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a b s t r a c t

Glutamate is the major excitatory neurotransmitter in the central nervous system, which is involved in
the main aspects of normal brain functioning. High-affinity Naþ-dependent glutamate transporters is
key proteins, which transport extracellular glutamate to the cytoplasm of nerve cells, thereby preventing
continuous activation of glutamate receptors, and thus the development of neurotoxicity. Disturbance in
glutamate uptake is involved in the pathogenesis of major neurological disorders. Amperometric
biosensors are the most promising and successful among electrochemical biosensors. In this study, we
developed (1) amperometric glutamate biosensor, (2) methodological approach for the analysis of
glutamate uptake in liquid samples of isolated rat brain nerve terminals (synaptosomes). The basal level
of glutamate, the initial velocity of glutamate uptake and time-dependent accumulation of glutamate by
synaptosomes were determined using developed glutamate biosensor. Comparative analysis of the data
with those obtained by radioactive analysis, spectrofluorimetry and ion exchange chromatography was
performed. Therefore, the methodological approach for monitoring of the velocity of glutamate uptake,
which takes into consideration the definite level of endogenous glutamate in nerve terminals, was
developed using glutamate biosensor.

& 2014 Elsevier B.V. All rights reserved.

1. Introduction

Glutamate is not only a key excitatory neurotransmitter in the
central nervous system because of its involvement in many aspects
of normal brain functioning, but also a potent neurotoxin. Ambient
glutamate concentration is maintained at a low level between
episodes of exocytotic release under normal physiological conditions,
thereby preventing continual activation of glutamate receptors and
protecting neurons from excitotoxic injury. In stroke, cerebral
hypoxia/ischemia, hypoglycemia, traumatic brain injury, etc, the
development of neurotoxicity is provoked by an increase in the
concentration of ambient glutamate. Excessive extracellular glutamate
overstimulates glutamate receptors initiating an excessive calcium
entry through mainly N-metyl-D-aspartate ionotropic receptors,
causes excitotoxicity, neuronal injury and death. There are no
enzymes in the synaptic cleft that metabolize glutamate. The only
way by which glutamate can be removed from the synaptic cleft is
its uptake accomplished by high-affinity Naþ-dependent glutamate

transporters, plasma membrane proteins of neurons and glial cells
with eight putative transmembrane domains, that use Naþ/Kþ

electrochemical gradients across the plasma membrane as a driving
force [1]. Disturbance in glutamate uptake is involved in the patho-
genesis of major neurological and neurodegenerative disorders and
diseases.

A number of techniques are available for measuring glutamate
concentration, including optical methods [2], patch clamp [3], and
microdialysis [4]. However, mainly all of these techniques suffer from
disadvantages, including: invasive sampling, temporal limitations,
low signal-to-noise ratio, lack of economical feasibility, and/or ability
to detect changes in glutamate transport under physiological condi-
tions. These disadvantages limit the applicability of results regarding
neurotransmitter kinetics [5].

The use of enzymatic biosensors with performance enhancing
materials (e.g., carbon nanotubes) has been a major focus for many
of these advances. However, these techniques are not used as main
neuroscience research tools, due to relatively low sensitivity,
excessive drift/noise, low signal-to-noise ratio, and inability to
quantify rapid neurochemical kinetics during synaptic transmis-
sion [5]. Electrochemical methods are considered as one of the
most potential approach, because of their simplicity, rapidity, high
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sensitivity and specificity. Amperometric biosensors are consid-
ered as the most promising and successful among electrochemical
biosensors. They are used most often to determine glutamate
concentration [6–9]. Using modified graphite electrode with
stabilizing additives allows making glutamate biosensor with long
term storage properties [10].

The analysis of the glutamate level in brain fluids, cell culture
and serum as well as glutamate release from nerve cells with
glutamate biosensor is documented in the literature. The impor-
tance of the initial velocity of high-affinity Naþ-dependent uptake
and accumulation of glutamate by nerve terminals is underscored
by the fact that defective glutamate uptake underlay negative
neurological consequence in ischemia, amyotrophic lateral sclero-
sis, Alzheimer’s disease, epilepsy, intoxications, AIDS, hepatic
encephalopathy and traumatic brain injury as well as in some
other conditions [1]. Glutamate uptake also plays important roles
in peripheral organs and tissues [11].

The aim of this study was the development of amperometric
biosensor based on the measurements of activity of glutamate oxidase
and methodological approach adapted to this biosensor for adequate
monitoring of the velocity of high-affinity glutamate uptake and
glutamate accumulation by nerve terminals. Development of metho-
dological algorithm was based on the comparative analysis of experi-
mental data of glutamate biosensor with those obtained by radioactive
analysis, spectrofluorimetry and ion exchange chromatography.

2. Materials and methods

2.1. Design of amperometric transducers

In this work, we used platinum disc electrodes of own produc-
tion as amperometric transducers (Fig. 1). The electrodes were
produced according to the following algorithm. First, 3 mm long
platinum wire 0.4 mm in diameter was sealed in the end part of a
glass capillary 3.5 mm in outer diameter. An open end of the wire
served as a working surface of the transducer. Then the platinum
wire was connected by fusible Wood alloy to the conductor placed
inside the capillary. A contact pad was attached to the other end of
the conductor for connection with the measuring setup. The work-
ing electrode surface was obtained by grinding with alumina
powder (particles of 0.1 mm and 0.05 mm) and treated with alcohol
before the bioselective element immobilization. The electrode sur-
face was periodically restored using the same grinding procedure.

2.2. Modification of amperometric transducer with
phenylenediamine

The work of amperometric biosensors is based on measurement
of the electric current flowing through the working electrode at
certain applied potential. In our work, the current is generated due
to decomposition of hydrogen peroxide, a product of the enzymatic
reaction of glutamate oxidation, on the working electrode. Since the
solution tested may contain other electroactive compounds, which
could be also oxidized at the electrode resulting in errors in
measurements, the selectivity of amperometric electrode can be

improved by coating the electrode with an additional polymer
membrane restricting the diffusion of interfering substances to the
electrode surface. Among a wide class of aromatic substances, which
are capable of electropolymerization, phenylenediamine isomers are
known to be used in biosensors most commonly [12–15]. The results
of a series of comparative studies on the properties of poly(pheny-
lenediamine) (PPD) based polymeric membranes, obtained from
different monomers, demonstrated that the transducers modified
with the meta-phenylenediamine-based polymer film had the best
selectivity. This is why in our study we used this monomer for the
formation of an additional membrane on the platinum electrode
surface according to the method described in [15]. To prepare a PPD
membrane, we immersed a three-electrode system with a bare
working electrode in 5 mM solution of m-phenylenediamine
(Sigma-Aldrich Chemie, Germany). Afterwards, we obtained 4–5
cyclic voltammograms and tested the effectiveness of PPD mem-
brane [16]. Next, the bioselective elements were immobilized onto
the PPD membrane surface.

2.3. Fabrication of bioselective elements of the biosensor

Bioselective elements of biosensors were obtained by covalent
immobilization of enzymes and auxiliary substances on the surface
of amperometric transducer. Initial solution contained 8% (herein-
after - mass fraction) of glutamate oxidase (EC 1.4.3.11, from
Streptomyces sp. (recombinant) with an activity of 7 U/mg, Yamasa
Corporation, Tokyo, Japan), 4% bovine serum albumine (Sigma-
Aldrich Chemie, Germany), 10% glycerol (Sigma-Aldrich Chemie,
Germany) in 100 mM phosphate buffer, pH 6.5. Glycerol was added
to stabilize enzymes during their immobilization, to prevent early
drying and to improve the membrane adhesion to the transducer
surface. This solution was mixed with 0.4% aqueous solution of
glutaraldehyde (crosslinking agent) (Sigma-Aldrich Chemie, Ger-
many) in the ratio 1:1. Once this mixture is deposited onto the
surfaces of transducers, they were dried for 40 min in air at room
temperature. After immobilization the biosensors were washed in
the working buffer solution from unbound components of biomem-
branes and excess of glutaraldehyde.

2.4. Measuring procedure

We used three-electrode scheme of amperometric analysis.
Working amperometric electrodes, an auxiliary platinum electrode
and an Ag/AgCl reference electrode were connected to the PalmSens
potentiostat (Palm Instruments BV, The Netherlands). The 8-channel
device (CH-8 multiplexer) from the same manufacturer connected to
the potentiostat allowed receiving signals from 8 working electrodes
at a time, but usually only 2–3 working electrodes were in operation.
In the course of measurement, the distance between the auxiliary
platinum and all working electrodes was the same, about 5 mm. The
measurements were carried out at room temperature in an open
3.5-ml measuring cell at constant stirring and at a constant potential
of þ0.6 V vs Ag/AgCl reference electrode. As a working buffer served
25 mM HEPES (Sigma-Aldrich Chemie, Germany), pH 7.4, with
addition of 2 mM Mg(NO3)2 (Sigma-Aldrich Chemie, Germany). The
glutamate concentrations in the working cell were obtained by
addition of the aliquots of stock solutions (50–1 mM). All measure-
ments were carried out in three replications.

2.5. Isolation of rat brain nerve terminals (synaptosomes)

Wistar rats (males 100–120 g body weight from the vivarium of
M.D. Strazhesko Institute of Cardiology, Medical Academy of
Sciences of Ukraine) were maintained in accordance with the
European Guidelines and International Laws and Policies. Animals
were kept in the animal facilities of the Palladin Institute of

Fig. 1. Scheme of the platinum disc electrodes. 1—bioselective membrane,
2—platinum wire, 3—internal conductor, 4—Wood alloy, 5—epoxy resin, 6—
contact pad.
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Biochemistry National Academy of Sciences of Ukraine, Kyiv. They
were housed in a quiet, temperature-controlled room (22–23 1C)
and were provided with water and dry food pellets ad libitum.
Before removing the brain, rats were decapitated. All procedures
conformed to the guidelines of the Palladin Institute of Biochem-
istry. The total number of animals used in the study was 23, i.e. the
development of liquid sample method for measurements of
glutamate uptake—6 animals; the assessment of glutamate uptake
and the extracellular glutamate level using L-[14C]glutamate and
parallel experiments with glutamate biosensor—6 animals; GABA
uptake—4 animals; fluorescent measurements—3 animals; amino
acid analysis—3 animals. The cerebral hemispheres of decapitated
animals were rapidly removed and homogenized in ice-cold
0.32 M sucrose, 5 mM HEPES-NaOH, pH 7.4 and 0.2 mM EDTA
(Sigma, U.S.A.). Synaptosomes were prepared by differential and
Ficoll-400 (Amersham, UK) density gradient centrifugation of rat
brain homogenate according to the method of Cotman [17] with
slight modifications [18,19]. All manipulations were performed at
4 1C. The synaptosomal suspensions were used in experiments
during 2–4 h after isolation. The standard salt solution was
oxygenated and contained (in mM): NaCl 126; KCl 5; MgCl2 2.0;
NaH2PO4 1.0 (all salts were from Reachim, Ukraine); HEPES 20
(Sigma, U.S.A.); pH 7.4 and D-glucose 10 (Sigma, U.S.A.). The Ca2þ-
supplemented medium contained 2 mM CaCl2 (Reachim, Ukraine).
Protein concentration was measured as described by Larson [20].

2.6. Uptake experiments

Uptake of L-[14C]glutamate by synaptosomes was measured as
follows: samples (250 μl of the suspension, 0.250 mg of protein/ml)
were pre-incubated in standard salt solution at 37 1C for 10 min.
Uptake was initiated by the addition of 10 μM L-glutamate supple-
mented with 420 nM L-[14C]glutamate (0.1 μCi/ml), incubated dur-
ing different time intervals (1, 10 min) at 37 1C and then aliquots
(250 μl) were rapidly filtering through a Whatman GF/C filters.
After twice washing with 4 ml ice-cold standard saline, filters were
dried, then were suspended in a scintillation cocktail OSC and
counted in a Delta 300 (Tracor Analytic, USA) scintillation counter.
Non-specific binding of the neurotransmitter was evaluated in
cooling samples sedimented immediately after the addition of
radiolabeled glutamate. One animal was used to obtain one
synaptosomal preparation, and each measurement was performed
in triplicate.

2.7. Glutamate dehydrogenase assay: The assessment of the
extracellular level of endogenous glutamate in nerve terminals

The extracellular level of glutamate in synaptosomes was
detected using glutamate dehydrogenase assay. In the presence of
glutamate, glutamate dehydrogenase reduced β-nicotinamide ade-
nine dinucleotide (NADþ) to NADH, a product that fluoresces, when
excited with UV light. Synaptosomes (0.5 mg/ml of final protein
concentration) were added to an enzymatic assay solution, which
was composed of the standard salt saline, glutamate dehydrogenase
(20 U/ml) (Sigma, U.S.A.) and NADþ (1 mM) (Sigma, U.S.A.) and
preincubated at 37 1C for 10 min. Fluorescence intensity of NADH
was measured in a stirred thermostatted cuvette (37 1C) at Hitachi
MPF-4 spectrofluorimeter at excitation and emission wavelengths
of 340 and 460 nm, respectively (slit bands were of 5 nm). Endo-
genous glutamate released from synaptosomes to the incubation
media was detected as an increase in NADH fluorescence.

In all experiments, glutamate was added to synaptosomes at
the end of the measurements to calibrate the activity of glutamate
dehydrogenase.

2.8. Assessment of the ambient level of glutamate by amino acid
analyzer

Synaptosomes (15 ml of suspension, 2 mg of protein/ml) were
incubated for 30 min at 37 1C in standard oxygenated salt solution,
and then samples were washed with 10 V of ice-cold standard salt
solution and sedimented. The pellets were resuspended in 5 ml of
standard oxygenated salt solution. For the evaluation of the ambient
level of the neuromediator, synaptosomes (5 ml of suspension, 6 mg
of protein/ml) were incubated at 37 1C for 15 min, then samples was
rapidly sedimented in a microcentrifuge (20 s at 10,000� g). 4 ml of
the supernatants were concentrated in rotor evaporator up to 1.5 ml.
Two times diluted preparations (3% sulfosalicylic acid) were ana-
lyzed by Amino Acid Analyzer T 339 by the method of ion exchange
chromatography.

2.9. Statistical analysis

Results were expressed as mean7S.E.M. of n independent
experiments. Difference between two groups was compared by
two-tailed Student’s t-test. Differences were considered signifi-
cant, when Рr0.05.

3. Results

3.1. Development of the glutamate biosensor and analysis of its main
characteristics

The operation of amperometric biosensor for glutamate deter-
mination is based on the enzymatic reaction (1) in a bioselective
membrane resulting in the glutamate oxidation and the formation
of electrochemically active hydrogen peroxide. When applying
positive potential, the reaction of hydrogen peroxide decomposition
occurs on the electrode (2) resulting in the formation of electrons,
which are directly registered by the amperometric transducer:

GlutamateþO2 ⟹
Glutamate oxidase

þ600 mV
α� ketoglutarateþNH3þH2O2 ð1Þ

H2O2-2Hþ þO2þ2e� ð2Þ
Poly(phenylenediamine) membrane covered the surface of the

working electrode and prevented oxidation of electroactive mole-
cules that are larger than hydrogen peroxide. Biosensor responses
to some of electroactive substances with and without the poly
(phenylenediamine) membrane indicate that the membrane
indeed increased the selectivity of the biosensor (Fig. 2).

Response reproducibility is one of the key characteristics that
show reliability of biosensor operation. For accurate measurement
of glutamate concentration in solution the biosensor responses
should be almost identical during time of operation.

Therefore, we investigated the response reproducibility during
several hours of continuous operation. It took 3–5 min to carry out
one measurement. An interval between measurements was about
10 min, during which we washed biosensors from the substrate with
working buffer renewing it several times. The study was carried out at
glutamate concentrations 0.05 mM, 0.1 mM, 0.5 mM, 1 mM. There
was no notable decrease in the response values for 10 measurements;
the relative standard deviation of responses was 5% on average.

The possibility of long-term usage of the biosensors is quite
important. However, often there is a partial washout of the
components of biological membranes from the transducers surface
as a result of stirring of the buffer solution in the working cell.
Besides, the enzyme activity somewhat decreases during storage.
These factors can cause a certain drop in biosensor responses in
the course of exploitation.
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The next stage of work was therefore aimed at testing the
operational stability of the biosensor. During the day we received
8–12 responses to four different glutamate concentrations (ran-
ging from 0.1 mM to 1 mM), and then the biosensor was stored dry
at 4 1C until the next use. A few days later, we again measured the
biosensor responses to glutamate of the same concentrations.
Total duration of biosensor storage was 11 days. The responses
to low glutamate concentrations (0.1 mM) remained stable
throughout the period of measurement. On the other hand,
responses to high glutamate concentrations (0.5 mM and 1 mM)
slightly decreased. This evidences to some washout of the enzyme
from the bioselective element. Although it had no effect on
measuring low glutamate concentrations, the remained amount
of enzyme could be deficient for complete reaction with glutamate
of high concentrations, which led to a decrease in responses.
However, the decrease was insignificant, which indicates the
possibility of effective use of biosensors after storage.

Long-term storage of the biosensor was also investigated. The
biosensors were stored dry at þ4 1C for two months. During this
time the biosensors lost 25% of activity.

The biosensor had following analytical characteristics. The detec-
tion limit of glutamate was 0.5–4 mM. It was measured as the
glutamate concentration, the response to which is three times larger
than the baseline noise. The detection limit slightly differed for every
particular biosensor and increased during the biosensor operation.
The linear working range was from 2–5 mM to 600–800 mM (depend-
ing on the particular biosensor); time of steady state response was
15–20 s; sensitivity to glutamate was 250–300 nA/mM. The typical
calibration curve of the biosensor for glutamate determination is
shown in Fig. 3. The linear part of this calibration curve is described
by the equation I¼315�C (R2¼0.996), where I—current (nA),
C—glutamate concentration (mM).

3.2. Development of liquid sample method for analysis of the initial
velocity of high-affinity Naþ-dependent glutamate uptake and
accumulation of glutamate in isolated brain nerve terminals

Velocity of high-affinity Naþ-dependent uptake and accumula-
tion of glutamate by nerve terminals are extremely important

physiological parameters and their registration is an actual task of
medicine and neurotechnology. Assessment of these parameters
allows evaluating activity of glutamate transporters and their
ability to maintain low extracellular level of glutamate. We used
isolated nerve terminals (synaptosomes) purified from rat cortex,
which retain all features of intact nerve terminals, e.g., ability to
maintain the membrane potential, exocytotic release as well as
accomplish uptake of the neurotransmitters. Synaptosomes pro-
mises to be one of the best systems to explore the relationship
between the structure of a protein, its biochemical and cell-
biological properties, and physiological role [21].

In neuroscience area, the measurements of kinetic character-
istics of glutamate uptake in synaptosomes are carried out
presumably using radioactively labeled L-[14C]glutamate [22–24].
Uptake of other amino acid neurotransmitters is measured simi-
larly using radioactive labeled technique, where aliquots of synap-
tosomal suspension after different manipulation are filtered
through fiberglass filters Whatman GF/C, which then are washed

Fig. 2. Selectivity of amperometric transducer before and after deposition of poly(phenylenediamine) film. Electroactive substances were added in the following
concentrations: hydrogen peroxide—0.05 mM, ascorbic acid—0.5 mM, dopamine—0.02 mM, uric acid—0.1 mM, paracetamol—0.1 mM, cysteine—0.1 mM.

Fig. 3. Calibration curve of the biosensor for glutamate determination. Measure-
ments in 25 mM HEPES buffer, pH 7.4, at a constant potential of þ0.6 V vs Ag/AgCl
reference electrode.
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with the buffer. Radioactivity remaining on the filter is determined
by standard techniques using scintillation cocktail (see Section 2).
In this context, the accumulation of L-[14C]glutamate by nerve
terminals is determined by an increase in the amount of radio-
activity of the pellets collected on the filters. It is clear that the
synaptosomal samples for the analysis of the kinetic character-
istics of glutamate uptake using glutamate biosensor should be
liquid. It should be noted that glutamate provides fast synaptic
neurotransmission and synaptosomes accumulate approximately
one-third of added radiolabeled glutamate for 1 min, whereas the
measurements with glutamate biosensor take 3–5 min. Therefore,

it is not correct to monitor a decrease in glutamate concentration
directly in synaptosomal suspension because during the biosensor
measurements synaptosomes continue to accumulate glutamate,
and simultaneously glutamate is utilized by glutamate oxidase
from the biosensor.

To avoid above difficulties, a new methodological approach for
the analysis of the velocity of glutamate uptake in liquid samples
was developed, the adequacy of which has been proven in para-
llel experiments using L-[14C]glutamate. In this methodological
approach, L-[14C]glutamate uptake was registered not by filtering
of synaptosomal suspension and analysis of radioactivity in the
pellets, but in the supernatants after centrifugation of synaptoso-
mal aliquots at a microcentrifuge. In this approach, L-[14C]gluta-
mate uptake by synaptosomes at definite time intervals was
calculated as a reduction of radioactivity in the supernatant.
Uptake of L-[14C]glutamate by synaptosomes was measured as
follows: samples (125 μl of the suspension, 0.2 mg of protein/ml)
were pre-incubated in standard salt solution at 37 1C for 10 min.
Uptake was initiated by the addition of 10 μM L-glutamate sup-
plemented with 420 nM L-[14C]glutamate (0.1 μCi/ml), incubated
during different time intervals (1, 10 min) at 37 1C and then rapidly
sedimented in a microcentrifuge (15 s at 10,000� g). L-[14C]Gluta-
mate uptake was measured as a decrease in radioactivity of
aliquots of the supernatant (100 μl) by liquid scintillation counting
with scintillation cocktail ACS (1.5 ml). Nonspecific binding of the
neurotransmitter was evaluated in cooling samples sedimented
immediately after the addition of radiolabeled glutamate.

As shown in Fig. 4, the supernatant contained 80.075.0% of total
radioactivity added to synaptosomes (n¼6), and the pellets (with the
rest of supernatants)—20.075.0% (n¼6), respectively, when mea-
sured the initial velocity of L-[14C]glutamate uptake by synaptosomes
at 1 min time point. Measurements of L-[14C]glutamate accumulation

Fig. 4. Distribution of radioactivity in the supernatants (the second and fourth
columns) and pellets (the third and fifth columns) in comparison with total
radioactivity (the first column) during the measurement of the initial velocity of
uptake (at 1 min time point) and accumulation of L-[14C]glutamate by synapto-
somes for 10 min. n Рr0.05, as compared to radioactivity in supernatant/pellets at
1 min time point, Student’s t-test, n¼6.

Fig. 5. An example of real experiment of glutamate determination via the biosensor. (A) Biosensor responses to addition of synaptosomal sample (A1) and three subsequent
additions of pure glutamate (A2–A4). (B) Calibration plot for glutamate determination. (C) Plot for determination of glutamate via standard addition method.
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by synaptosomes for 10 min revealed that the supernatant contained
58.075.0% of total radioactivity added to synaptosomes (Рr0.05, as
compared to radioactivity in supernatant at 1 min time point,
Student’s t-test, n¼6), and the pellets (with the rest of super-
natants)—42.075.0%, respectively (Рr0.05, as compared to radio-
activity in pellets at 1 min time point, Student’s t-test, n¼6).

The similar method was also appropriate for the analysis of the
initial velocity of [3H]GABA uptake by synaptosomes. The super-
natant contained 72.073.0% of total radioactivity added to synap-
tosomes (n¼4), the pellets—28.073.0% (n¼4), respectively. When
the inhibitor of [3H]GABA uptake was applied, the supernatant
become 79.673.0% of total radioactivity added to synaptosomes
(n¼4), the pellets—20.373.0% (n¼4), respectively. Using classical
method of filtering through fiberglass filters Whatman GF/C, the
same inhibitor decreased the amount of radioactivity of the filter
from 4.5370.2% of total radioactivity accumulated by synapto-
somes (n¼4) to 3.570.48% (n¼4), respectively.

This methodological approach has several advantages over
pellet-based one. At first, more samples can be analyzed during
the same time unit that is important for measurements of fast
kinetics, and second, this method requires less amount of protein
per sample. However, it should be noted that 14C-radiloabeled
neuromediators revealed the more accurate data in comparison
with 3H-labeled ones.

3.3. Measurements of the basal signal of glutamate biosensor in
synaptosomal preparations

At first, it was demonstrated that standard salt solution (see
Section 2) did not evoke biosensor response. Before starting uptake
experiments, biosensor response was also measured in supernatant of
synaptosomal preparation at zero time point, that is, just after
preliminary incubation of cold synaptosomes at 37 1C for 10 min
(see Section 2). This response is a very important characteristic of
synaptosomes that reflects the basal level of the signal, which should
be obviously taken into consideration in calculation of the initial
velocity and accumulation of glutamate by nerve terminals. It should
be noted that commonly used method of the registration of the
velocity of glutamate uptake started by the addition of L-[14C]gluta-
mate/L-glutamate to synaptosomal suspension does not take into
consideration the basal level of endogenous glutamate. Evaluation of
this basal response of biosensor (as well as other measurements of
synaptosomal samples) was carried out using two methods —the
calibration plot and standard addition (Fig. 5). In calibration plot,
glutamate concentration was determined by comparing biosensor
response to sample addition with preliminary obtained calibration
plot (Fig. 5B). In case of standard additions, biosensor responses to a
sample and to 3 subsequent additions of pure glutamate were obtai-
ned (Fig. 5A). Next, values of the responses were plotted as shown on
Fig. 5C and glutamate concentration was obtained on the intersection
with abscissa. It was shown that the average basal level of glutamate
in synaptosomes determined by two approaches consisted of 7.97
0.6 μM (n¼6) at a synaptosomal protein concentration of 0.4 mg/ml.
As the addition of glutamate oxidase follow by the measurement of
the basal signal, it may be concluded that the obtained value related to
glutamate oxidase substrates only but not to the presence of electro-
active substances.

The basal level of extracellular glutamate in synaptosomes was
detected in fluorimetric experiments using glutamate dehydro-
genase [25,26]. In the presence of glutamate, glutamate dehydro-
genase reduced β-nicotinamide adenine dinucleotide (NADþ) to
NADH, a product that fluoresces, when excited with UV light. As
shown Fig. 6 glutamate concentration detected with glutamate
dehydrogenase assay consisted of 2.370.3 μM (n¼3) at a protein
concentration of 0.5 mg/ml. Basal level of glutamate varies from

preparation to preparation and depends from functional status of
the nerve terminals.

The ambient level of glutamate in synaptosomes was assessed
with amino acid analyzer (see Section 2). The value of ambient
glutamate consisted of 2.870.3 μM (n¼3) at a synaptosomal protein
concentration of 2 mg/ml. This data is in accordance with data
obtained with glutamate dehydrogenase assay but is slightly lower
than those obtained with glutamate biosensor. Glutamine can be also
a substrate for glutamate oxidases from different sources. The
concentration of ambient glutamine determined with amino acid
analyzer was approximately seven times lower in comparison with
ambient glutamate and was 0.470.03 μM (n¼3) at a synaptosomal
protein concentration of 2 mg per ml.

Basal signal of glutamate biosensor in synaptosomes per se is
very important characteristic of glutamatergic neurotransmission
because it reflects their ability to maintain the proper extracellular
level of glutamate.

3.4. Analysis of the initial velocity of Naþ-dependent uptake and
accumulation of glutamate in nerve terminals using glutamate
biosensor

Comparative experiments determining the initial velocity of
glutamate uptake by nerve terminals and accumulation of gluta-
mate for 10 min were conducted using both L-[14C]glutamate and
glutamate biosensor. In calculations, the basal signal of biosensor
in the aliquots of supernatants of synaptosomal suspension
immediately after the initiation of uptake by the addition of cold
glutamate (10 μM) was set as 100%. In experiments with L-[14C]
glutamate, radioactivity in the aliquots of supernatants of synap-
tosomal preparation after starting uptake with L-[14C]glutamate/L-
glutamate (10 μM) was set as 100%. In 1 min, the initial velocity of
glutamate uptake by synaptosomes was measured in two ways
with biosensor and radiolabeled method that consisted of 7975%
(n¼6) of the initial value (calibration plot) and 7875% (n¼6) of
the initial value (standard addition method) in biosensor experi-
ments and 7575% (n¼6) of the initial value using L-[14C]gluta-
mate. Fig. 7A shows a decrease in the glutamate concentration in
the supernatant at 1 min time point after the initiation of uptake
process by 10 μM of cold glutamate (the first and second columns)
or L-[14C]glutamate/L-glutamate (the third column).

Fig. 6. The extracellular level of endogenous glutamate in rat brain synaptosomes
assessed with glutamate dehydrogenase assay. Synaptosomal suspension (0.5 mg/ml
of final protein concentration) was added to an enzymatic assay solution containing
glutamate dehydrogenase (GDH). The extracellular level and tonic release (starting
from 3 min time point) of endogenous glutamate in synaptosomes was measured by
the changes in NADH fluorescence (excitation and emission wavelengths of 340 and
460 nm, respectively). Trace is representative of three independent experiments.
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The similar measurements were carried out at the time inter-
vals that used to calculate the accumulation of glutamate by
synaptosomes. It is shown that accumulation of glutamate by
synaptosomes for 10 min consisted of 5874% (n¼6) of the initial
value (calibration plot) and 5674% (n¼6) of the initial value
(standard addition) in biosensor experiments and 5374% (n¼6)
of the initial value using L-[14C]glutamate. Fig. 7B shows a decrease
in the glutamate concentration in the synaptosomal supernatant
for 10 min after the initiation of uptake process by 10 μM of cold
glutamate or L-[14C]glutamate/L-glutamate.

Therefore, it was shown that the values of the initial velocity of
glutamate uptake and accumulation of glutamate by nerve term-
inals measured using glutamate biosensor and L-[14C]glutamate
were almost similar, if the above methodological approach and
calculation algorithm, which take into account the level of the
basal glutamate signal, were applied (Table 1).

4. Discussion

Analytical methods such as high performance liquid chromato-
graphy and gas chromatography/mass spectrometry [27] and coupled
techniques (e.g., microdialysis) are capable of quantifying glutamate
concentrations under physiological conditions [28], but cannot mea-
sure dynamic glutamate flux, and are temporally constrained (due to
bulk sampling) [5,29]. Quantification of neurotransmitter transport
dynamics is hindered by a lack of sufficient tools to directly monitor
bioactive flux under physiological conditions [5]. Thus, real-time
autonomous techniques, which can prove non-invasive quantification
of glutamate transport dynamics in neuronal cultures, in particular,
techniques which have the ability to quantify magnitude and direc-
tion of glutamate transport in the neural environment are desired [5].
Electrochemical microelectrodes resolve some disadvantages, and can

successfully measure glutamate concentration in cultured cells, hip-
pocampal slices, and in vivo in rats [29–32]. Amperometric transduc-
tion techniques are most commonly used for electrochemical
detection of neurotransmitters (e.g., glutamate, serotonin and nitric
oxide) [33,34]. The use of carbon nanotubes and nanopatterned
metals such as platinum has been shown to increase electron transfer
(and therefore sensitivity) in microelectrodes [35]. However, these
techniques have relatively low sensitivity, excessive drift/noise, low
signal-to-noise ratio that make difficult to quantify rapid neurochem-
ical kinetics during synaptic transmission [5].

In this study: (1) amperometric glutamate biosensor and
(2) methodological approach for the analysis of glutamate (and
GABA) uptake in liquid synaptosomal samples were developed; and
also (3) the basal level of glutamate, the initial velocity of glutamate
uptake and accumulation of glutamate in nerve terminals were
determined by glutamate biosensor; and (4) comparative analysis of
this data with those obtained by radiolabeled technique, spectro-
fluorimetry and ion exchange chromatography were performed. The
necessity of the development of a new methodological approach for
the analysis of glutamate (and GABA) uptake is underscored by the
fact that the samples for glutamate biosensor should be liquid,
whereas the most common approach in the neuroscience area for
the measurements of glutamate uptake by synaptosomes is applica-
tion of radioactively labeled L-[14C]glutamate and evaluation of its
amount in synaptosomal pellets after different manipulations
[36,37]. The adequacy of the developed approach was proven using
L-[14C]glutamate in parallel experiments. The registration of L-[14C]
glutamate uptake was performed not by filtering of synaptosomal
suspension and analysis of radioactivity in the pellet, but in the
aliquots of the supernatant after centrifugation in a microfuge. L-[14C]
Glutamate uptake by synaptosomes at definite time intervals can be
calculated as a reduction of radioactivity in the supernatant.

The ambient level of glutamate is a balance between glutamate
uptake and unstimulated glutamate release from nerve terminals
and is very important for tonic activation of post-/pre-synaptic
glutamate receptors [38]. In our experiments, the ambient level of
glutamate in synaptosomes was 7.9 μM. It should be underlined that
during measurements of the kinetic characteristics of glutamate
uptake with radiolabeled L-[14C]glutamate (it is actual also for other
amino acid neurotransmitters), the ambient level of endogenous
glutamate (or other neurotransmitters) is usually not taken into
consideration. Developed methodological approach using glutamate
biosensor allows measuring and calculating the kinetic characteris-
tics taking into account the level of the basal glutamate signal.

Recently, McLamore et al. [5] developed biosensor that was used
in self-referencing (oscillating) mode to measure endogenous
glutamate release and uptake in neural cells during electrical
stimulation. Using differentiated P19 cells, McLamore et al. [5]
measured the basal level and release of glutamate stimulated by
high-KCl, and also glutamate release stimulated by high-KCl after
the treatment of the cells with the inhibitor of glutamate transpor-
ter DL-TBOA. It was shown that the basal extracellular concentra-
tion of glutamate in cell culture was 5.870.6 μM that was similar
to reported in vivo values measured using microdialysis 1–5 μM

Fig. 7. A decrease in concentrations of cold glutamate (biosensor experiments) and
L-[14C]glutamate/L-glutamate (scintillation method) in the aliquots of supernatants
of synaptosomal suspension in 1 min (A) and 10 min (B) after the initiation of
glutamate uptake. The values were obtained with glutamate biosensor using
calibration plot (the first column) and standard addition method (the second
column) and scintillation technique (the third column). The basal signal of
biosensor immediately after the initiation of uptake by the addition of cold
glutamate (10 μM) was set as 100% (the first and second columns). Radioactivity
in the aliquots of synaptosomal supernatant after starting uptake with L-[14C]
glutamate/L-glutamate (10 μM) was set as 100% (the third columns).

Table 1
Summarizing data on comparative analysis of the initial velocity and accumulation
of glutamate by nerve terminals using glutamate biosensor and L-[14C]glutamate.

Key characteristics of
glutamate transport in
nerve terminals

Biosensor
measurements, % of
the initial value

L-[14C]Glutamate
measurements, % of the
initial value

The initial velocity of
glutamate uptake

78.5 75

The accumulation of
glutamate

57 53
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[39] and GluOx biosensors 1.4–1.8 μM [29]. It should be noted that
our data on the extracellular level of glutamate in synaptosomes is
very similar with those measured in the cell culture.

As future perspective, we plan to develop algorithm for calcula-
tion of the velocity of stimulated by depolarization of the plasma
membrane transporter-mediated release, Ca2þ-dependent release,
and unstimulated release of glutamate from nerve terminals using
glutamate biosensor and compare this data with those obtained
with radiolabeled and spectrofluorimetric assay.

Also, glutamate biosensor is very perspective for the measure-
ments of glutamate transport in blood platelets, which are suggested
to serve a peripheral model of presynaptic nerve terminals [11,40,41].
In platelet experiments, it should be taken into consideration that
there is a significant difference in the ambient glutamate level in
nerve terminals and platelets, because the latest are surrounding with
blood plasma, where a glutamate concentration consists of approxi-
mately 30 μM.

In summary, using developed amperometric glutamate biosen-
sor, we devise a new method for the analysis of glutamate uptake in
liquid samples that allow measuring the initial velocity of uptake
and accumulation of glutamate by nerve terminals taking into
account the basal glutamate level.
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