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ABSTRACT

We use an electrochemical platform, nanoparticle tracking analysis, and differential
centrifugation of single catecholamine vesicles to study the properties of nanometer transmitter
vesicles, including the number of molecules, size, and catecholamine concentration inside.
Vesicle impact electrochemical cytometry (VIEC) was used to quantify the catecholamine
content of single vesicles in different batches isolated from pheochromocytoma (PC12) cells with
different ultracentrifugation speeds. We show that, vesicles containing less catecholamine are
obtained at subsequent centrifugation steps with higher speed (force). Important to quantification,
the cumulative content after subsequent centrifugation steps is equivalent to that of one-step
centrifugation at the highest speed, 70 000 g. Moreover, as we count molecules in the vesicles,
we compared molecular numbers from VIEC, flow VIEC, and intracellular VIEC to
corresponding vesicle size measured by nanoparticle tracking analysis to evaluate catecholamine
concentration in vesicles. The data suggest that vesicular catecholamine concentration is
relatively constant and independent of the vesicular size, indicating vesicular transmitter content

as a main factor regulating the vesicle size.
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Introduction

Higher mental brain functions, including perception, motivation, emotion, learning, and memory,
are operated by neuronal connections in the brain. Neurons communicate with chemical signals
through the fundamental process called exocytosis in the synapse. During exocytosis, nanometer
vesicles filled with neurotransmitter molecules fuse with the presynaptic membrane with the
assistance of SNARE proteins and release transmitters into the extracellular space through a
fusion pore."? These transmitters diffuse across a nanometer synaptic gap and bind to specific
receptors on the postsynaptic membrane where depolarization or hyperpolarization occurs and an
electrical signal that has triggered exocytosis can be transmitted further or inhibited, respectively.
Hence, the synaptic vesicle is the essential cell organelle that stores and releases neurotransmitter
molecules in the brain. Owing to its critical involvement in neuron communication, the dynamic
process of the synaptic vesicle during exocytosis and its properties have drawn a lot of attention
to the understanding of the molecular mechanisms that control the process of chemical
communication between neurons.

Single cell amperometry and fast-scan cyclic voltammetry (FSCV) have proven to be powerful
techniques to study the release of catecholamine from single vesicles in neurons and endocrine
cells.> * Amperometric results at neuronal cell models and midbrain neurons have consistently
shown that L-3,4-dihydroxyphenylalanine (L-DOPA) increases the quantal size and consequently
the amount of catecholamine releasedS'S, whereas use of the FSCV method revealed that the
relative concentration of catecholamine released from single PC12 cell vesicles is unchanged
after exposure to L-DOPA.” In the later reports, comparison between the number of
catecholamine released from single vesicle in L-DOPA and reserpine treated cells quantified with

single cell amperometry and corresponding vesicle volume quantified with transmission electron
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microscopy suggested that vesicles regulate a constant concentration of neurotransmitter
internally.'®'" This was concluded by assuming the amount released during exocytosis is the full
content stored in vesicles initially based upon the “all-or-none” exocytosis that was widely
accepted at that date.” ' However, recent studies have shown that the process of exocytosis most
likely includes three or even more potential modes of release, namely the “kiss-and-run”, “open
and closed” or “partial”, and “full release”.'*'® The most significant and general release process,
being open and closed exocytosis with up to 65% of the vesicular transmitter contents released,
partial exocytosis, makes the closing of the vesicle an important part for regulating individual
events and synaptic strength.'” Moreover, different physiological conditions and chemical
treatments can regulate the fraction of vesicular catecholamine released.® *°%° As a consequence,
the concentration of transmitter in single vesicles and its related questions need to be
re-considered.

Owing to the nanometer-sized structure of vesicles, direct measurement of the transmitter
content in single vesicles has been a challenge requiring development of new analytical
techniques. Recently, vesicle impact electrochemical cytometry (VIEC) was developed for
quantification of the catecholamine content in single mammalian vesicles.””>° In this process,
isolated single vesicles are adsorbed at the electrode surface and, subsequently, the vesicles
rupture stochastically in a potential dependent manner, suggesting electroporation as a major

30, 31

mechanism of rupturing. The electric field across the vesicle membrane induces the

formation of a pore in the vesicular membrane causing the expulsion of the vesicular content

towards the electrode surface. The electroactive content of the vesicles is quantified by

31, 32

electrochemical oxidation at the electrode surface. By placing a nanotip electrode into
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cytoplasm, we created a new method, intracellular VIEC or IVIEC, to measure vesicular
catecholamine content inside single living cells.'**>°

In this paper, we used VIEC to quantify the catecholamine content in single vesicles isolated
from PC12 cells, a widely used cell model for neuronal communication. Differential
centrifugation was used to collect different batches of vesicles with different sizes that were
measured with nanoparticle tracking analysis (NTA) in solution without any labeling. The
comparison of the vesicular content and the size of the vesicles reveals that vesicles containing

more catecholamine represents the larger size and the concentration of catecholamine is kept

relatively constant for all vesicle fractions collected by differential centrifugation.

Experimental section

Ultramicroelectrode (UME) Fabrication

UMEs were fabricated as previously described.’>*” Briefly, 33-um diameter carbon fibers were
aspirated into borosilicate capillaries (1.2 mm O.D., 0.69 mm L.D., Sutter Instrument Co., Novato,
CA, U.S.A.). The capillaries were subsequently pulled with a micropipette puller (Model P-1000,
Sutter Instruments Co., Novato, CA, U.S.A.). The electrode was sealed by dipping the pulled tip
in a solution of epoxy (Epoxy Technology, Billerica, MA, U.S.A). The glued electrodes were
cured in an oven at 100°C overnight and subsequently cut at the glass junction and beveled at 45°
angle (EG-400, Narishige Inc., London, U.K.). Electrode responses were tested by performing
cyclic voltammetry (-0.2 to 0.8 V vs. Ag/AgCl, 100 mV/s) in solution of 100 uM dopamine in
PBS (pH 7.4). Only electrodes showing good reaction kinetics and stable steady-state currents in

agreement with theoretically calculated values were used for experiments.
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Cell Culture and Vesicle Isolation

PC12 cells were a generous donation by Lloyd Greene (Columbia University). The cells were
grown on mouse collagen coated cell culture flasks (collagen type IV, Corning) , and maintained
in phenol red-free RPMI-1640 media (Lonza) supplemented with 10% donor equine serum
(Sigma) and 5% fetal bovine serum Gold (Sigma) in a 7% CO,, 100% humidity atmosphere at
37 °C. The medium was replaced every 2-3 days throughout the lifetime of all cultures. The cells
were sub-cultured every 7-9 days.

Confluent PC12 cells from five 75 cm? flasks (collagen type IV, Corning) were treated with
TrypLE™ Express (Gibco) and subsequently detached from surface by tapping on surface gently.
The cell suspensions were combined into one fraction and then centrifuged at 300 g for 5 min to
pellet the cells. The supernatant containing growth media was then removed and discarded. The
cells were suspended with homogenization buffer (381 mOsm/kg, contains 0.3 M sucrose, | mM
EDTA, 1 mM MgSO4, 10 mM HEPES, 10 mM KCIl and cOmplete Protease Inhibitor) and
homogenized in a glass homogenizer (WHEATON) at 4 °C until the cell membrane was broken
as observed under a microscope. The procedure for isolation of vesicles with subsequent
centrifugations is shown in Fig. la, unless stated otherwise. First, the homogenate was
centrifuged at 1000 g for 10 min to remove cell debris. The supernatant was subsequently
centrifuged at 3000g for 30 min. The pellet was kept for measurement and the supernatant was
used for the next centrifugation at 6000 g for 30 min. Similarly, the pellet was kept for
measurement and the supernatant was used for next trial run at 10000 g for 30 min. Two more
runs of centrifugation were operated at 70000 g and 100000 g for 45 min each. All the pellets
were re-suspended separately in homogenizing buffer and used as vesicle stock solution. The

centrifugation was run at 4°C to minimize the degradation of vesicles by protease.
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Nanoparticle Tracking Analysis

Vesicle diameter and concentration were measured at 37°C with a NanoSight LM10 (Malvern
Instruments Ltd, UK) equipped with a 488 nm laser and Hamamatsu C11440-50B/A11893-02
camera. The software used for capturing and analyzing the data was NTA 3.1. Samples were
diluted in homogenizing buffer with NaCl (315 mOsm/kg) to obtain 30—60 particles per frame.

For each sample, 5 runs for 90 s were performed.

Vesicle Impact Electrochemical Cytometry (VIEC)

Disk UMEs were placed in a concentrated PC12 vesicle stock solution for 10 min at 4°C to allow
adsorption of vesicles. This was followed by recording signal in homogenizing buffer for 10 min
at 37°C. The electrodes were re-beveled and re-loaded with vesicles for each experimental run.
The electrochemical recording of catecholamine content in individual vesicles was performed by
applying a constant potential of +700 mV (vs. Ag/AgCl) to the working electrode using a
potentiostat (Axopatch 200B, Molecular Devices, Sunnyvale, CA, U.S.A.). The recorded signal
was filtered at 2 kHz using an analog 4-pole Bessel filter and digitized at 10 kHz using a Digidata
model 1440A interfaced by the Axoscope 10.3 software (Axon Instruments Inc., Sunnyvale, CA,

U.S.A)).

Data Processing

The amperometric traces were processed using an IgorPro 6.22 routine originating from the
Sulzer group.”® The traces obtained were digitally filtered at 1 kHz using binomial smoothing.
The threshold for peak detection was five times the standard deviation of the noise. The traces
were carefully inspected after peak detection and false positives were manually rejected. Only

traces with more than 20 peaks were used in the analysis in order to minimize the variance of the
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means.

Scanning Electron Microscopy

Characterization of the vesicles on disk UMEs was performed on a scanning electron microscope
(Leo Ultra 55). Electrodes were loaded with PC12 vesicles as described above, quickly rinsed
twice with PBS, subsequently dipped in 4 % formaldehyde for 15 min to fix the vesicles and
dried at room temperature. The electrodes were mounted onto standard aluminum specimen
stages with the help of conductive carbon adhesive tabs, and then a copper wire was threaded into
the glass capillaries for electrical contact and was grounded to the scanning electron microscopy

stub using conductive carbon adhesive tabs.

Results and discussion

1. Vesicular Catecholamine Content versus Centrifugation Force.

VIEC was first introduced to characterize the catecholamine content in single vesicles isolated
from adrenal glands.?” During this process, single vesicles adsorb on the electrode surface, and
rupture stochastically on the electrode with a pore formed by electroporation. Through this pore,
vesicular catecholamines are expelled to the electrode and detected electrochemically.'® ** The
existence of proteins on the vesicle membrane acts as a barrier for vesicle opening in VIEC
through decreasing the probability of electroporation.’’

In this study, VIEC has been applied to quantify the vesicular catecholamine content in single
vesicles isolated from PC12 cells. Samples obtained by differential centrifugation were carefully
analyzed by VIEC to check the existence of vesicles. Fig. la illustrates the procedure for
obtaining different batches of vesicle samples and the schematic VIEC experimental setup used

8
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in this study. Different batches of vesicles were first collected from homogenized PC12 cells by
continuous differential centrifugation, and subsequently adsorbed on an UME by dipping the
UME into a concentrated vesicle suspension for 10 min. Finally, the UME was moved to a bulk
buffer without vesicles and the current was measured continuously for at least 10 min at + 0.7 V

(vs. Ag/AgCl).

10000 g
83 30 min
6000 g
S2 30 min
S 3000 g
1000 30 min P3
9
Homogenate o P2
P1 (waste)

P

a) s6
100000 g
0 S5 45 min
- 70000 g
‘ = 54 45 min P6
~—_- 4 5
P4

b)

P5

P4

P2
Fig. 1. Schematic illustrating the procedure for isolating fractional vesicles from PCI12 cells with
differential centrifugation and the experimental process of vesicle impact electrochemical cytometry

(VIEC) (a), and corresponding typical amperometric traces of fractional PC12 vesicles obtained in VIEC
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(b). Inset (grey), an enlarged view of a typical amperometric spike marked with an asterisk in the

amperometric trace for P5.

To exclude most of the nuclei, mitochondria, and other larger organelles existing in the cell
homogenization suspension, centrifugation was carried out at 1000g for 10 min and the pellet
was discarded. Then the supernatant was used for subsequent centrifugation runs (3000g, 6000g,
10000g, 70000g, and 100000g sequentially on the same sample), as shown in Fig. la. Pellets
obtained in each centrifugation were re-suspended with homogenization buffer and run for VIEC.
Typical amperometric traces for each vesicle fraction are displayed in Fig. 1b. For samples
collected with centrifugation at 3000g, 6000g, 10000g and 70000g, significant numbers of
amperometric transients (1059, 145+19, 125+18, and 82+13, correspondingly, mean+=SEM)
were recorded in VIEC (Fig. 3a). However, amperometric transients were rarely seen during
recordings for the sample obtained at 100000g, which suggests that very few vesicles are present
in this fraction and that the majority of all vesicles have been collected in the previous steps of
centrifugation.

To confirm that PC12 vesicles were adsorbed on the carbon disk UME, scanning electron
microscopy (SEM) was used to image the vesicles on the electrodes. At UMEs exposed to
homogenizing buffer, only a few bright dots with diameter less than 100 nm appeared. These
most likely were residual salt crystals formed in chemical fixation process (Fig. 2a). However,
when UMEs were placed in a concentrated PC12 vesicle suspension for 10 min, large numbers of
vesicles with diameter 100-300 nm were adsorbed on the UME even after rinsing two times with
PBS buffer to exclude the weak interaction (Fig. 2b). Moreover, as shown in SEM, vesicles
adsorbed on the disk carbon UME spread individually, i.e. without aggregation. This is important

for vesicle opening one at a time and quantification of content in single vesicles with VIEC. It is

10
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worth noting that the shapes of vesicles sitting on the UME are irregular, which may be due to
the rough surface of the UME. This clearly shows that the vesicles interacts and adsorbs to the
carbon electrode surface individually leading to the high probability of rupture one at a time in

amperometric recording.

Fig. 2. SEM images of a carbon UME without (a) or with (b) isolated PC12 vesicles after fixation with 4%
formaldehyde for 15 min. Both electrodes went through the chemical fixation process. Insets:
corresponding images in a big view, scale bar, 5 pm. The bright dots in (a) are probably residual salt

crystals formed during chemical fixation process.

We compared the sum of the four-step sequential centrifugation (Fig. la) to a one-step
centrifugation (70000g for 45 min directly after 1000g for 10min) to evaluate if leakage occurs in
relatively long-term subsequent differential centrifugation steps. As shown in Fig. 3b, the
distributions of the number of vesicular catecholamine content (Npoecules) match quite well
between the two different schemes of centrifugation. This indicates that no significant leakage
occurs over the 2.3 hours of the four-step sequential centrifugation and this scheme captures all
the vesicles in the PC12 cell homogenate.

The distribution of Nyolecutes Strongly deviates from normality but can be fitted well with a
lognormal distribution. Fig. 3¢ represents the distributions of the base 10 logarithm of vesicular

Nmolecules for different batches of vesicles isolated with differential centrifugation. As the
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centrifugation force is increased, the distribution moves to smaller values of Npojecules: The
average catecholamine content in vesicles is compared in Fig. 3d and Table 1. More apparently,
the average Niolecules decreased gradually and significantly from low to high centrifugation force,
indicating vesicles containing more catecholamine are spun down much easier compared to those

containing less catecholamine.

a) 2.0 b) 5.
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Fig. 3. (a) The average number of the amperometric events recorded in 10 min with VIEC for isolated
fractional vesicles obtained with differential centrifugation. (b) Comparison of normalized frequency
histograms describing of Npoecues quantified for PC12 vesicles isolated with continuous differential
centrifugation (summarizing VIEC events of vesicle samples obtained at 3000g, 6000g, 10000g and

700000g, blue columns) and one-step centrifugation (70000g for 45min directly after 1000g for 10 min,
12
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red columns). (¢) Normalized frequency histograms describing of log [Nolecules] quantified for PC12
vesicles isolated with differential centrifugation. Fits were obtained from Gaussian distributions of the
data. (d) Average number of catecholamine molecule quantified in individual isolated vesicles obtained
with differential centrifugation. N = 6 isolations, 4 amperometric traces for each isolation. The pairs of
data sets were compared using a two-tailed Wilcoxon-Mann—Whitney rank-sum test, and p-values are

indicated in the Fig. 3a and 3d.

Table 1. Vesicular catecholamine content (Noiecutes) quantified with VIEC (N = 6), vesicle diameter (D)

measured with NTA independently (N = 5) and corresponding vesicular catecholamine concentration

Crolecules) Calculated with equation, C, — Nmolecules 00 N, = 6.02x10* mol™).
q molecules 4

Na gm(Pees)s’
3000¢g 6000g 10000¢g 70000¢g Full fraction
Nimolecules 205100 = 88001 178700 £41001%) 153400 + 4400 127400 £4100®  159000+3800 ®!
D,/ nm 215 +3.20 211 +2.7% 193 + 0.5 156 + 2.5 197 + 1.3
Chnolecules /MM 62 61 68 106 66

I The data are presented as mean = SEM.

Vesicles obtained with one-step centrifugation at 70000g for 45 min directly after 1000g for 10 min.

2. Characterization of the Size of Isolated Vesicles with Nanoparticle Tracking Analysis.

To measure the size of individual secretory vesicles obtained in differential centrifugation,
independent measurements of vesicle size were carried out by NTA. NTA is used to visualize and
track the Brownian motion of nanoparticles in solution, which is inversely proportional to the
hydrodynamic radius of the particles, as described by the Stokes Einstein equation. Compared
with TEM, which necessitates fixing cells and staining the vesicles chemically, NTA analysis
allows the measurement of vesicle size in buffer at physiological temperature without any
chemical modification. This helps to keep their initial size at physiological conditions. Based
upon NTA measurements, vesicle size is roughly a Gaussian distribution indicating that the
vesicles obtained with the procedures here exhibit a relatively high purity. The average diameter

of isolated vesicles is in the range of 150-220 nm, and this is consistent with results reported
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before,15 » 39

suggesting that individual secretory vesicles are obtained from the differential
centrifugation process. As shown in Table 1 and Fig. S1, the average diameter of the vesicles is
essentially identical when the centrifugation force is increased from 3000g to 6000g, whereas this

value decreases gradually with statistical significance when the centrifugation force increases to

10000g and 70000g.

3. Analysis of Vesicular Transmitter Concentration

By measuring the number of catecholamine molecules in each vesicle with VIEC and the
vesicle size with NTA, the vesicular catecholamine concentration can be calculated. As shown in
Table 1, for larger vesicles obtained at 3000g, 6000g and 10000g centrifugation speeds, the
catecholamine concentration in the vesicles is constant, in the range of 60-70 mM. However, the
catecholamine concentration in vesicles is 106 mM for the smaller vesicles obtained at 70000g
centrifugation speed. NTA measurements show that ~ 3 times more vesicles exist in the 70000g
fraction compared to the 10000g fraction (Fig. S2). However, the ratio of the number of
amperometric spikes obtained by VIEC between 10000g and 70000g is 7:10 (Fig. 3a). Assuming
vesicles in different fractions have roughly the same probability to rupture at the electrode
surface during VIEC recordings, this result suggests 77% of the vesicles existing in the fraction
of 70000g are not detectable by VIEC. This might result from non-catecholamine vesicles or
other small objects in the cell that do not contain catecholamine and that are separated at this high
centrifugation speed. This could bias the vesicular catecholamine concentration calculated with
molecule number detected with VIEC and vesicle size with NTA. We obtained a whole fraction
of vesicles from PC12 cells by running the cell homogenate only at 70000g for 45 min directly
after discarding the cell debris pelleted at 1000g for 10min, and the value of Dy was 197 nm for

this sample. With the vesicular content measured in VIEC, the vesicular catecholamine

14
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concentration was calculated as 66.0 mM, which is close to that obtained at 3000g, 6000g and
10000g (Table 1). This suggests that the vesicles maintain their catecholamine concentration
inside regardless of size. This is consistent with previous reports comparing the exocytotic
release amount from control cells and drug-treated cells, and comparing vesicular catecholamine
content of control cells and hypertonic stressed cells.'” ' > Here, with direct measurement of
vesicular transmitter content and comparison of vesicular catecholamine concentration for
vesicles isolated from untreated cells, the results can reflect the native properties of vesicles more
effectively.

Combining our data here with that in the literature where both vesicle content and size were
measured, it is possible to compare the vesicular catecholamine content in PC12 cells quantified
with electrochemical cytometry, including flow electrochemical cytometry,"” and intracellular
VIEC'** reported before with the content reported by VIEC in this study (Table 2). Using the
vesicle diameter measured in this study, Dyes = 197nm, we calculate the vesicular catecholamine
concentration for each approach. Although the number of vesicular catecholamine molecule
varies in these reports, the concentration of catecholamine in vesicles is in the range from 60 to
100 mM. It is worth noting that this concentration is slightly lower than that reported previously,
and appears to result from the larger vesicle size measured by NTA in isotonic solution in this

study compared with TEM values reported before. '

Table 2. Vesicular catecholamine content quantified with electrochemical cytometry and vesicular

catecholamine concentration calculated.™

Flow cytometry' IVIEC” IVIEC* VIEC

Nimolecules 220000+ 1100 188000+ 28100 201000+20400 159000+3800

15
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Cmolecules (MM) 91.3 78.0 83.4 66.0

8l To compare fairly, the mean value of Npglecules from all reports was used. D, was set as 197 nm for
calculation of Cpolecules-

Summary and conclusions

We describe the application of vesicle impact electrochemical cytometry for quantification of
transmitter content in single nanoscale vesicles isolated from PCI12 cells. We have used
differential centrifugation to collect vesicles into batches for which the distribution of the vesicle
size 1s slightly changed. By comparing the vesicle size and vesicular catecholamine content in
each batch, we conclude that catecholamine concentration in vesicles with different sizes is
relatively constant. These results suggest that transmitter content is a major factor in regulating
vesicle size and maintaining vesicle homeostasis. This study builds upon an electrochemical
platform capable of determining the properties of single electroactive neurotransmitter vesicles

including storage, leakage, growth, etc.
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Fig. S1. Average diameters of individual vesicles obtained with differential centrifugation quantified with
nanoparticle tracking analysis (NTA). The data are presented as mean =+ standard error of the mean (SEM).
Blue, 3000 g; red, 6000 g; purple, 10000 g; green, 70000 g. N = 6 isolations. The pairs of data sets were
compared using a two-tailed Wilcoxon—-Mann—Whitney rank-sum test, and p-values are indicated in the

figure.
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Fig. S2. Average number of vesicles per milliliter detected in NTA for vesicle samples obtained with
differential centrifugation. Error bar, SEM. N = 6 isolations. Blue, 3000 g; red, 6000 g; purple, 10000 g;

green, 70000 g.



