2017) 1674-
1683, 10.1021/acs.analchem.6b03772. [PubMed: 28208270]

Bolger FB, McHugh SB, Bennett R, Li J, Ishiwari K, Francois J, Conway MW, Gilmour

G, Bannerman DM, Fillenz M, Tricklebank M, Lowry JP, Characterisation of carbon paste
electrodes for real-time amperometric monitoring of brain tissue oxygen, J. Neurosci. Methods
195 (2011) 135-142, 10.1016/j.jneumeth.2010.11.013. [PubMed: 21115045]

Xiang L, Yu P, Zhang M, Hao J, Wang Y, Zhu L, Dai L, Mao L, Platinized aligned carbon
nanotube-sheathed carbon fiber microelectrodes for in vivo amperometric monitoring of oxygen,
Anal. Chem 86 (2014) 5017-5023, 10.102l/ac500622m. [PubMed: 24773301]

Mo H, Tang Y, Wang X, Liu J, Kong D, Chen Y, Wan P, Cheng H, Sun T, Zhang L, Zhang

M, Liu S, Sun 'Y, Wang N, Xing L, Wang L, Jiang Y, Xu X, Zhang Y, Meng X, Development
of a three-dimensional structured carbon fiber Felt/3-PbO2 electrode and its application in
chemical oxygen demand determination, Electrochim. Acta 176 (2015) 1100-1107, 10.1016/
j.electacta.2015.07.126.

Hosford PS, Wells JA, Christie IN, Lythgoe MF, Millar J, Gourine AV, Electrochemical carbon
fiber-based technique for simultaneous recordings of brain tissue PO2, pH, and extracellular field
potentials, Biosens. Bioelectron. X 3 (2019), 10.1016/j.biosx.2020.100034.

Johnson MD, Franklin RK, Gibson MD, Brown RB, Kipke DR, Implantable microelectrode
arrays for simultaneous electrophysiological and neurochemical recordings, J. Neurosci. Methods
174 (2008) 6270, 10.1016/j.jneumeth.2008.06.036. [PubMed: 18692090]

Li C, Limnuson K, Wu Z, Amin A, Narayan A, Golanov EV, Ahn CH, Hartings JA,

Narayan RK, Single probe for real-time simultaneous monitoring of neurochemistry and direct-
current electrocorticography, Biosens. Bioelectron 77 (2016) 62-68, 10.1016/j.bi0s.2015.09.021.
[PubMed: 26386904]

Santos RM, Laranjinha J, Barbosa RM, Sirota A, Simultaneous measurement of cholinergic tone
and neuronal network dynamics in vivo in the rat brain using a novel choline oxidase based
electrochemical biosensor, Biosens. Bioelectron 69 (2015) 83-94, 10.1016/j.bios.2015.02.003.
[PubMed: 25706061]

Stamford JA, Palij P, Davidson C, Jorm CM, Millar J, Simultaneous “Real-time” Electrochemical
and Electrophysiological Recording in Brain Slices with a Single Carbon-Fibre Microelectrode,
1993.

Zhang H, Lin SC, Nicolelis MAL, Acquiring local field potential information from
amperometric neurochemical recordings, J. Neurosci. Methods 179 (2009) 191-200, 10.1016/
j.jneumeth.2009.01.023. [PubMed: 19428527]

Zhang S, Song Y, Wang M, Xiao G, Gao F, Li Z, Tao G, Zhuang P, Yue F, Chan P, Cai

X, Real-time simultaneous recording of electrophysiological activities and dopamine overflow

in the deep brain nuclei of a non-human primate with Parkinson’s disease using nano-based
microelectrode arrays, Microsyst Nanoeng 4 (2018), 10.1038/MICRONANO.2017.70.

Wei W, Song Y, Wang L, Zhang S, Luo J, Xu S, Cai X, An implantable microelectrode array
for simultaneous I-glutamate and electrophysiological recordings in vivo, Microsyst Nanoeng 1
(2015), 10.1038/micronano.2015.2.

Trebuchon A, Liégeois-Chauvel C, Gonzalez-Martinez JA, Alario FX, Contributions of
electrophysiology for identifying cortical language systems in patients with epilepsy, Epilepsy
Behav. 112 (2020), 10.1016/j.yebeh.2020.107407.

Disney AA, McKinney C, Grissom L, Lu X, Reynolds JH, A multi-site array for combined local
electrochemistry and electrophysiology in the non-human primate brain, J. Neurosci. Methods
255 (2015) 29-37, 10.1016/j.jneumeth.2015.07.009. [PubMed: 26226654]

Zhang M, Yu P, Mao L, Rational design of surface/interface chemistry for quantitative in

vivo monitoring of brain chemistry, Acc. Chem. Res 45 (2012) 533-543, 10.1021/ar200196h.
[PubMed: 22236096]

Barros LF, Metabolic signaling by lactate in the brain, Trends Neurosci. 36 (2013) 396-404,
10.1016/j.tins.2013.04.002. [PubMed: 23639382]

Talanta. Author manuscript; available in PMC 2024 June 10.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Fernandes et al.

[63].

[64].

[65].

[66].

[67].

[68].

[69].

[70].

[71].

[72].

[73].

[74].

[75].

[76].

Page 15

Hirsch LJ, Gaspard N, Status Epilepticus, Continuum (Minneap Minn) 19 (2013) 767-794,
10.1212/01.CON.0000431395.16229.5a. [PubMed: 23739110]

Jiruska P, de Curtis M, Jefferys JGR, Schevon CA, Schiff SJ, Schindler K, Synchronization and
desynchronization in epilepsy: controversies and hypotheses, J. Physiol 591 (2013) 787-797,
10.1113/jphysiol.2012.239590. [PubMed: 23184516]

Wu' Y, Liu D, Song Z, Neuronal networks and energy bursts in epilepsy, Neuroscience 287 (2015)
175-186, 10.1016/j.neuroscience.2014.06.046. [PubMed: 24993475]

Pefia F, Tapia R, Seizures and neurodegeneration induced by 4-aminopyridine in rat hippocampus
in vivo: role of glutamate- and GABA-mediated neurotransmission and of ion channels,
Neuroscience 101 (2000) 547-561. www.elsevier.com/locate/neuroscience. [PubMed: 11113304]

Tapia R, Medina-Ceja L, Pefia F, On the relationship between extracellular
glutamate\hyperexcitation and neurodegeneration\ in vivo, Neurochem. Int 34 (1999) 23-31,
10.1016/s0197-0186(98)00061-8. [PubMed: 10100193]

Vilagi I, Dobo E, Borbély S, Czégé D, Molnar E, Mihaly A, Repeated 4-aminopyridine induced
seizures diminish the efficacy of glutamatergic transmission in the neocortex, Exp. Neurol 219
(2009) 136-145, 10.1016/j.expneurol.2009.05.005. [PubMed: 19445932]

Gonzalez-Sulser A, Wang J, Motamedi GK, Avoli M, Vicini S, Dzakpasu R, The 4-
aminopyridine in vitro epilepsy model analyzed with a perforated multi-electrode array,
Neuropharmacology 60 (2011) 1142-1153, 10.1016/j.neuropharm.2010.10.007. [PubMed:
20955719]

Stephens GJ, Garratt JC, Robertson B, Owen DG, On the mechanism of 4-aminopyridine action
on the cloned mouse brain potassium channel mKv1.1, J. Physiol 477 (1994) 187-196, 10.1113/
jphysiol.1994.sp020183. [PubMed: 7932213]

Shumkova V, Sitdikova V, Rechapov I, Leukhin A, Minlebaev M, Effects of urethane and
isoflurane on the sensory evoked response and local blood flow in the early postnatal rat
somatosensory cortex, Sci. Rep 11 (2021), 10.1038/S41598-021-88461-8.

Beitchman JA, Krishna G, Bromberg CE, Currier Thomas T, Professor A, Effects of isoflurane
and urethane anesthetics on glutamate neurotransmission in rat brain using in vivo amperometry,
bioRxiv (2023), 10.1101/2023.02.16.528856.

Bélanger M, Allaman |, Magistretti PJ, Brain energy metabolism: Focus on Astrocyte-neuron
metabolic cooperation, Cell Metabol. 14 (2011) 724-738, 10.1016/j.cmet.2011.08.016.

Dias C, Fernandes E, Barbosa RM, Laranjinha J, Ledo A, Astrocytic aerobic glycolysis

provides lactate to support neuronal oxidative metabolism in the hippocampus, Biofactors (2023),
10.1002/biof.1951.

Regiart M, Ledo A, Fernandes E, Messina GA, Brett CMA, Bertotti M, Barbosa RM, Highly
sensitive and selective nanostructured microbiosensors for glucose and lactate simultaneous
measurements in blood serum and in vivo in brain tissue, Biosens. Bioelectron 199 (2022),
10.1016/j.bi0s.2021.113874.

Rho JM, Boison D, The metabolic basis of epilepsy, Nat. Rev. Neurol 18 (2022) 333-347,
10.1038/s41582-022-00651-8. [PubMed: 35361967]

Talanta. Author manuscript; available in PMC 2024 June 10.


http://www.elsevier.com/locate/neuroscience

1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Fernandes et al.

18

Page 16

164
144
124

104

|/ nA

8-
6
4

24

y =0.389x + 0.181
R?=0.9999

Oxygen / uM

5.2 104 20.8 41.6
Oxygen / uM

Fig. 1.
Representative recording calibration of the CFM/MWCNT-Nafion® sensor and the

corresponding calibration curve (inset). Calibration was performed by successive additions
of a saturated O, solution. The electrode shows a linear response over the concentration
range 0-41.6 UM, with a sensitivity of 0.389 nA uM~1 and a limit of detection (LOD) of
0.162 pM.
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Pagl]nel A: Representative recording calibration of the CFM/Pt/Nafion®-LOx/PU biosensor
to successive additions of lactate in the range of 0.05-20 mM. The response was recorded
by amperometry at + 0.7 V' vs. Ag/AgCI. Inset: calibration plot of the average steady-state
current as function of lactate concentration fitted with a Michaelis-Menten model. Panel B:
Extended time scale recorded in the lower range of lactate concentration (0.05-0.5 mM).
Inset: corresponding calibration curve.

Talanta. Author manuscript; available in PMC 2024 June 10.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Fernandes et al. Page 18

A

_____ . AU L I ... . B
i o ..:,’ 4% | Platinum m-PD Polyurethane
* %% Enzyme solution (LOx+BSA+GA) o Nafion®
=49 Null solution (BSA+GA)
+*.%% Nafion® 0.5% + MWCNT
Fig. 3.

Schematic representation of the microelectrodes and micropipette array. Panel A: Side view
of the array. Panel B: Array tip zone magnification with disclosure of the coating layers of
each microelectrode and distances between which microelectrode and micropipette, (a) Null
sensor; (b) Lactate biosensor; (c) Oxygen sensor; (d) Micropipette.
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Fig. 4.
In vivo recording of lactate (blue) and oxygen (purple) in the hippocampus of an

anaesthetized rat with the CFM/Pt/Nafion®-LOx/PU lactate biosensor and the CFM/
MWCNT-Nafion® oxygen sensor, respectively. Grey line represents the power of the high-
frequency component (1—20 Hz FFT band pass) of the amperometric recording local field
potential related currents (LFPrc). Arrow indicates the moment of pressure injection (1's, 20
Psi) of a potassium chloride solution (70 mM; 500 nL).
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Fig. 5.

Rgpresentative recording of the concurrent measurement of lactate (blue), oxygen (purple)
and LFP in the cortex of anaesthetized rat (AP: —4.0; ML: —-2.5; DV: —1.5) during status
epilepticus after 4-AP injection. High frequency component (grey) (1-20 Hz FFT band pass)
of the amperometric recording and power spectrum analysis of the high component. Dotted
red lines represent the baseline level. Highlighted below are expanded time scales from
different moments of the recording ((a), (b) and (c)).
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