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Gamma-aminobutyric acid (GABA) is a major inhibitory neurotransmitter that is essential
for normal brain function. It is involved in multiple neuronal activities, including plasticity,
information processing, and network synchronization. Abnormal GABA levels result in
severe brain disorders and therefore GABA has been the target of a wide range of
drug therapeutics. GABA being non-electroactive is challenging to detect in real-time.
To date, GABA is detected mainly via microdialysis with a high-performance liquid
chromatography (HPLC) system that employs electrochemical (EC) and spectroscopic
methodology. However, these systems are bulky and unsuitable for real-time continuous
monitoring. As opposed to microdialysis, biosensors are easy to miniaturize and are
highly suitable for in vivo studies; they selectively oxidize GABA into a secondary
electroactive product (usually hydrogen peroxide, H2O2) in the presence of enzymes,
which is then detected by amperometry. Unfortunately, this method requires a rather
cumbersome process with prereactors and relies on externally applied reagents. Here,
we report the design and implementation of a GABA microarray probe that operates on
a newly conceived principle. It consists of two microbiosensors, one for glutamate (Glu)
and one for GABA detection, modified with glutamate oxidase and GABASE enzymes,
respectively. By simultaneously measuring and subtracting the H2O2 oxidation currents
generated from these microbiosensors, GABA and Glu can be detected continuously
in real-time in vitro and ex vivo and without the addition of any externally applied
reagents. The detection of GABA by this probe is based upon the in-situ generation
of α-ketoglutarate from the Glu oxidation that takes place at the Glu microbiosensor.
A GABA sensitivity of 36 ± 2.5 pA µM−1 cm−2, which is 26-fold higher than reported in
the literature, and a limit of detection of 2 ± 0.12 µM were achieved in an in vitro setting.
The GABA probe was successfully tested in an adult rat brain slice preparation. These
results demonstrate that the developed GABA probe constitutes a novel and powerful
neuroscientific tool that could be employed in the future for in vivo longitudinal studies
of the combined role of GABA and Glu (a major excitatory neurotransmitter) signaling in
brain disorders, such as epilepsy and traumatic brain injury, as well as in preclinical trials
of potential therapeutic agents for the treatment of these disorders.
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INTRODUCTION

The development of multiplexed neural probes for real-time
sensing of neurochemicals is a critical step in the study and
effective treatment of brain disorders. Abnormal neurochemical
signaling is an underlying signature of brain dynamical disorders
such as epilepsy, Parkinson’s and Alzheimer’s, traumatic brain
injury, as well as drug addiction (Cahill et al., 1996; Robinson
and Wightman, 2007; Robinson et al., 2008; Sandberg and
Garris, 2010; Willuhn et al., 2010). Therefore, it is crucial
to be able to monitor and understand the long-term spatio-
temporal dynamics of key neurochemicals in the brain. Gamma-
aminobutyric acid (GABA), a major inhibitory neurotransmitter,
is essential for normal neuronal activity, information processing
and plasticity, and for neuronal network synchronization
(Caudill et al., 1982; Smith and Sharp, 1994; Bhat et al., 2010).
GABA’s function is impaired in psychiatric and neurological
disorders, inflammation and immune diseases, and therefore
has been the target in a wide range of drug therapies (Caudill
et al., 1982; Smith and Sharp, 1994; Ting Wong et al., 2003;
Tian et al., 2004; Bhat et al., 2010; Auteri et al., 2015). GABA is
non-electroactive, and it is therefore challenging to detect it in
real-time using electrochemical (EC) and spectrophotometrical
methods (Cifuentes Castro et al., 2014). To date, in vivo
GABA levels are detected mainly via microdialysis on a high-
performance liquid chromatography (HPLC) system with EC
and spectroscopic detection methods (Kehr and Ungerstedt,
1988; Rowley et al., 1995b; Monge-Acuña and Fornaguera-
Trías, 2009; Reinhoud et al., 2013). Since these methods are
relatively insensitive to GABA, one must derivatize the solution
by making it more conducive to electric signals. Several studies
have used HPLC with pre/post derivatized columns using 2,4,6-
trinitrobenzenesulfonic acid, o-phthaldialdehyde (OPA)-sulfite
and OPA-alkylthiols to separate GABA and then detect it
electrochemically at picomolar concentrations by a glassy carbon
electrode (GCE) in rat brains (Caudill et al., 1982). The use of
OPA-butylthiol was first proposed by Kehr, who infused nipecotic
acid and 3-mercaptopro-pionic acid to obtain a faster and
more sensitive determination of GABA (Kehr and Ungerstedt,
1988). Rowley et al. (1995b) extended this derivatization
technique to separate seven amino acids and concluded that
their method could detect, with good sensitivity, the stimulated
levels of GABA and glutamate (Glu), a major excitatory
neurochemical in a rat hippocampus. Acuna et al. also used
this method to separate GABA, Glu and glutamine in rat brain
homogenates with higher accuracy and repeatability (Monge-
Acuña and Fornaguera-Trías, 2009). Reinhoud et al. (2013) used
microbore columned Ultra-HPLC to detect catecholamines such
as dopamine (DA) and serotonin (HT-5). The main benefit
of this method was that analytes with large differences in
retention time could be separated in a single run (Reinhoud
et al., 2013). Commercial HPLC-ED systems (Alexys, Dionex)
are now available that utilize GCEs at ∼0.8 V for amino acid
detection. However, this state-of-the-art technology is bulky
and unsuitable for real-time continuous GABA monitoring,
which is a key technology gap in the chemical neuroscience
field.

The second-best detection method is based upon an
amperometry (AM) technique during which GABA is detected
indirectly using biosensors (Mazzei et al., 1996; Badalyan et al.,
2007, 2014; Sekioka et al., 2008). The main advantage of AM-
based biosensors are that they can be easily miniaturized into
multiple microarrays and are highly suitable for ex vivo and
in vivo studies (Garguilo and Michael, 1994; Hascup et al.,
2007). Biosensors selectively oxidize GABA into a secondary
electroactive product or reporter molecule in the presence of
enzymes, similar to the detection method used for Glu (Hascup
et al., 2007) or acetylcholine (Garguilo and Michael, 1994).
Electroactive reporter molecules such as β-nicotinamide adenine
dinucleotide phosphate (NADPH) or hydrogen peroxide (H2O2)
are usually generated through a series of enzymatic reactions by
adding nicotinamide adenine dinucleotide phosphate (NADP)
as a co-factor, or α-ketoglutarate reagents externally, and
then electrochemically detecting them on a modified GCE.
The current generated by electrochemically oxidizing them
can be used as a quantifying index of GABA’s presence.
In AM-based GABA biosensors, GABASE, which consists of
two enzymes, γ-aminobutyrate aminotransferase (GABA-T) and
succinic semialdehyde dehydrogenase (SSDH) converts GABA
into Glu (henceforth called GluGABA) and succinic semialdehyde
(SSA) in the presence α-ketoglutarate (reaction 1, Figure 1A).
For reaction 1 to occur, α-ketoglutarate must be present in
the sample. The α-ketoglutarate can be added to the sample
externally or it can be obtained from oxidizing Glu that is
ubiquitously present in the brain microenvironment (henceforth
called GluE) using the glutamate oxidase (GOx) enzyme (reaction
2, Figure 1A). Subsequently, there are two pathways by which
reaction 1 can proceed to electrochemically or optically generate
active molecules that indicate the presence of GABA. The
first approach is based on SSA reacting with NADP in the
presence of SSDH to form NADPH that is then detected
optically [UV spectrophotometry or colorimetry (Sethi, 1993)
or electrochemically (reaction 3, Figure 1A)]. Mazzei et al.
(1996) developed a GABA biosensor based on reaction 3 using
a horseradish peroxidase-modified GCE. However, the main
disadvantage of reaction 3 is that the electrode surface fouls
rapidly due to the irreversible nature of NADP+ adsorption.
Sekioka et al. (2008) partially addressed this challenge using an
electron cyclotron resonance (ECR) sputtered carbon electrode.
Since there is a critical need for ex vivo and in vivo studies to
detect GABA long term and NADP to NADPH conversion is
irreversible, NADP must be continuously replenished. Badalyan
et al. (2007) addressed this problem of continual NADP additions
by employing periplasmatic aldehyde oxidoreductase instead
of SSDH, and mediators such as ferricyanide, phenoxazines,
ferrocene derivatives, quinones, and bipyridinium salts instead of
NADP.

Niwa et al. (1998) employed a very different approach that
relied on GOx to convert the GluGABA generated in reaction 1
into α-ketoglutarate and H2O2 (henceforth called H2O2(GABA),
(i.e., H2O2 generated from the Glu that in turn is generated
from GABA; reaction 4, Figure 1A) and then detecting it
on an osmium-poly(vinylpyridine) gel-horseradish peroxidase-
modified GCE. Applying reactions 1 and 4, researchers were
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FIGURE 1 | (A) Reaction pathways and detection scheme for real-time continuous GABA monitoring. (B) An optical image of the GABA probe. (C) The probe at
higher magnification showing 6 of 8 Pt microelectrodes. Each site has two modified microelectrodes. For this work, Site 1 is modified with GOx (Glu microbiosensor)
and Site 2 is modified with GOx and GABASE enzymes (GABA microbiosensor). Each Pt microelectrode is 100 µm × 50 µm. The distance between the sites is
1 mm. For recording in brain slices, the two Pt microelectrodes at the tip of the probe (marked Site 2) were modified with GOx and GABASE+ GOx, respectively
(see Supplementary Material). The size of the microelectrode sites and distance between them was small enough to ensure that both microelectrodes were
inserted completely within brain slices.

able to detect GABA with adequate sensitivity and selectivity
in the presence of DA, HT-5 and ascorbic acid (AA). However,
both approaches are incapable of continuously monitoring the
changes in GABA levels in real-time since they require additions
of reagents such as NADP and α-ketoglutarate. A biosensor
technology that can accurately measure GABA in real-time
continuously and without any external intervention is technically
challenging and yet unrealized. In this work, we report the
development and validation of a GABA probe based upon
a platinum (Pt) microelectrode array (MEA) (Figure 1B) in
an in vitro setting and then used the probe for ex vivo
measurements in brain slices. The GABA probe uses two types
of microbiosensors, namely a Glu microbiosensor (located in
Site 1, Figure 1C) and a GABA microbiosensor (located in
Site 2, Figure 1C) that are uniquely modified with GOx only
at Site 1 for reaction 2 to occur and with GOx and GABASE
at Site 2 for reactions 1, 2, and 4 to occur. Each site in the
GABA microarray probe consists of two Pt microelectrodes
that are separated by 100 µm. By simultaneously measuring

and subtracting the oxidation currents of H2O2 generated from
the two microbiosensors, i.e., IH2O2 from H2O2(E) at Site 1
(henceforth called IH2O2(Site1)) and IH2O2 from H2O2(E) and
H2O2(GABA) at Site 2 (henceforth called IH2O2(Site2)), GABA
(IGABA = 1I = IH2O2(Site2) − IH2O2(Site1)) can be detected
continuously in real time (Scheme 1, Figure 1A) without
adding α-ketoglutarate externally (Figure 2). This is possible
because α-ketoglutarate generated in reaction 2 is used in
reaction 1. Scheme 1 can be readily implemented ex vivo and
in vivo because the ubiquitous presence of GluE allows in situ
generation of α-ketoglutarate, and thus reaction 1 to occur
continuously. The SSA generated in reaction 1 is converted to
SA when periplasmatic aldehyde reductase is present on the
electrode surface (reaction 5, Figure 1A) (Badalyan et al., 2014).
The other salient features of the GABA probe are: (1) eight
individually electrically addressable Pt microelectrodes that can
easily be multiplexed to simultaneously measure other important
neurochemicals, such as Glu, DA, adenosine and HT-5, through
suitable surface modifications, which is not possible with other
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commonly available electrodes for chemical sensing, e.g., carbon
fiber microelectrodes; (2) GABA and Glu microbiosensors can
be placed in close proximity to provide precise measurements
of local GABA level changes; (3) an ability to detect GABA real-
time without adding reagents (i.e., truly self-contained); (4) the
location of MEAs along the long shank allows GABA sensing
at multiple depths in the brain; and (5) allows simultaneous
sensing of neurochemicals and field potentials for multimodal
recordings, which is not possible with the current neurochemical
technologies.

MATERIALS AND METHODS

Chemicals
Phosphate buffered saline (PBS), bovine serum albumin (BSA),
glutaraldehyde, GABA, GABASE from Pseudomonas fluorescens
and α-ketoglutarate disodium salt was purchased from Millipore-
Sigma (MO, United States). Glutamate oxidase was purchased
from Cosmo Bio United States (CA, United States).

GABA Probe Preparation
The platinum (Pt) MEA (8-TRK probe) was purchased from
Center for Microelectrode Technology (CenMeT, United States).
The MEA consists of eight Pt microelectrodes (50 µm× 100 µm,
two microelectrodes per site) and the sites are spaced at
1 mm apart. Each site has two closely spaced (100 µm apart)
microelectrodes (Figure 1C). Since the in vitro experiments
were carried out in a stirred solution in a beaker, we do not
expect to see any effect or variability particularly on the Glu
signal due to this spatial variation. For ex vivo measurements in
brain tissue slices, the two Pt microelectrodes (located in Site 2,
as shown in Supplementary Figure S3A, and spaced 100 µm
apart, see Supplementary Material) were coated with GOx and
GABASE+GOx, respectively.

Enzyme Aliquot Preparation
The GOx enzyme with the BSA and glutaraldehyde was coated
in Site 1 as per Burmeister et al. (2013). For Site 1, the
GOx enzyme was mixed in DI water to prepare aliquots of
0.5 U/µL and stored in −80◦C. Prior to coating, they were
thawed first at 4◦C and then at room temperature. DI water
(985 µL) was added to 10 mg BSA in a 1 mL centrifuge tube.
After allowing the BSA to dissolve, 5 µL of glutaraldehyde
(25% in water) was added to the solution. We kept the
solution mixture (1% BSA and 0.125% glutaraldehyde) at room
temperature for ∼5 min. A 4 µL of the mixture was added
to 1 µL of GOx (0.5 U/µL) and centrifuged to form the
final enzyme-matrix mixture of 0.1 U/µL GOx/0.8% BSA/0.1%
glutaraldehyde. Similarly, for Site 2, DI water (986.7 µL) was
added to 13.33 mg BSA in a 1 mL centrifuge tube. After
allowing the BSA to dissolve, 6.67 µL of glutaraldehyde (25%
in water) was added to the solution. We kept the solution
mixture (1.33% BSA and 0.166% glutaraldehyde) at room
temperature for ∼5 min. Next, 3 µL of the mixture was
added to 1 µL of GOx (0.5 U/µL) and 1 µL GABASE
(0.5 U/µL) and centrifuged to form the final enzyme-matrix

mixture of 0.1 U/µL GOx/0.1 U/µL GABASE/0.8% BSA/0.1%
glutaraldehyde. For the GABASE-only site, the procedure used
for Site 1 was followed except that GABASE instead of GOx was
used.

Enzyme Coating Procedure
Under a Nikon stereomicroscope (Model, SMZ18), three drops
(0.05 µL/drop) of the respective enzyme-matrix mixture was
applied manually at each site using a microsyringe (Hamilton R©,
Model 701 N). Then the probe was stored for 48 h in an
aluminum foil covered storage container with no exposure to
light prior to use. Figure 2 shows the cross-sectional schematic
of the GABA probe with reaction pathways in Sites 1 and 2.

Electrochemical Measurements
For amperometry measurements, a multichannel FAST-16mkIII R©

potentiostat (Quanteon, LLC, Nicholasville, KY, United States)
in a 2-electrode setup was used with an Ag/AgCl electrode as
the reference electrode. The applied potential was set at +0.7
V for H2O2 detection. Note: This applied potential can be
reduced to +0.3 V vs. Ag/AgCl when modified using platinum
black as reported in the literature (Ben-Amor et al., 2014).
The experiment was carried out in a 40 mL buffer solution.
The analytes were introduced into the solution using a syringe
pump (KD Scientific, Legato R© 100 syringe pump) to obtain
the desired concentrations (M). The solution was continuously
stirred at 200 rpm and maintained at 37◦C. All measurements
were repeated 6 times (n = 6). The Fast analysis R© software
provided by Quanteon was used for data analysis. Sensitivity
was defined as the change in current for each unit of analyte
addition. Sensitivity was calculated from the slope (pA/µM)
of the calibration curves. Then the slope was converted into
nAµM−1cm−2 by dividing it by the Pt microelectrode area
(5 × 10−5 cm2). The limit of detection (LOD) was calculated
by dividing (3 times the standard deviation of 10 points from
the baseline) by the least squares slope, which is based on
the FAST 2014 software manual provided by Quanteon. The
baseline is the signal that was obtained when no electroactive
analyte was present in the solution. Two-tailed Students t-test
was performed (n = 6) at two different confidence intervals.
They are 99.99% (p < 0.0001) and 95% (p < 0.05). The values
lie within p < 0.0001 unless otherwise stated. The value which
lies within p < 0.05 are represented with (∗) in the bar charts
and tables. One-way ANOVA was performed (n = 6) with
significance defined as p < 0.05 to verify if sensor-to sensor
variation (in the same site) is significant. Error value is shown
as mean± SEM.

Recording GABA and Glutamate in Brain
Tissue
Animal Care and Use
Male Sprague Dawley rats were housed on a 12 h on – 12 h off
cycle with food and water provided ad libitum, according to a
Louisiana Tech University IACUC protocol, the Guide for the
Care and Use of Laboratory Animals and the AVMA Guidelines
on Euthanasia.
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FIGURE 2 | Schematic of the reaction pathways in (A) Glu microbiosensor (Site 1) and (B) GABA microbiosensor (Site 2).

Hippocampal Slice Preparation
Hippocampal slices were prepared from an adult Sprague Dawley
rat that was anesthetized using 5% isoflurane gas prior to
decapitation and rapid removal of the brain. The brain was
immediately placed into ice cold artificial cerebral spinal fluid
(aCSF) containing (in mM): 135 NaCl, 3 KCl, 16 NaHCO3, 1
MgCl, 1.25 NaH2PO4, 2 CaCl2, and 10 glucose, bubbled with 95%
O2/5% CO2 (carbogen) (Song et al., 2005). The slicing chamber
of an OTS-5000 tissue slicer (Electron Microscopy Sciences) was
filled with aCSF at 4◦ C and then 500-µm thick coronal sections
were cut and transferred to a holding chamber filled with aCSF
maintained at 35◦C and bubbled with carbogen. Slices were
incubated for at least 60 min prior to recording. Thereafter, one
slice was transferred to a liquid-air interface of a BSC1 chamber
(Scientific Systems Design, Inc.) with the slice suspended on a
nylon net at the liquid-air interface with continuously dripping
aCSF (37◦C) bubbled with carbogen. Waste products were
removed by continuous suction from the recording chamber
(Supplementary Figure S3B, see Supplementary Material).

GABA Recording in Rat Hippocampal Slices
The microbiosensors were coated with a size-exclusion polymer
(m-phenylenediamine, mPD) to prevent the interferents
reaching the microbiosensor surface and to enhance the probe
selectivity (Wilson et al., 2017). Supplementary Figure S4
(see Supplementary Material) demonstrates the ability of the
mPD coating to block dopamine and ascorbic acid effectively.
The tradeoff here is that, with an mPD coating, a ∼20%
decrease in the sensitivity of the probe to GABA was observed

(Supplementary Figure S5). Similar decrease in sensitivity
values was observed at the Glu microbiosensor as well. The
mPD layer was electrochemically deposited (cycling between
+0.2 V and +0.8 V, 50 mV/s, 20 min in 10 mM mPD solution).
A pair of 160-µm diameter tungsten stimulation electrodes was
placed in the Schaffer collateral CA1 pathway within 200 µm
of the microbiosensor probe sites (Song et al., 2005). An A365
stimulus isolator (World Precision Instruments) was used to
deliver 100-µA direct current pulses to the stimulus electrodes;
pulse widths were regulated by transistor-transistor logic (TTL)
input from an Arduino microcontroller. Current detected at the
probe sites was plotted in real time.

Data Analysis for ex vivo Recordings
Results from ex vivo, hippocampal recordings were analyzed
using OriginPro 2017. Measurements are reported as the
mean± square error of the mean (SEM). ANOVA was performed
for comparisons of means and significance was defined as
p ≤ 0.05. Rise times (Tr10−90) were defined as the elapsed time
between 10 and 90% from the baseline to the peak current of the
stimulation response. The Rise Time Gadget tool in OriginPro
2017 was used to calculate the rise time.

RESULTS AND DISCUSSION

Calibration of GABA Probe in the
Presence of α-Ketoglutarate
Studies have shown dependence of the GABA current response
(pA) on concentration of α-ketoglutarate (Niwa et al., 1998),
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FIGURE 3 | GABA probe calibration in different concentrations of GABA (5, 10, 20, and 40 µM) and α-ketoglutarate (5, 10, 20, 40, 100, 200, and 500 µM) in 1X
PBS. (A) Current response at GABA microbiosensor in Site 2 and Glu microbiosensor in Site 1 in PBS only (background or control – red dashed curve, blue dashed
curve, respectively) and in 100 µM α-ketoglutarate in 1X PBS (red and blue solid curves, respectively). (B) Current response at GABA microbiosensor for other
concentrations of α-ketoglutarate. (C,D) Current response and linear fitting at GABA microbiosensor for different GABA concentrations and α-ketoglutarate
concentrations at ≥ 40 µM. Legends: 40 µM (red), 100 µM (green), 200 µM (blue) and 500 µM (magenta). The microbiosensors were biased at + 0.7 V vs Ag/AgCl
reference. The solution was stirred at 200 rpm and maintained at 37◦C. Linear fit parameters obtained: 40 µM α-keto sensitivity = (0.55 ± 0.077 pA/µM),
R2 = 0.99728; 100 µM α-keto sensitivity = (1.74 ± 0.13 pA/µM), R2 = 0.99582; 200 µM α-keto sensitivity = (1.03 ± 0.13 pA/µM), R2 = 0.99582 and 500 µM α-keto
sensitivity = (1.51 ± 0.13 pA/µM); R2 = 0.99582 at GABA microbiosensor. Two-tailed Students t-test was performed (n = 6, p < 0.0001, ∗p < 0.05). One-way
ANOVA was performed (n = 6, p < 0.0001) to verify that sensor-to sensor variation (in the same site) is not significant. Error value is shown as mean ± SEM.

TABLE 1 | GABA sensitivity and LOD for different α-ketoglutarate concentration.

α-ketoglutarate
concentration (µM)

Sensitivity (nA µM−1cm−2) LOD (µM)

40 12 ± 1.7 7 ± 0.7

100 36 ± 2.5 2 ± 0.12

200 20 ± 2.4∗ 4 ± 0.4

500 28 ± 2.5 3 ± 0.24∗

Error value is shown as mean ± SEM. Two-tailed Students t-test was performed
(n = 6, p < 0.0001, ∗p < 0.05). One-way ANOVA was performed (n = 6,
p < 0.0001) to verify that sensor-to sensor variation (in the same site) is not
significant.

which is an important molecule in physiological functions, for
example in the Krebs cycle (Tretter and Adam-Vizi, 2005).
Therefore, we first studied the electrochemical response of the
Glu and GABA microbiosensors (Sites 1 and 2) in the presence
of different concentrations of α-ketoglutarate (1–500 µM) in the
phosphate buffered saline (PBS) solution. Figure 3A shows the
typical AM responses at Sites 1 and 2 in 1X PBS supporting

electrolyte (background or control, blue dashed, red dashed
curves), and to varying concentrations of GABA (5, 10, 20 and
40 µM) in 100 µM α-ketoglutarate solution prepared in 1X PBS
(blue solid, red solid curves). These values of concentration in
the micromolar range were chosen because of their relevance
to the ones encountered in the brain microenvironment where
GABA is typically present (Badalyan et al., 2014). For example,
GABA levels are in the range of 20–70 µM in rat brain slices,
(Grabauskas, 2004), and up to 1.25 µM/cm3 in the human brain
(Ke et al., 2000) as measured by proton magnetic resonance
spectroscopy. The AM response was recorded in different
concentrations of α-ketoglutarate solution, first by allowing the
microbiosensors to stabilize in the solution for up to 240 s,
and then injecting GABA at 1 min time intervals to obtain
the desirable concentration (Figures 3B,C). From Figure 3A, as
expected, we observe that the Glu microbiosensor at Site 1 did
not exhibit a response to GABA because of the absence of the
GABASE enzyme. Also, there was no enzymatic activity of GOx
in converting GABA into Glu and then into H2O2. This indicates
that the GABA conversion is highly selective at Site 2 that has
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GABASE and not at Site 1. The GABA microbiosensor at Site
2 responded to GABA when the α-ketoglutarate concentration
was at least 40 µM (Figure 3B). A transient spike in the signal
was observed during the injection of the solution in the beaker.
However, the signal was stabilized a few seconds following the
injection of the solution. Sometimes the time to stabilization
was a bit longer (e.g., in the case of 40 µM and 500 µM
α-ketoglutarate experiments). This might be due to a few bubbles
in the micro syringe pump that disturb the solution more
in certain experiments than others. The other data points for
the same α-ketoglutarate concentrations did not show similar
spikes. The highest sensitivity was observed at 100 µM. From
Figure 3D, the sensitivity is 36 ± 2.5 pA µM−1 cm−2 and
the LOD is 2 ± 0.12 µM (n = 6), which is 10-fold higher
than that of similar AM-based microsensors (Niwa et al., 1998).
The sensitivities at 40, 200, and 500 µM of α-ketoglutarate
were 12 ± 1.7, 20 ± 2.4 and 28 ± 2.5, respectively, and
the LOD was 7 ± 0.7, 4.0 ± 0.4, and 3 ± 0.24, respectively
(Table 1). This GABA response to α-ketoglutarate concentration
is in agreement with previously published literature (Niwa
et al., 1998). One possible reason for the decrease of GABA
sensitivity at highest α-ketoglutarate concentrations could be
due to their scavenging of H2O2 as suggested by previous
studies (Nath et al., 1995; Long and Halliwell, 2011). Another
study (Badalyan et al., 2014) showed a similar trend where
the GABA sensitivity was highest at 1 mM α-ketoglutarate
and then decreased at much higher concentrations. The LOD
achieved using the GABA microbiosensor is 2–7 µM, which is
lower than the clinically-relevant concentrations (Grabauskas,
2004) and similar to the values achieved by alternative methods
(Ke et al., 2000) in the human brain. Sensitivities differ slightly

between microelectrodes, which are likely due to variations in
the quantity of enzymes that are manually applied to each site.
Any potential defects in the surface of the electrodes may also
lead to a difference in sensitivity. But this could be remedied
by employing an array of GABA and Glu microbiosensors and
by applying appropriate statistics (e.g., averaging the current
values, etc.) in the future. This sensitivity variation can be further
minimized by employing micro spotting techniques that are
fully automated and dispense very precise volumes of enzyme
solutions. Next, to determine the linear range of the calibration
plots, we generated the plots for 5–500 µM GABA concentrations
versus different α-ketoglutarate concentrations. We observe that
the GABA current values saturate, and saturation depends on
the α-ketoglutarate concentration (Supplementary Figures S1,
S2, see Supplementary Material). For example, for 40 µM
α-ketoglutarate, the GABA signal saturation is at 50 µM.
Whereas in 100, 200 and 500 µM α-ketoglutarate concentrations,
the GABA signal saturation occurs at 100 µM. The trend in
sensitivity in the linear range is the same as before. For 100 µM
α-ketoglutarate, the GABA sensitivity is highest and becomes
lower at other concentrations of α-ketoglutarate.

Calibration of the GABA Probe in the
Presence of Glutamate
The GABA probe was calibrated in the presence of a range
of concentrations (5–80 µM) of Glu, which mimics the brain
microenvironment both in healthy and diseased states. For
example, the basal concentration of Glu in the extracellular space
is up to 20 µM (Moussawi et al., 2011), while Glu concentrations
in cerebrospinal fluid are ∼10 µM. During seizures, Glu levels

FIGURE 4 | GABA probe calibration in different concentrations of Glu (5, 10, 20, 40, and 80 µM). (A) Current response at GABA microbiosensor in Site 2 and Glu
microbiosensor in Site 1 (red and blue solid curves, respectively). (B) Inset showing the linear fitting for GABA and Glu microbiosensors (red and blue dotted lines).
Linear fit parameters obtained: Site 2, GABA microbiosensor: Glutamate sensitivity = (6.67 ± 0.38 pA/µM), R2 = 0.99984; Site 1, Glu microbiosensor: Glutamate
sensitivity = (4.55 ± 0.11 pA/µM), R2 = 0.99926. (C) The difference in the current response between the microbiosensors (blue bars). The current response at GABA
microbiosensor that was coated with GABASE enzyme only (no GOx enzyme) (red bars). Two-tailed Students t-test was performed (n = 6, p < 0.0001, ∗p < 0.05).
One-way ANOVA was performed (n = 6, p < 0.0001) to verify that sensor-to sensor variation (in the same site) is not significant. Error values are shown as
mean ± SEM. Note: the error bars are too small for the blue dotted data for the naked eye to see. The microbiosensors were biased at + 0.7 V with respect to an
Ag/AgCl reference electrode. The solution was stirred at 200 rpm and maintained at 37◦C. No α-ketoglutarate was added during any of the experiments.
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FIGURE 5 | GABA probe calibration in different concentrations of Glu (5, 10, 20, 40, and 80 µM). (A,B) Current response and linear fitting at GABA microbiosensor
in Site 2, with and without GABA. Legends: no GABA (red solid curve), 5 µM GABA (blue), 10 µM GABA (green) and 20 µM GABA (magenta). Linear fit parameters
obtained for Glu with different concentration of GABA: no GABA (red line), Glu sensitivity = (6.6 ± 0.06 pA/µM), R2 = 0.99973; 5 µM GABA (blue) Glu
sensitivity = (7.3 ± 0.11 pA/µM), R2 = 0.99921; 10 µM GABA (green), Glu sensitivity = (7.7 ± 0.12 pA/µM); R2 = 0.99927 and 20 µM GABA (magenta), GLU
sensitivity = (8.2 ± 0.17 pA/µM); R2 = 0.99863 at GABA microbiosensor. Two-tailed Students t-test was performed (n = 6, p < 0.0001). One-way ANOVA was
performed (n = 6, p < 0.0001) to verify that sensor-to sensor variation (in the same site) is not significant. Error value is shown as mean ± SEM. The microbiosensor
was biased at + 0.7 V vs Ag/AgCl reference. The solution was stirred at 200 rpm and maintained at 37◦C. No α-ketoglutarate added during all the experiments.

increase 4-fold and GABA levels decrease (Rowley et al., 1995a;
Kanamori and Ross, 2011; Medina-Ceja et al., 2015). Glu is a
major excitatory neurochemical that is ubiquitously present as
L-glutamate in its anionic form (glutamic acid) in the brain
environment (henceforth called GluE) (Moussawi et al., 2011).
One of the objectives of this study was to monitor GluE as an
in-situ source for the generation of α-ketoglutarate, which aids
in the continuous real-time GABA monitoring at Site 2, and
thus does not rely on the addition of α-ketoglutarate externally.
Firstly, we calibrated the two microbiosensors by injecting Glu
at various concentrations (5, 10, 20, 40, and 80 µM) in 1X PBS
buffer solution. Figures 4A,B shows the response of the two
microbiosensors. The GABA microbiosensor (Site 2) consistently
exhibited a slightly higher Glu response than that of the Glu
microbiosensor (Site 1). The Glu sensitivity of Site 2 and Site 1
are 132 nA µM−1cm−2 and 90 nAµM−1cm−2, respectively. The
difference in the current response from the two microbiosensors
increases for higher Glu concentrations (Figure 4C, blue bars).
To further understand this, we modified Site 2 with only GABASE
and no GOx. Ideally, there should not be any response from the
GABA microbiosensor, however, a small response was observed
(Figure 4C, red bars). This confirms our hypothesis that some
non-selective activity of GABASE is due to Glu oxidation. Others
have made similar observations where GABASE showed weak
enzyme activity toward Glu compared to GOx (Niwa et al., 1998).
The large response could also be due to the presence of more
enzymes per unit volume (0.2 U/µl) that somehow collectively
create more active sites (Arima et al., 2009). To account for this
difference in the Glu response, henceforth called the background
noise, Ib [shown in Figure 4C (blue bars)], the Ib was subtracted
from the difference in the currents (IGABA) at the two sites in
order to obtain the final current response to GABA (details
discussed later).

The next calibration step was to test different GABA solutions
(0, 5, 10, and 20 µM) in 1X PBS buffer and repeat the

TABLE 2 | Sensitivity and LOD in Site 1 (GOx only) and Site 2 (GOx + GABAse).

GABA
concentration
(µM)

Sensitivity (nA µM−1cm−2) LOD (µM)

Site-1 Site-2 Site-1 Site-2

0 90 ± 5∗ 132 ± 13 0.27 ± 0.02 0.08 ± 0.008

5 104 ± 8 146 ± 16 0.23 ± 0.01 0.08 ± 0.007∗

10 106 ± 10 154 ± 19 0.22 ± 0.01 0.07 ± 0.008

20 104 ± 12 164 ± 21 0.23 ± 0.02 0.07 ± 0.009

Error value is shown as mean ± SEM. Two-tailed Students t-test was performed
(n = 6, p < 0.0001, ∗p < 0.05). One-way ANOVA was performed (n = 6,
p < 0.0001) to verify that sensor-to sensor variation (in the same site) is not
significant.

above Glu calibration (Figure 5). These experiments were
performed without adding α-ketoglutarate externally. At Site
1, GluE is oxidized to α-ketoglutarate and H2O2(E) (reaction
2). This α-ketoglutarate then reacts with GABA at Site 2
and produces GluGABA (reaction 1) followed by reaction 4,
which generates H2O2(GABA) and more α-ketoglutarate. These
reactions and pathways were shown in Figure 2. At the
GABA microbiosensor (Site 2), in the case of no GABA in
the solution, the current response (IH2O2(Site2)) is due only
to the changing Glu levels in the solution (Figure 5A, red
curve). When GABA is present in the solution, the IH2O2(Site2)

response is from both GABA and Glu oxidation and we
expect it to be larger than the response when there was
no GABA. Therefore, higher GABA concentrations appear
to induce a greater response (Figure 5A, blue, green, and
magenta curves) at Site 2 and greater IGABA, which is the
GABA signal (Scheme 1). Figure 5B shows the sensitivity
of the GABA microbiosensor at different GABA and Glu
concentrations. With increasing GABA and Glu concentrations,
the sensitivity of the GABA microbiosensor increases and
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FIGURE 6 | GABA detection using the GABA and Glu microbiosensors. (A) The IGABA values for different GABA (5, 10, and 20 µM) and Glu concentrations (5, 10,
20, 40, and 80 µM). This value is taken after subtracting the baseline value, which is the difference in the current response between the microbiosensors without
GABA in the solution. Legends: 5 µM GABA (red bar), 10 µM (green bar) and 20 µM (blue bar). (B) Linear fitting of IGABA. Linear fit parameters obtained: 5 µM
GABA: slope = 2.75 ± 0.20 pA/µM, R2 = 0.99730; 10 µM GABA: slope = 2.90 ± 0.28 pA/µM, R2 = 0.99653; 20 µM GABA: slope = 3.47 ± 0.22 pA/µM,
R2 = 0.99784. (C) The IGABA values at different GABA:Glu molarity ratios. Legends: GABA:Glu = 1:1 (red), 1:2 (green), 1:4 (blue) and 1:8 (cyan bar). Two-tailed
Students t-test was performed (n = 6, p < 0.0001, ∗p < 0.05). One-way ANOVA was performed (n = 6, p < 0.0001) to verify that sensor-to sensor variation (in the
same site) is not significant. Error value is shown as mean ± SEM.

this is because of increased availability of α-ketoglutarate
for reaction 1. The sensitivity and the LOD of the two
microbiosensors is shown in Table 2. The GABA sensitivity

increased by ∼25% at 20 µM GABA concentrations. The
sensitivity reported here is greater than that of the Pt based
Glu sensors published in the literature (Tseng et al., 2014)
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TABLE 3 | Stimulation pulse parameters and rise time of the stimulated response.

Pulse ID Pulse parameters Glutamate tr10−90 (s) Glutamate – GABA tr10−90 (s) GABA 1tr10−90 (s)

A 1000 ms single pulse 25 ± 2.2 17 ± 1.24 8 ± 1.2

B 250 ms single pulse 19 ± 1.9 14 ± 1.1 5 ± 0.45

C 50 ms single pulse 12 ± 1 7 ± 0.85 5 ± 0.6

D Ten 5-ms pulses separated by 1 ms 12 ± 1 7 ± 0.8 5 ± 0.75

E 25 ms single pulse 7 ± 0.9∗ 4 ± 0.25∗ 3 ± 0.35∗

Values are expressed in mean ± SEM. Two-tailed t-test was performed (n = 3, p < 0.05). ∗Two-tailed t-test was performed (n = 6, p < 0.05).

The LOD is comparable to other Glu sensors (Khan et al.,
2011).

Quantification of GABA Using the IGABA
and IH2O2(E) Current Values
Finally, the GABA signal was quantified as
IGABA = IH2O2(Site1) − IH2O2(Site2). The IGABA is plotted
for varying GABA and Glu concentrations in Figure 6A
after subtracting the Ib noise. The positive values for IGABA
at all concentrations of GABA and Glu confirms GABA
detection at Site 2. As expected, the IGABA increases as GABA
concentrations increase. The GABA calibration curves, following
linear approximation of IGABA at various Glu concentrations,
is shown in Figure 6B. A steeper slope is evident at higher
GABA concentrations. Values of the slope are 2.7 ± 0.2 pA/µM,
2.9 ± 0.3 pA/µM and 3.5 ± 0.2 pA/µM for 5, 10, and 20 µM
GABA, respectively. To better understand the GABA signal
dependence on Glu concentrations, IGABA values were plotted
in terms of different molarity ratios of GABA:Glu (1:1, 1:2, 1:4,
and 1:8) for different GABA concentrations (Figure 6C). It is
known that GABA and Glu maintains a certain balance in the
human brain by means of the glutamate-glutamine (GABA)
cycle (Hertz, 2013) And they exist in a certain molarity ratio

based upon the state of the brain. For example, in epilepsy, this
cycle becomes imbalanced and Glu levels are elevated (Rowley
et al., 1995a; Kanamori and Ross, 2011; Medina-Ceja et al.,
2015). The data clearly suggest that the IGABA value is greatly
dependent on both GABA and Glu concentration, i.e., the IGABA
increases as GABA and Glu levels increases. This is evident from
Figure 6C, which shows that, for a given GABA concentration,
the IGABA value is larger for higher GABA:Glu ratios. So, in this
approach, for a given IGABA value, the GABA concentration can
vary. For example, for an IGABA value of 100 pA, the GABA
concentration can be 5, 10, or 20 µM. This is because the GABA
signal is dependent on the local availability of α-ketoglutarate,
which is dependent on the local Glu concentration. Thus, there
is no one IGABA value for a given GABA concentration. This
problem can be solved by considering the IGABA value from Site
2 and the IH2O2(E) value from Site 1. From the IH2O2(E) value,
the local Glu concentration can be measured. Once the local Glu
concentration is known, (x-coordinate in Figure 6B), and since
the IGABA value is already known (y-coordinate in Figure 6B),
their intersection yields the local GABA concentration. For
example, let us say that the IH2O2(E) value from the Glu
microbiosensor is 175 pA and then from Figure 4B, the Glu
concentration will be 50 µM. And, this 50 µM Glu is the
x-coordinate in Figure 6B. Next, let us say that the IGABA value

FIGURE 7 | Ex vivo recording of stimulated release of Glu and GABA in rat hippocampal slice preparation. The amperometry method was used to record current
with the microbiosensor biased at + 0.7 V with respect to an Ag/AgCl reference electrode. (A) Current responses to unipolar stimulation (tungsten wires, 100 µA)
were recorded on a F.A.S.T. 16mkIII system (Quanteon, Kentucky; red traces, Glu microbiosensor; black traces, GABA microbiosensor). Stimulation pulse
parameters (Pulse A–E) are listed in Table 3 and range from 1 s to 5 ms. Conversion of peak current measurements to Glu and GABA concentrations are listed in
Table 4 for points 1 and 2 (see numbers with arrows). Insets B, C, and D show details of the responses to shorter pulse widths. (E) Processed GABA signal with Glu
signal from responses to Pulse C–E stimulations in 7A. The GABA trace (blue trace) is the difference between the signals from the GABA-glutamate and the Glu
microbiosensor sites (red trace). (F) Inset shows the rise time, tr10−90, for the GABA signal (blue curve) and the Glu signal (red curve) from the boxed region in E.
Arrows indicate the slope of line drawn from tr10−90 for GABA (blue arrow points to line) and tr10−90 for Glu (red arrow points to line). The rise times for GABA were
faster than for Glu, as the difference in the slopes of the lines illustrate.
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FIGURE 8 | In vitro current signals for Glu and IGABA taken from the GABA probe before the ex vivo recordings. (A) Current signals for varying Glu concentrations
(5, 10, 20, 40, and 80 µM, blue dots) and the linear fit (black dashed). Linear fit parameters: Glu sensitivity: 2.91 ± 0.15 pA/µM, R2 = 0.99364. (B) IGABA for varying
Glu concentrations. Legend: 5 µM GABA (red dots), 10 µM GABA (green dots) and 20 µM GABA (blue dots); linear fit for 5 µM GABA (red dashed), linear fit
parameters: slope = 0.21 ± 0.006 pA/µM, R2 = 0.99699, the linear fit for 10 µM GABA (green dashed), linear fit parameters: slope = 0.63 ± 0.09 pA/µM,
R2 = 0.9699 and linear fit for 20 µM GABA (blue dashed), linear fit parameters: slope = 1.14 ± 0.2 pA/µM, R2 = 0.98967. Values are expressed in mean ± SEM.
Two-tailed t-test was performed (n = 3, p < 0.05).

is 175 pA, which is the difference between the IH2O2 values
obtained from the two microbiosensors. Again, the IGABA value
is the y-coordinate in Figure 6B. So, from Figure 6B, with (x,
y) as (50 µM, 175 pA), the intersection of the lines falls on the
blue dashed line that corresponds to a GABA concentration of
20 µM.

Finally, in this work, for the in vitro experiments, the
microbiosensors were not coated with selective coatings such
as nafion and m-phenylenediamine (mPD) that have shown
to completely block potential electroactive interferents such as
dopamine and ascorbic acid. For the ex vivo testing, we coated
the microbiosensors with mPD to achieve selectivity of the probe
(Wilson et al., 2017).

Real-Time Measurement of GABA and
Glutamate in Rat Hippocampal Slice
Preparation
Simultaneous and continuous real-time detection of GABA and
glutamate was accomplished using electrically stimulated release
in a hippocampal slice model. We used a range of 100-µA pulse
widths to induce release of the neurotransmitters (see Table 3)
to determine the responsiveness of the sensor to varying levels
of stimulation which included single pulses ranging from 1 s
to 25-ms in duration and a pulse train of ten 5-ms pulses.
The GABA signal was derived by subtracting the signal from
the Glu microbiosensor from the GABA microbiosensor. As
expected, the amplitude of GABA and glutamate release scaled
with pulse width (Figure 7). In some cases, GABA had a
shorter peak duration, and in all cases the concentration of
GABA rose faster than glutamate concentration (Figure 7F).
For example, the mean rise time (± SEM) for a 25-ms
stimulation was 3.12 ± 0.35 s for GABA and 6.94 ± 0.9 s
for glutamate (n = 6, p < 0.05). Both GABA and glutamate
leak out of neuronal synapses after neurons release these
neurotransmitters. Mechanisms exist to quickly scavenge and
recycle these neurotransmitters, but some molecules diffuse

TABLE 4 | Conversion of current to glutamate and GABA concentration in ex vivo
recordings.

Points1 Glutamate
Signal (pA)2

Glutamate (µM)3 Difference in
signal (pA)4

GABA (µM)5

1 74 35 25 13

2 10 5 6 5

1Number corresponds to signal trace number in Figure 7A. 2From Figure 7E,
the IH2O2(E) value, i.e., the local Glu signal is measured. 3Then the local Glu
concentration is known from Figure 8A. 4The IGABA value is the difference between
the IH2O2 values obtained from the two microbiosensors. 5Now, knowing the Glu
concentration, which is the x-coordinate in Figure 8B and the IGABA value, which
is the y-coordinate in Figure 8B, one can find the GABA concentration for the two
points.

through the extracellular space (Danbolt, 2001; Robinson and
Jackson, 2016; Boddum et al., 2016). Thus, there is a slight delay
from stimulation to response, as well as a long decay period
as GABA and glutamate are eventually cleared. Both of these
dynamic processes are evident in the traces shown in Figure 7
with a rapid, but not immediate increase in neurotransmitter
concentration, and a slower decline to baseline representing
release and uptake, respectively.

A calibration curve was constructed before performing the
ex vivo recordings in order to convert current from GABA
release to GABA concentration at the probe (Figure 8A). This
calibration curve is constructed based on the procedure detailed
in Figure 4B. The data plotted in Figure 8B is constructed in
the same way as that of Figure 6B. Peak current measurements
in Table 4 represent a range of stimulated release of GABA and
glutamate. These measurements correspond to curves labeled
1–2 in Figure 7A. Peak concentrations ranged from 5 to
35 µM for glutamate and 5–13 µM for GABA. Thus, these
probes can measure GABA and glutamate at concentrations
that are well below normal levels (Grabauskas, 2004; Moussawi
et al., 2011) making them suitable to study impaired release
in disease states. Furthermore, numerous cycles of stimulated
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release with consistent current amplitude for each level of
stimulation and without adding any exogenous substrates, such
as a-ketoglutarate, support the premise that endogenous products
of the conversion of glutamate provide the substrate for the
GABASE reaction. This is an important capability for future
in vivo applications.

CONCLUSION

In this work, we report a novel GABA microarray probe that
can detect GABA without the addition of any external reagents
such as α-ketoglutarate and NADPH in vitro. The GABA probe
consists of two microbiosensors that were modified with GOx
and GOx+GABASE enzymes. By simultaneously measuring and
subtracting the oxidation currents of H2O2 generated from
the microbiosensors. GABA was detected with a sensitivity
of 36 ± 2.5 pA µM−1cm−2 and LOD of 2 ± 0.12 µM.
We demonstrate a new detection method that will assist
neuroscientists to better understand the combined role of
GABA (a major inhibitory neurochemical) and Glu (a major
excitatory neurochemical) in real-time in the brain. The key
benefits of the proposed approach are: (1) the probe can be
easily multiplexed to simultaneously measure other important
neurochemicals, which is not possible with other commonly
used electrodes for chemical sensing, (2) ability to detect
GABA in real time without adding reagents (i.e., truly self-
contained), (3) it is based on an established, commercially
available Pt MEA platform that is suitable for future in vivo
recordings, (4) the location of the MEAs along the long
shank allows GABA and Glu sensing at multiple depths in
the brain, and (5) it can simultaneously sense neurochemicals
and field potentials for multimodal (e.g., neurochemical and
neuroelectrical) recordings, which is not possible with the current
neurochemical technologies. Furthermore, we demonstrated the
utility of the microbiosensor microarray to simultaneously record
fluctuations in electrically stimulated GABA and glutamate
release continually and in real time in a rat hippocampal slice
preparation. Moreover, we have shown that GABA release can

be detected over repeated stimulations without adding substrate
compounds externally. Future work for testing the GABA probe
using in vivo animal models is anticipated.
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