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ABSTRACT: Analytical tools for direct
quantitative measurements of glutamate,
the principal excitatory neurotransmitter in
brain, are lacking. Here, we introduce a new
enzyme-based amperometric sensor
technique for direct counting of the number
of glutamate molecules stored inside single
synaptic vesicles. An ultra-fast enzyme-
based glutamate sensor is placed into a
solution of isolated synaptic vesicles, which
stochastically rupture at the sensor surface
in a potential dependent manner by applying
a constant negative potential. High-speed
(10 kHz) amperometry is used to record sub-
millisecond current spikes, which represent
glutamate release from single vesicles that
burst open. Glutamate quantification s
achieved by a calibration curve that is based
on measurements of glutamate release from
vesicles pre-filled with various
concentrations of glutamate. Our
measurements show that a single synaptic
vesicle encapsulates about 8000 glutamate
molecules, which is comparable to the
measured exocytotic quantal glutamate
release in the nucleus accumbens of mouse
brain tissue. Hence, this new methodology
introduces the means to quantify ultra-small
amounts of glutamate and to study synaptic
vesicle physiology, pathogenesis and drug

treatments for neuronal disorders where
glutamate is involved.

Synaptic vesicles are organelles used by
brain cells to tightly pack and store
neurotransmitters in the cell cytoplasm.!
Neurotransmitter signals are exchanged
between neurons through electrical
depolarization which trigger these vesicles to
fuse with the cell plasma membrane and
release the signaling molecules into the
synaptic cleft in a process called exocytosis.
From here the neurotransmitters diffuse and
bind to receptors at the cell surface of
neighboring neurons to relay the chemical
message. The amount of neurotransmitter
released and the frequency of exocytosis
activity are how synapses are thought to
control communication strength through
plasticity. This process underlies the basics
of brain functions such as memory and
learning, and also relates to brain disorders
including drug abuse and addiction, diseases
still not fully understood.? Therefore, many
drugs are designed to affect the quantity of
neurotransmitters released and residing in
the extracellular space to enhance the
chemical signaling process.



Glutamate is the major excitatory
neurotransmitter involved in major brain
functions such as cognition, memory and
learning as well as many neurological
disorders.! As such, glutamate regulation
through pharmacological agents is of
specific interest in managing disease
states. Specifically, the amount of
neurotransmitters stored in a synaptic
vesicle, often referred to as the vesicle
“quantal size”, is an important quantitative
measure for neuropharmacology and drug
development research.?>”’ However, there is
still an analytical challenge for direct,
reliable quantitative measurements of
glutamate stored in the ultra-small volume
of a synaptic vesicle with an average
diameter of 40 nm.?® Methods such as
radioreceptor assay (3640 glutamate
molecules/vesicle)!® and immunoisolation
of synaptic vesicles from synaptosomes
(60 mM)! have been used to try to solve
the debate about how many glutamate

molecules are stored inside synaptic
vesicles. While methods such as
fluorescence imaging techniques are
powerful tools for studying the

mechanisms for vesicular glutamate
loading and storage.®*?!3 To gain a better
understanding of neurophysiology,
neurological  diseases and possible
treatments, methods for direct
guantification of synaptic vesicle
glutamate storage and its release is
needed. Recently, new methodologies
have been developed for the quantitative
analysis of catecholamine containing
vesicles using amperometry.'*’> These
techniques place a carbon fiber
microelectrode into a solution of isolated
secretory vesicles and apply a positive
oxidation potential that triggers vesicles in
contact with the electrode surface to
stochastically rupture. Catecholamines
that leak out from vesicles that bursts
open and onto the electrode surface are
electrochemically oxidized and these
events are recorded as isolated current
spikes by the amperometric electrode. The
integrated total charge (Q) for each current
spike is used to calculate the vesicle
neurotransmitter concentration, through
Faraday’s law.*'®* The mechanism for this
method is influenced by a combination of
vesicle adsorption and a positive applied
potential, which initiates vesicle
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membrane pore formation that finally
shatters the organelle.'’ Granting
amperometry is a quantitative method that
displays excellent temporal resolution, the
limitation is that it only applies for
neurotransmitters that are electroactive.

Glutamate is a non-electroactive
neurotransmitter that cannot directly be
detected amperometrically, but this becomes
feasible by functionalizing the electrode
surface with an enzyme, glutamate oxidase
(GluOx), creating a glutamate biosensor.'®
Here, the enzyme works to catalyzes
glutamate into forming hydrogen peroxide,
H,O., which serves as an electroactive redox
reporter molecule for glutamate detection.
Glutamate sensing has long suffered from
low temporal resolution and this prevented
applications such as monitoring neuronal
single exocytosis activity in real time. To
solve this, an ultrafast glutamate sensor,
made of a gold nanoparticle (AuNP) modified
carbon fiber microelectrode with an ultrathin
coating of GluOx, was recently developed in
our lab.* This invention helped to push the
temporal limits for a chemically selective
glutamate sensor from previous sub-second
to current sub-millisecond time scale.'® The
sensor detection scheme (Figure 1A) is based
on the electrochemical reduction reaction for
H.O, detection by applying an amperometric
reduction potential at -0.5 V (vs a Ag/AgCl
reference electrode) at the sensor surface.
By utilizing this technical achievement, the
dynamics of individual sub-millisecond
exocytosis events during spontaneous
glutamate activity at the core region of the
nucleus accumbens in rodent brain tissue
was temporally resolved.* Although relative
quantitative measures were feasible, the
sensor was not validated for absolute
quantification. In order to address the lack of
methods for quantifying ultra-small amounts
of glutamate, we first developed a new
method for quantification of glutamate in
small synaptic vesicles. This was achieved by
implementing our ultrafast enzyme-based
glutamate sensor and adopting to previous
protocols for quantitative analysis of vesicles
containing easily oxidized
neurotransmitters.'**>” Briefly, we placed
our sensor into a solution of either
glutamate-filled large unilamellar vesicles
(LUVs) or isolated synaptic vesicles from
mouse  brain. In contrast to the
catecholamine analysis protocols using
positive oxidation potentials at a bare carbon
fiber microelectrode, we applied a constant



negative reduction potential of -0.5 V (vs a
Ag/AgCl reference electrode) at the sensor
surface to avoid oxidative interfering
analytes and produce chemically selective
measurements. This strategy resulted in
amperometric time traces that demonstrated
stochastic  bursts of individual sub-
millisecond reduction current spikes
corresponding to detection of single LUVs
(Figure 1B) and synaptic vesicles (Figure 1C)
randomly bursting and releasing their
internal glutamate content onto the sensor
surface. In both of these amperometric time
traces, the current spikes displayed a rapid
current rise and a slower decay versus time
(Table S1 and S2), which are typical shape
characteristics for detection of vesicle
content release (Figure S1A) and indicates
that a similar mechanism is acting to rupture
these different vesicle compartments.?®
A Glutamate Sensor
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Figure 1. (A) Schematic of the ultrafast
glutamate sensor detection scheme used for
counting the number of glutamate molecules
in single synaptic vesicles as vesicles rupture
and release their glutamate content at the
sensor surface, modified with AuNPs (red
hemispheres) and an ultra-thin coating of
GluOx (yellow hemispheres). Schematic is
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not drawn to scale. (B) Amperometric
reduction current recording of glutamate
release from LUVs encapsulating 100 mM
glutamate, and (C) isolated synaptic vesicles
from mouse brain.

Empirical titration of the LUVs and
synaptic vesicle samples was performed to

find the threshold of vesicular
concentration needed to initiate vesicle
rupture at the electrode surface. A
significantly higher  frequency was

observed for LUVs compared to synaptic
vesicles, which is in agreement with the
idea that the protein-rich synaptic vesicle
membrane is substantially more rigid and
more difficult to rupture than protein-free
lipid-based LUVs.Y

To further characterize and validate this
method, the glutamate sensor was
exposed to LUVs encapsulating 5 different
concentrations of glutamate (100, 150,
200, 250 and 300 mM). The LUVs were
prepared by a gentle swelling method,
using five rounds of freeze-thaw cycles to
encapsulate glutamate concentration and
multiple extrusion passages to ensure a
homogenous LUV size (Figure 2C).2°%!
Through altering the applied potential from
-0.5 V to -0.7 V and -0.9 V, we observed
vesicles rupturing at the sensor surface in
a potential dependent manner. The
average frequency of vesicles bursting was
significantly increasing with potential
amplitude (Figure 2B), whereas for each
potential applied, the average frequency
remained constant over the time course
for measurements (Figure 2A). It was also
noted that the concentration of the
encapsulating glutamate solution,
regardless of the potential applied, could
enhance likelihood of vesicle shattering,
possibly as a result of glutamate
interactions with the vesicle membrane,
which may alter the vesicle membrane
elastic properties and favor membrane
rupture (Table S1).%2-22 These observations
suggest that the electric field near the
sensor surface induces membrane pore
formation at vesicles in close contact with
the sensor surface, which is in agreement
with previous observations for analysis of
catecholamine vesicles when applying
potentials of opposite polarity.**



A common issue with amperometric
enzyme-based sensors, is that the
detection efficiency is often less then

100%, and therefore appropriate
calibration methods are needed for
quantitative analysis. Previous

characterization of our ultrafast glutamate
sensor demonstrated a linear
concentration range between 10-100 uM,
as determined by steady state current
amplitudes in bulk solution system.*®
However, the experimental conditions for
this new method analyzing glutamate
content in synaptic vesicle differ
significantly from saturated sensor surface
measurements. In these measurements we
only detect sub-millisecond events of
nanosized vesicles emptying onto the
surface of a 33-um (in diameter) sensor
their 20 zL internal solution containing on
the order of only a few thousands of
neurotransmitter molecules.??° We
therefore designed a calibration system
that mimics the experimental conditions
used for synaptic vesicle analysis. This was
realized by preparation of LUVs pre-filled
with  various physiologically relevant
concentrations of glutamate solution and
performing analysis of them using our
ultrafast glutamate sensor. By plotting the
charge density for each current spike
detected (Q/LUV volume) versus the
glutamate concentration used to load the
LUVs, we found a linear relationship that
was valid for quantitative glutamate
analysis of single synaptic vesicle (Figure
2D). Although neither the applied potential
nor the encapsulated glutamate
concentration affected the rupture kinetics
(Figure S1, Table S2), we noted that Q and
the current spike maximal amplitude (Imax)
were amplified with the increasing applied

potential, which is in agreement with
sensor voltammograms for H,0,.1%3
However, for each constant potential
applied, linear calibration graphs were

achieved (Figure 2D and S2), validating the
LUV calibration method for quantitative
glutamate analysis of single synaptic
vesicles.
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Figure 2. Characterization of synaptic
vesicle glutamate analysis method by

amperometrically detecting rupture of LUVs
loaded with 5 different glutamate
concentrations. (A) The average frequency of
LUV rupture versus time when applying a
-0.5, -0.7 or -0.9 V potential. Error bars are
standard deviation of the mean (SEM). (B)
The average frequency of LUV rupture versus
the applied sensor potential. Each data point
was averaged over the initial 65 s of
recording and normalized to the frequency
recorded at -0.5 V. Error bars are SEM. (C)
The average LUV size versus concentration of
the encapsulating glutamate solution (n=3),
measured by nanosized tracking analysis
system. Error bars are standard deviation.
(D) Calibration curve constructed from the
average charge detected from vesicle
glutamate release (n=4-5) versus the LUV
glutamate concentration. Error bars are SEM.

To determine the average number of
glutamate molecules stored inside of
single synaptic vesicles, quantitative
measurements using the ultrafast
glutamate sensor was performed
immediately after isolation of synaptic
vesicles that was performed in the
presence of ATP to minimize glutamate
leakage before analysis. Assuming a
vesicle internal volume of 20 zL, these
measurements showed that an average of
8300 + 600 glutamate molecules are
stored in each synaptic vesicle and
corresponds to a concentration of ~ 0.7 =+



0.05 M glutamate. We note that this is a
magnitude of approximately 3-10 times
larger concentration than previously stated
for this neurotransmitter that has been so
difficult to quantify.'®!* This is in line with
recent estimations using postsynaptic
receptor saturation measurement and
computer modeling of quantal release.??
This result could be related to that our
newly developed ultrafast glutamate
sensor allows direct measurement of
glutamate at single synaptic vesicle level
and perhaps also that we might have used
a synaptic vesicle protocol that better
retain the vesicle glutamate content before
analysis. Interestingly, this
neurotransmitter concentration then
matches the concentrations previously
measured for catecholamine containing
vesicles.?!

These experimental conditions also
resemble those for amperometric
recording of exocytosis at secretory cells,
where typically a microelectrode is placed
in close proximity to a cell surface to
capture isolated current spikes from single
vesicle neurotransmitter release events.
Therefore, we also applied the LUV-based
calibration to our recordings of
spontaneous glutamate in the core region
of the nucleus accumbens of mouse
(Figure 3A) and rat (Figure S3B) brain
slices. Analysis of the sub-millisecond
kinetics (Table S3 and S4) and the charge,
Q, for each category of spike detected in
brain tissue, and the average number of
glutamate  molecules released from
exocytotic events was determined. Except
for “funky spikes” that we believe may
represent multiple vesicle detection and
“overlap” which might represent co-
detection, all other categories of spikes
were analyzed according to their shape
and assumed to represent single
exocytosis events.® This analysis revealed
that about 5200 + 850 (average of means
+ SEM) glutamate molecules were released
when sharp spikes, which were the most
frequently found spikes (50%), were
detected. '° While an average of 8500 =+
1100 glutamate molecules were measured
at events that can be characterized as
more complex plateau shaped spikes
(Figure 3A). Assuming that a full exocytosis

model dominates these recordings, , this
predicts an original vesicular glutamate
concentration of 0.7 =+ 0.05M. By
comparing the measured exocytotic
glutamate release with the number of
glutamate molecules stored in the isolated
synaptic vesicles, we note that only part of
the glutamate content is detected when
monitoring sharp current spikes, whereas
the more complex current spikes seem to
represent that the entire vesicle glutamate
content is being emptied (Figure 3B).
Similar  variability in current spike
dynamics were previously described by
amperometric dopamine recording from
neurons of the rat ventral tegmental area
and suggested to represent different
modes of exocytosis as well as multi-
vesicle release events. Sharp spikes were
denoted by less dopamine detection and
more complex shaped spikes represented a
larger number of dopamine molecules
released per vesicle.?> However, more work
is needed to characterize the mechanisms
that are responsible for the different
current spike dynamics observed in brain
tissue, as variations in quantal release
might be a result of glutamate release
from different cell types or different modes
of exocytosis.

The experiments shown here present a
methodology to count the number of
glutamate molecules loaded inside single
isolated synaptic vesicles and provide new
means to quantify the amount glutamate
released by single exocytosis events in
brain tissue during neuronal
communication. We found that by counting
the number of glutamate molecules stored
inside isolated synaptic vesicles and
determining the number of glutamate
molecules released at exocytosis, the
glutamate concentrations are similar to
concentrations of catecholamines
previously found in catecholamine-
containing vesicles. Collectively, this novel
method offers new means to study the
dynamics of glutamate vesicle loading,
storage and regulatory aspects of synaptic
glutamate transmission that can help to
gain a clearer view of mechanisms of the
glutamate system involved in
neurotransmission of both healthy and
disease states.
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Figure 3. (A) A representative amperometric recordings (10 kHz) of exocytotic glutamate
release events in the core region of the nucleus accumbens of mouse brain slice (n=4) with an
illustration of the 6 different current spike types associated with glutamate release in rodent
brain tissue. Schematic is not drawn to scale. (B) Comparison of the average number of
glutamate molecules stored in synaptic vesicles isolated from mouse brain (n=4) and the
average number of glutamate molecules released by exocytosis in the mouse brain slice (n=4)
and as by the 5 different categories of current spike shapes detected. All amperometric data
was collected at a -0.5 V potential vs Ag/AgCl reference electrode. Data is presented as
average of the means + SEM. Two-tailed paired student’s t-test was performed to compare the

glutamate number, *p < 0.05.
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