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ABSTRACT: Glutamate (Glu) is a critical neurotransmitter for neuronal
communication in the nervous system. In vivo studies have shown that the
concentration of Glu is reduced within the brains of those afflicted with
Alzheimer’s disease (AD), which is also associated with the accumulation
of pathogenic amyloid-beta (Af8). However, the effects of Af peptides on
the level of Glu release, as well as how Af-mediated Glu fluctuation is
initiated, remain largely unknown. Here, we fabricated a Glu electro-
chemical biosensor and in situ quantitatively monitored the release of Glu
from a single varicosity of Af;_,,-insulted hippocampal neurons. We
found that before the depletion of Glu after 300 min of treatment with
AB,_,,, a short-duration (30 min) incubation with AfS,_,, caused a
dramatic increase in vesicular Glu release compared to that of a control.
Further investigation demonstrated that the density of vesicular glutamate
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transporter 1 (VGLUTY1), which is responsible for transport of Glu into synaptic vesicles, also displayed a significant elevation
and then dramatic depletion with the extension of the time of treatment with Af;_,,. These results indicate that at the early
stage of AD, Af;_4, induces excessive Glu release, which may overstimulate the N-methyl-p-aspartic acid (NMDA) receptor,
resulting in excitotoxicity and damage to neurons. In this work, the amount of Glu released together with its fluctuations under
Ap,_4, oligomers toxicity conditions was monitored for the first time, and such monitoring could provide direct and new

insights for current research on Af|_,,-induced abnormalities in neurotransmitter release and neuron functions.

B INTRODUCTION

Neurotransmitters, the necessary components of neuronal
identity released as a result of vesicle exocytosis, are critical for
neuronal communication in the nervous system.' > Glutamate
(Glu), as the predominant excitatory transmitter in the
hippocampus, has a particularly important role in learning
and memory. Fluctuations in the amount of Glu released
damages synapses by causing receptor-mediated long-term
potentiation or long-term depression of the synapses and may
play a role in the pathogenesis of chronic neurodegenerative
disorders.*™® Alzheimer’s disease (AD) is one of the most
common neurodegenerative disorders and is associated with
the accumulation of pathogenic amyloid-# (Af). Af peptides
are cleavage products of amyloid-f precursor protein (APP),
with this cleavage catalyzed by B secretase and y secretase
complex and resulting in progressive synapse failure, neuronal
damage and memory loss.”® Numerous observations have
suggested that A may impact glutamatergic transmission by
reducing the concentration of Glu in AD patients.s’9 However,
the effects of Af peptides on the fluctuation of the levels of Glu
released, and how this Af}-mediated fluctuation of Glu levels is
initiated, remain incompletely understood.
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Given its prominent role in AD physiology, considerable
efforts have been made to take accurate and precise
measurements of the changes of Glu concentration induced
by Ap peptides. Traditionally, the concentration of Glu has
been determined primarily using high-performance liquid
chromatograph (HPLC) with fluorimetric detection after
derivatization, and has involved sampling from the bulk of
cells. But such sampling fails to reflect the changes in local
concentrations of Glu in real time.”'® Furthermore, biosensors
composed of Glu-binding proteins coupled to a fluorescence
readout have been recently developed, and display spatial and
temporal resolutions much greater than before.'"'> A FRET-
based glutamate sensor (consisting of GluSnFR-transfected
HEK 293 cells) was recently developed for the detection of
Glu, and its use showed Af;_,, oligomers inducing a local
release of Glu from astrocytes.”'® These studies offer valuable
information that Af oligomers may viciously regulate the cycle
of Glu in neurontransmission and induce glutamatergic
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dysfunction by affecting Glu release from presynaptic terminals
or Glu uptake from extracellular fluids. However, neuro-
transmitter release via exocytosis is quantized and the process
is very fast on time scale.'"* Most of these previous systems,
being limited in spatial and temporal resolution, could not
directly probe and quantify the release of vesicle content,
hindering the determination of the reason for rapid vesicle
release fluctuation in neurodegenerative disorders. Accord-
ingly, in order to further understand the underlying molecular
mechanisms of Af on synaptic dysfunctions it is very
important to be able to in situ monitor synaptic Glu release
in real time and quantify the changes in its concentration.

Electrochemical methods with carbon fiber electrodes based
on amperometry have, due to their high sensitivity and
excellent temporal resolution, been applied for the detection of
exocytosis from small vesicles."> ™" Great advances have been
achieved in carbon fiber microelectrode sensors designed to be
used for amperometric measurements of exocytosis events near
neuron cells.”' >° However, these studies have mainly focused
on the detection of electroactive molecules such as dopamine,
epinephrine, and norepinephrine. Glu is a nonelectroactive
small molecule, and hence, cannot be directly detected by a
bare carbon fiber electrode. Recently, microelectrochemical
biosensors of Glu with high sensitivity and specificity have
been developed by modification of glutamate oxidase on
carbon fiber microelectrode, and such a strategy realized
quantitative measurement of synaptic Glu release from
cultured hippocampal neurons”’ or brain slices,” as well as
the number of Glu molecules in single synaptic vesicles.”” This
development has provided a promising tool for the monitoring
of the concentration of Glu and the changes in this
concentration at the source of its release sites under various
physiological and pathological conditions.

In the present study, this microelectrochemical sensor of Glu
was applied to investigate the abnormities of Glu release from
Ap damaged glutamatergic neurons. Af;_4, oligomers (250
nM) were added into the cell culture medium to mimic low Af
toxicity in AD rat, and vesicular Glu releases from single
varicosities with different Af-treatment times were then
quantitatively monitored and analyzed. Our results showed
that short-term incubation (30 min) of Ap,_,, oligomers
induced a significant elevation of the release of Glu, before its
depletion following a long-term (300 min) treatment. Further
investigation demonstrated that the vesicular glutamate
transporter 1 (VGLUT1), which facilitates the transport of
Glu across vesicles,*”®' showed a similar trend. This result
indicated that VGLUT1 is closely involved in the Af,_,-
induced abnormalities in Glu release. This work represented
the first attempt to electrochemically monitor vesicular Glu
release and its fluctuations under Af;_,, oligomer toxicity
conditions in real-time, and could hence provide crucial
information and new insights for current research on the
etiology of AD.

B EXPERIMENTAL SECTION

Materials. f-Amyloid (1—42) was purchased from
ChinaPeptides Co., Ltd. (Shanghai, China). DMEM/F-12
medium and By, for cell culture were bought from GIBCO
(U.S.). Poly-L-lysine (PLL), trypsin, laminin, L-glutamine,
bovine serum albumin (BSA), GluOx, and (3-(4,5-dimethylth-
iazol-2-yl1)-2,5-diphenyl-2H-tetrazolium bromide) (MTT)
were purchased from Sigma (St. Louis, MO). Antibodies
against VGLUT1 and GADPH were purchased from Abcam

Co., Ltd. (Shanghai, China). Antirabbit IgG horseradish
peroxidase (HRP)-conjugated and nitrocellulose membranes
were bought from Beyotime Co., Ltd. (Shanghai, China). All
other chemicals of analytical grade, were obtained from
Sinopharm Chemical Reagent Co., Ltd. When required, all
chemical solutions and buffers were prepared in ultrapure
water (18.2 MQ).

Hippocampal Neurons Culture. A suspension of
dissociated primary hippocampal neurons was prepared
according to published procedures.’” Briefly, hippocampus
was dissected from the brains of newborn rat pups at postnatal
day 1, followed by digestion with 0.125% trypsin for 30 min at
37 °C, and then the serum-free culture medium was added to
terminate the action of the trypsinase. Hippocampal neurons
were planted on PLL-coated glass coverslips and cultured at 37
°C under 5% CO, in DMEM/F-12 supplemented with 2% B,,,
100 U/mL penicillin, streptomycin and 50 ng/mL NGF.
Experiments were conducted on cells cultured for 3—8 days.

Amperometric Measurements, Date Acquisition, and
Analysis. All amperometric monitoring experiments were
taken on the stage of an inverted microscope placed in a
Faraday cage. First, the sensor that manufactured as described
previously”” was placed onto the varicosity. Second, the high
K* (62.5 mM) solution was delivered through a glass capillary.
Third, the amperometric spikes were recorded via patchclamp
amplifier at a constant potential of +700 mV, with an Ag/AgCl
wire as reference/counter electrode. Signals were sampled at
20 kHz, and bessel filtered at 2.9 kHz. Last, raw amperometric
data were collected using “Pulse” software, and analyzed by a
routine in Igor Pro kindly offered by Dr. E. V. Mosharov in
Columbia University.

Western Blot Analysis of VGLUT1. Protein concen-
trations were determined using BCA assays (Thermo
Scientific, Waltham, MA). Equal amounts of protein for each
sample were bolied for 10 min at 95 °C. Boiled samples were
electrophoresed on 10% SDS-poylacrylamide gel electro-
phoresis, followed by transfer to nitrocellulose membranes.
Membranes were blocked for 2 h at 37 °C in 5% BSA
containing 0.5% Tween-20 (TBST), followed by incubation
overnight at 4 °C with the primary antibodies to VGLUT1
(1:2000) and GADPH (1:10000). Subsequently, membranes
were incubated for 1 h with an antirabbit IgG horseradish
peroxidase (HRP)-conjugated (1:10000) before detection of
immunoreactivity of the bands using enhanced chemilumi-
nescence reagent.

Determination of Cell Viability. Cell viability was
assessed by MTT reduction assay as described previously.*”
The assay was used to optimize the Af,_,, oligomers
incubation concentration and time. Briefly, the cells were
incubated with a 0.5 mg/mL solution of MTT reagent at 37 °C
for 4 h to allow MTT reduction to formazan blue by
metabolically active cells. Then formazan crystals were
solubilized at room temperature with 200 yL DMSO for 15
min. Optical density at 490 nm was measured in a ThermoMax
Multiskan MK3. Six replicate wells were used for each
experimental condition in each experiment.

Cell Immunostaining. Cells were rinsed twice with
phosphate-buffer saline solution (PBS) and fixed for 30 min
in 4% paraformaldehyde (in 0.1 M PBS). The cells were then
permeabilized (30 min in 0.1 M PBS, 0.1% Triton X-100) and
blocked (30 min in 1% Goat Serum) at room temperature. To
label VGLUT], cells were incubated with VGLUT1 antibody
labeled with FITC (S mg/mL) for 1 h at 37 °C.
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Figure 1. (A) Schematic diagram showing the process of amperometric monitoring of glutamate exocytosis from single hippocampal varicosity, the
top-right shows the SEM images of a platinized carbon fiber microelectrode and bottom-right shows the mechanism of Glu detection on the
microsensor. (B) Cyclic voltammograms of Glu biosensor responses to 0.1 M PBS (pH 7.0) in the absence (black line) and presence (red line) of 2
mM 1-Glu. (C) Bright-field photomicrograph showing the tip of sensor placement on a hippocampal neuron varicosity.
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Figure 2. Optimizations of experimental parameters by MTT assay and neuron morphology imaging. (A) Cell viability after exposure to different
AP\ _4, oligomers concentrations (0, 0.15, 0.25, 0.5, 1.0, 2.0 #M) for 30 min and the cell viability after incubation for different time (0, 15, 30, 60,
300 min). (B) Statistics of the axonal length in response to Af;_4, oligomers incubation for different time (30 or 300 min). Data are mean =+
standard deviation; *p < 0.05, **p < 0.01, ***p < 0.001, compared with control.

Immunofluorescence was visualized with an inverted fluo-
rescent microscope (Axiovert 200 M and AxioObserver Z1,
Carl Zeiss).

B RESULTS AND DISCUSSION

Strategy for Real Time Monitoring of Glutamate from
Single Varicosities. The hippocampal neurons varicosities
are glutamatergic with diameter of 2—6 ym and occupy a

15125

superficial space on the axons. Importantly, most of them are

responsible for Glu release and fast synaptic transmis-
#3435 Emerging evidence suggests that the injurious
effects of soluble oligomers of Af)_4, in AD may mediate
36,37

sion.

changes in the concentration of Glu in the hippocampus.
Hence, to explore the effects of Af;_4, oligomers on the level
of synaptic Glu release in the hippocampus, a kind of
microelectrochemical sensor of Glu was prepared and used
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to monitor the quantal release of Glu from single varicosities
and to specifically monitor the changes in this release caused
by Ap,_4, (Figure 1A). Here, for the electrochemical detection
of Glu, Pt nanoparticles (NPs) were electrodeposited onto the
bare carbon fiber to improve the H,O, oxidation performance
(Supporting Information (SI) Figure S-1) followed by
immobilizing the GluOx onto the electrode. Cyclic voltam-
metric characterization of Glu on this sensor indicated that Glu
was oxidized by the GluOx/FAD modified on the electrode to
produce GluOx/FADH,, which further reacted with molecular
oxygen to produce H,0, (Figure 1B, and SI Figure S-2). The
oxidation current of H,O, nearly reached its maximum at ca.
0.5 V, which ensured that in the next series of experiments, Glu
can be well monitored using amperometry at 0.7 V, and the
high sensitivity and fast response of this sensor (SI Figure S-3)
suggested its capability in real-time monitoring of Glu released
by transient exocytosis. Furthermore, visualization under a
microscope of an individual varicosity from axon allowed the
precise positioning of the microelectrode to the varicosity for
amperometric monitoring (Figure 1C).

Effect of Af,_,, Oligomers on Neuron Damage and
Neurite Atrophy. Recent stuides suggested that Af_,, toxic
oligomers appear as spherical aggregates at early stage of
AD,”***" which was further evidenced by the AFM imaging in
this work (SI Figure S-4). To mimic the low toxicity of Af,_4,
oligomers at the early stage of AD mouse, we pretreated the
cultured hippocampal neurons with Af,_,, oligomers, and
their concentration and incubation time were optimized by
MTT assay and neuron morphology imaging, respectively.

As shown in Figure 2A, the cell viability was not obviously
affected following short-term exposure to AB, ,, oligomers
with low concentrations (less than 1 uM), whereas higher
concentration of A, _,, caused significant decrease of the cell
viability in a short period of time. Considering that at the
earliest clinical phase of AD, Af,_,, triggers progressive loss of
dendritic spines, accompanied by a decrease in excitatory
synapses, whereas no significant cell damage or death was
observed;*”*" hence, 250 nM Ap,_,, oligomers were selected
to treat the hippocampal neurons, which is consistent with the
previously applied concentration.”” The incubation time was
then evaluated ranging from 15 to 300 min to preliminarily
mimic the different stages of AD disease. The results show that
the significant decrease in cell viability occurred only when the
incubation time exceeded 300 min (Figure 2A).

Memory dysfunction in the human brain with dementia is
linked to neuritic dystrophy and neurons death.*> We further
evaluated the effects of Af,_,, oligomers on neurites (axons or
dendrites) by observing the neuron morphology and
measuring average axonal length in cultured hippocampal
neurons. The results show that the axonal length of control
group increased gradually with the extension of the culture
time, while Ap,_,, oligomers incubation caused a continuous
decrease of axonal length (SI Figure S-S). It should be noted
that obvious neurite atrophy could be found when the
hippocampal neurons were treated with 250 nM AfB,_,,
oligomers for 30 min (Figure 2B), though the cell viability
was not significantly affected at this condition as indicated by
MTT assay. Further considering that 300 min incubation
caused significant cell damage (Figure 2A) and more serious
neurite atrophy (Figure 2B), 30 and 300 min were thereby
chosen as the optimal incubation time to represent the early
and late stage of AD disease.

Amperometric Detection of Af,_,,-Regulated Gluta-
mate Release from Individual Hippocampal Neurons
Varicosities. Vesicular Glu release was elicited by high-K*
solution (62.5 mM) puffs, and monitored through oxidation of
Glu on the microelectrochemical sensor placed on single
varicosities of hippocampal neurons. Well-defined quantal
amperometric spikes were recorded from the normally cultured
neurons (Figure 3A), and whose amperometric responses were
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Figure 3. (A) Amperometric traces from Glu sensor placed on a
varicosity. A potential of 700 mV (vs Ag/AgCl reference electrode)
was applied. (B) Histograms of the distribution of I, of the spikes
from control (black), Af;_,, oligomers-treated for 30 min (red) and
300 min (blue) hippocampal neuron varicosities. (C) Representative
histograms of log of the vesicular glutamate amounts quantified for
the single vesicle from control (black), Af;_,, oligomers-treated for
30 min (red) and 300 min (blue) hippocampal neuron varicosities.
Line: Gaussina curve fit of the data (black, n = 548 events from 15
hippocampal neurons; red, n = 647 events from 12 hippocampal
neurons; blue, n = 470 events from 20 hippocampal neurons).

used as the control in this study. In view of the good selectivity
of this Glu sensor (SI Figure S-6) and the undetected
amperometric spikes from neurons in a Ca**-free extracellular
medium (SI Figure S-7), we can conclude that the
amperometric spikes were corresponded to sequential vesicular
Glu release from single vesicles. The individual peak currents
(Ima) and number of released molecules (N) from single
vesicles can be obtained by statistical analyses of the recorded
individual current spikes, since N is proportional to the peak
area (Q) according to Faraday’s law, Q = 2FN where F =
96 500 C is the Faraday constant. The results showed that peak
currents and peak area obeyed log-normal distributions (Figure
3B, C) with I, = 100.7 = 8.0 pA, and N = 109 000 + 12 000
molecules (mean + SEM).

When the cultured hippocampal neurons were incubated
with 250 nM Af,_, oligomers for 30 min, an unexpected but
very interesting result was obtained that both the frequency
and amplitude of the amperometric spikes were significantly
increased (SI Table S-1). Statistical analyses showed that in a
given time (60 s), S5 + 9 (mean + SEM) spikes were recorded
from control groups, which was increased by ca. 112% (117 +
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Figure 4. VGLUT!1 levels in mature hippocampal neuronal cultures exposed to Af};_,, oligomers. (A) Representative immunofluorescence images
of VGLUT!1 levels in hippocampal neurons exposed to vehicle or 250 nM oligomers for 30 or 300 min. Scale bars: 60 ym. (B) Integrated VGLUT1
immunofluorescence levels. (C) Western blots of hippocampal cultures exposed to control or 250 nM oligomers for 30 or 300 min. (D) Graph
shows densitometric analysis for VGLUT1 level. GADPH was used as an additional loading control. Error is standard error of the mean (SEM);

**p < 0.01, compared with control.

9/min) after treating the neurons for 30 min. Moreover, the
average I, and N are calculated to be I, = 278.8 &+ 11.1 pA
and 231 000 + 2000 molecules, which were increased by ca.
177% and 112%, respectively, compared to those from
controlled neurons. Since Af,_,, oligomers are not electro-
active molecules (SI Figure S-8), such a significant increase
indicates that they must play biological roles that strikingly
promote vesicular Glu release from hippocampal neurons.

Long-term exposure to Af}; 4, oligomers causes serious cell
damage and neurite atrophy. As expected, only a few
amperometric spikes with tremendously decreased amplitude
could be detected from hippocampal neurons incubated by
AP _4 oligomers for 300 min (Figure 3A). Comparing with
that of controls, the frequency of amperometric spikes (14 +
2/min) was significantly decreased by 75%, and I, (63.9 +
5.1 pA) and N (73 000 + 400 molecules) were decreased by
ca. 36% and 33%, respectively. This indicate that long-term
exposure to toxic Af, 4, oligomers cause neurotransmitter
depletion in hippocampal neurons.

These results from amperomtric detection thus directly
demonstrated that vesicular Glu release is strongly affected by
Ap_4, oligomers. Especially, short-term (30 min) incubation
of neurons with Af,_,, oligomers induced a striking increase of
Glu release before its depletion caused by long-term Af, 4,
oligomers toxicity. Previous studies have shown that excessive
Glu leaded to NMDA receptors overactivation, which was
interpreted as a reason for glutamatergic synapses dam-
age.”*™*® Our results indicate that initial synaptic dysfunction
may have already initiated at the early stage of AD by releasing
excessive amounts of neurotransmitters, thus overactivating
NMDA receptors, and eventually resulting in excitotoxicity,
neuron damage, neurotransmitter depletion, memony impair-
ment, and learning ability decrease at the late stage of AD.

Af,_4, Oligomers Engages in VGLUT1 Expression
Level on Vesicles. At glutamatergic synapses, transport of
Glu into synaptic vesicles is achieved by vesicular glutamate
transporters (VGLUTs), and the quantal size of Glu release
depends on the VGLUT expression level.”’” Of the three
known transporters, VGLUT1, VGLUT2, or VGLUTS3,
VGLUT1 predominates in the hippocampus, and previous
histopathological results showed reduced VGLUT1 density

and decreased concentrations of Glu in the later stages of
AD.*** To investigate the relationship between the expression
of VGLUT1 and Glu release from Af,_,,-insulted hippo-
campal neuron, the level of VGLUT1 was quantified by
carrying out immunofluorescence imaging and Western blot
assay. As shown in Figure 4, neurons after being treated with
Ap,_4, oligomers for 30 min indeed exhibited an obvious
increase in VGLUTI levels, while neurons incubated with
Ap,_4, oligomers for 300 min showed significantly lower
VGLUT1 levels than did the control. This rationalized our
amperometric results, suggesting that Af;_,, oligomers may be
a potential intracellular player engaged in VGLUT1 expression
to influence neurotransmitter release in age-related progressive
degeneration of neurons.

B CONCLUSION

In summary, we have successfully monitored vesicular Glu
release at single varicosities of Ap;_4-insulted hippocampal
neurons by using a microelectrochemical biosensor of Glu for
the first time. Our results revealed that a short-duration
exposure to Af}; 4, oligomers promotes a marked increase in
the release of Glu before the eventual depletion of the
neurotransmitter resulting from long-term exposure to the
AP, _4, oligomers. Such a significant increase in Glu may cause
neurotoxicity by overstimulating NMDA receptors as observed
in early stage AD patients. Further studies demonstrated that
changes in the release of Glu are closely related to the
expression level of the VGLUT1 protein at the vesicle,
indicating that Af,_,, oligomers may affect the VGLUT1 levels
and hence influence the release of Glu. Though our results
have provided valuable information for investigations of the
etiology of AD at its different stages, the underlying
mechanisms of how Ap,_,, oligomers alter Glu release and
VGLUT1 expression in a time-dependent manner remain to be
further studied. Furthermore, a great deal of research should be
performed to better correlate in vivo results with in vivo
conditions of AD. First, the occurrence and development of
AD is a long-term process, in vitro studies should simulate this
process more precisely, and the results from more time points
should be obtained; Second, only A, 4, oligomers was used in
this work, but Af can exist in diverse assembly states, such as
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monomers, dimers, trimers, higher-order oligomers as well as
protofibrils, so the effects of Af with different forms on
neurons should be comprehensively studied. Last but not least,
in vitro results should be in vivo validated, in this aspect,
amperometric detection on brain slices of rats afflicted with
AD would be considered in our future work.
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Glu sensor (Figure S-3), atomic force microscope
(AFM) images of Af;_,, oligomers (Figure S-4), the
morphological observation of hippocampal neurons after
AP, _4, oligomers manipulation for different time (Figure
S-S), selectivity of the Glu sensor (Figure S-6), Af,_4,
oligomers induced glutamate release with or without
extracellular Ca®* (Figure S-7), electrochemical activity
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