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Abstract

Vesicles, as a special type of entity nanometers in size, are crucial for
survival of multicellular organisms. Intracellular vesicles mainly
contain specific signaling molecules, transmitters, and modulators
whereas extracellular vesicles (EVs) are bioactive organelles carrying a
wide range of proteins, genetic materials, and other molecules.
Secretion from vesicles is essential to manipulate many biological
pathways and intercellular communication. Understanding the
regulatory mechanisms of vesicular secretion is mandatory for
uncovering the pathologies of neurological disorders and developing
related pharmaceuticals.

Several electrochemical techniques have been proposed and developed
to unravel vesicular neurotransmitters at single cell and subcellular
levels. These methodologies provide high spatiotemporal resolution
and sensitivity while enabling direct quantification of electroactive
molecules from individual vesicles. Single cell amperometry (SCA) can
be employed to determine the number of signaling transmitters being
released during an exocytosis event. Vesicle impact electrochemical
cytometry (VIEC) and intracellular vesicle impact electrochemical
cytometry (IVIEC) are two methods that allow the quantification of the
number of signaling molecules stored inside single vesicles from
isolated or intracellular vesicles, respectively.

In this thesis work, vesicular structure as well as their content and
release have been investigated. In paper I, open carbon nanopipettes
(CNPs) with different radii between 50 and 600 nm were employed to
quantify vesicular content in isolated vesicles of adrenal chromaffin
cells by VIEC. Paper II was continuation of work from paper I, the
mechanistic study of L-DOPA was carried out by using IVIEC with
various sized CNPs. SCA was introduced to capture the dynamic
release of single exosomes from a single living cell in paper III. In paper
IV, the combination of electrochemistry and mass spectrometry was
applied to investigate the effects of ketamine on dopamine storage and
exocytosis, as well as the alterations of cellular lipid composition.
Generally, electrochemical methods have been considered as a
powerful tool to understand structures of vesicles and their biological
functions.



Sammanfattning pa svenska

Vesiklar, som dr en speciell typ av nanometerstora enheter, &r
avgorande for multicelluldra organismers Overlevnad. Intracelluldra
vesiklar  innehdller huvudsakligen specifika signalmolekyler,
transmittorer och modulatorer, medan extracelluldra vesiklar (EVs) ér
bioaktiva organeller som innehaller ett brett spektrum av proteiner,
genetiska material och andra molekyler. Utsondring fran vesiklar &r
avgorande for att manipulera manga biologiska végar och intercelluldr
kommunikation. Att forstd reglermekanismerna for vesikulér
utsondring dr nodvéndigt for att avsldja patologin bakom neurologiska
sjukdomar och utveckla relaterade ldkemedel.

Flera elektrokemiska tekniker har foreslagits och utvecklats for att
kartldgga vesikuldra neurotransmittorer pa cell och subcelluldr niva.
Dessa metoder ger hog spatiotemporal upplosning och kénslighet
samtidigt som de mojliggér direkt kvantifiering av elektroaktiva
molekyler fran enskilda vesiklar. Single cell amperometry (SCA) kan
anvindas fOr att bestimma antalet signalsubstanser som friséitts under
en exocytos. Vesicle impact electrochemical cytometry (VIEC) och
intracellular vesicle impact electrochemical cytometry (IVIEC) dr tva
metoder som mdjliggér kvantifiering av antalet signalmolekyler som
lagras 1 enskilda vesiklar frdn isolerade respektive intracellulédra
vesiklar.

I detta avhandlingsarbete har vesikulér struktur samt deras innehéll och
frisdttning undersokts. I artikel I anvindes Oppna carbon nanopipettes
(CNPs) med olika radier mellan 50 och 600 nm for att kvantifiera
vesikuldrt innehall i isolerade vesiklar fran kromaffin celler med hjélp
av VIEC. Artikel II var en fortsdttning pé arbetet frén artikel I, den
mekanistiska studien av L-DOPA utférdes med hjilp av IVIEC med
CNPs i olika storlekar. SCA introducerades for att finga den dynamiska
frisdttningen av enstaka exosomer fran en enda levande cell i artikel I1I.
I artikel IV anvdndes en kombination av elektrokemi och
masspektrometri for att undersoka effekterna av ketamin pa
dopaminlagring och exocytos, samt fOrdndringarna av cellulér
lipidsammanséttning. Generellt har elektrokemiska metoder ansetts
vara kraftfulla verktyg for att forsta strukturer hos vesiklar och deras
biologiska funktioner.
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CHAPTER 1. Introduction to cellular communication

CHAPTER 1. Introduction to cellular

communication

Cellular communication or cell signalling is a critical process for cell
growth, development, differentiation, migration, and apoptosis. In
multicellular organisms, cell to cell communication is vital for the
transmission of biological information to survive and flourish.
Malfunctions in cellular communication can cause abnormal regulation
of the cell cycle, which leads to the formation of various diseases
including cancer, neurodegenerative disorders, and cognitive
deficiency. This chapter introduces an overview of the anatomy and
functions of the neuronal cells and nervous system. Moreover, different
types of neurotransmitters and their biosynthetic pathway are also
included.

1.1 An overview of nervous system
1.1.1 The neuronal cells

The human brain is comprised of a billion nerve cells known as neurons.
These neurons are responsible for processing and transmitting
information from the brain to other parts of the body. Although neurons
are different from other cell types and can be classified into various
categories depending on their morphologies and functions, they all
include a cell body, dendrites, and an axon (Figure 1). The cell body,
also called the soma, contains the nucleus and major cytoplasmic
organelles that can be found in other cells, such as Golgi apparatus,
mitochondria, ribosomes, and endoplasmic reticulum. It stores all
genetic information and directs protein synthesis to support and
maintain neuronal function. Dendrites, a branch-like structure, are
fibrous roots extended from the cell body. Generally, their functions are
like antennas, they can receive and process synaptic signal inputs from
other neurons. The axon, a long tail-like structure, plays an important
role in transferring signals away from the soma to other neurons. For
many neurons, a fatty substance coated around the nerve axon is called
myelin that acts as an insulator. Myelin sheaths help to promote the
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propagation of action potentials along the axon and speed up the
transmitting information process between neurons.

Cell body
\\
\
\
_ Myelin sheath
. yelin sheat! ) Axon
’ Node ofl Ranvier terminal
\
Roelous Action potential Swann cell

Axon

Figure 1. An illustration of a nerve cell. A typical neuron structure
consists of dendrites, cell body (soma), axon, and axon terminal. An
action potential is propagated along the axon by jumping between
unmyelinated gaps called nodes of Ranvier.

1.1.2 The nervous system

The nervous system consists of two major components, the central
nervous system (CNS) and the peripheral nervous system (PNS), where
the CNS as the control center is made up of the brain and the spinal
cord, and the PNS, composed of branching nerves originating from the
brain and the spinal cord, contains the sensory neurons and the motor
neurons. The function of the sensory neurons, or afferent neurons, is to
carry the information from sensory receptors, which are located either
at the surface of the body such as skin or deeper into other internal
organs or tissues, towards the CNS. The motor neurons, also known as
efferent neurons, are additionally classified into the somatic nervous
system, regulating voluntary movements via skeletal muscles, and
autonomic nervous system, associated with the innervation of
involuntary activities coming from the visceral organs (like smooth
muscles, cardiac muscles, and glands) concerning blood pressure,
heartbeat, breathing rate, etc. The autonomic system is further
subdivided into two branches, one is the sympathetic system, and the
other is the parasympathetic system. The sympathetic system is
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commonly known as the °‘fight or flight’ system while the
parasympathetic system is often considered the ‘rest and digest’ system.
In other words, these antagonistic functions are the keys to balancing
homeostasis in the body. The fundamental units of the nervous system
are neurons, involved in receiving and transmitting chemical or
electrical signals, and glia cells which play supportive and protective
roles for neurons by modulating their function and signaling. For
example, glia can manipulate synapse formation, regulate blood flow
and metabolism, maintain ionic and water homeostasis for signal
transduction, and form myelin sheath from the Schwann cells for
insulating axons.

1.2 Cellular communication within the nervous system

Neurons are responsible for cellular communication in the nervous
system and one neuron can send a message to another one via a junction
called synapse. The sending process is known as synaptic transmission
and the neuron that generates an action potential is called a presynaptic
cell while the target neuron receiving an action potential is called a
postsynaptic cell. Action potentials are fundamental units that help
neurons to communicate with each other by rapidly alternating the
voltage across nerve cell membrane.

In neurons, the typical membrane potential maintains between -50 and
-75mV at the resting state. It depends on the cell type and the difference
of ionic concentrations between the intracellular and extracellular
environments. This value is defined by an uneven distribution of
different ions across the membrane and termed the resting membrane
potential.'?> Generally, K" ions are basically found at higher
concentrations within the cell than outside, whereas Na* and Cl™ ion
concentrations are higher in the extracellular space.® There are also
organic anions, found in proteins and amino acids, inside the cell and
these negatively charged molecules cannot travel freely through the
hydrophobic regions of the membrane. The resting membrane is more
permeable towards K* than the other ions in the nerve cells, so the
resting potential is nearest to the equilibrium potential of K" ions and
the voltage is around -75 mV. The Na'/K* pump, an ATPase, helps to

3



CHAPTER 1. Introduction to cellular communication

establish the concentration gradients via active transport by pumping
K™ ions into the cell and excess Na* ions out of the cell, which maintains
the membrane potential.

Overshooting phase

+40

Repolarization

Depolarization "
/ (Falling phase)

0 (Rising phase)

Membrane potential (mV)

o Hyperpolarization
Hypopolarizatio (Undershooting phase)
Threshold -55- /
Resting 70 \/__—
potential
2 4 Time (ms)

Figure 2. Diagram showing different phases of an action potential in
relation to the membrane voltage over time.

An action potential is successfully generated if a stimulus can increase
the membrane potential to reach a certain threshold, usually around -50
to -55 mV. Moreover, action potentials are described as ‘all or none’,
as subthreshold stimuli will not give any changes while threshold or
suprathreshold stimuli can trigger an action potential at the axon
hillock. All different stages of an action potential are shown in Figure
2. The initial increase from the resting potential to the threshold
potential is called hypopolarization. At the potential of -55 mV, the
voltage-gated Na" channels are activated and cause a large influx of Na*
ions during the depolarization process or rising phase. The membrane
potential becomes more positive until reaching the equilibrium
potential of Na*, around +55 mV, as the overshooting phase. After that,
the voltage-gated Na" channels begin to close and the voltage-gated K*
channels are open, which enables K ions to leak out of the cell. The
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membrane potential is decreased and becomes more negative in the
falling phase or the repolarization due to the migration of positive K*
ions to the extracellular fluid. This progress will not stop until the
voltage is lower than the default resting potential, shown as the
undershooting phase or the hyperpolarization. But soon after that, the
voltage-gated K* channels are deactivated to bring back the potential to
the resting state and the Na"/K" ATPase pumps are activated to balance
the membrane potential.

To keep the same amplitude of an action potential along the axon, the
process described above needs to be constantly replicated from the
beginning of the axon toward the axon terminal. In unmyelinated axons,
action potentials are propagated as continuous conduction, which
requires activation of voltage-gated Na® channels along the entire
length of the membrane. On the contrary, propagation along a
myelinated axon, containing fatty mostly lipid coating to insulate the
nerve cells, is referred as saltatory conduction because the action
potential needs to jump between unmyelinated gaps known as nodes of
Ranvier (Figure 1), where the voltage-gated Na" channels are clustered.
The speed of action potential propagation is particularly critical for
information communication in neurons, and it also depends on the
thickness of the axon, especially for unmyelinated axons.

Synaptic transmission is a vital process for nerve cells to communicate
and is driven by the action potential. There are two classes of synaptic
transmission: electrical and chemical. In an electrical synapse, the
membranes of two neurons are very close to each other and physically
connected by a protein channel forming a gap junction (about 4 nm
diameter) which directly allows ion currents to flow from one neuron
to the next. Therefore, signaling in electrical synapses is virtually
instantaneous and the transmission is usually bidirectional, which
means that current can diffuse in either direction across the gap
junction. Electrical synapses play an important role for synchronizing
the electrical activity in a group of neurons.

However, chemical synaptic transmission is more common and
complicated in cellular signaling. This process involves the release of

5



CHAPTER 1. Introduction to cellular communication

neurotransmitter molecules as chemical messengers in vesicles,
carrying information from the presynaptic neuron to the postsynaptic
neuron. To preserve neuronal communication, close contact between
the two nerve cells, or synaptic cleft, from 20 to 40 nm, needs to be
maintained.* When an action potential arrives at the axon terminal, it
induces the depolarization of the plasma membrane and activates
voltage-gated calcium channels in the membrane. As the concentration
of Ca®" ions is higher outside the neuron than inside, Ca** ions enter the
cell starting off a signaling cascade that allows secretory vesicles to fuse
with the axon terminal membrane. This process causes neurotransmitter
release into the synaptic cleft, also known as exocytosis, and is
described in more detail in the next chapter. Diffusion of transmitter
molecules across the synaptic cleft leads to the binding between
neurotransmitters and specific receptors on the plasma membrane of the
receiving neurons. Depending on the properties of transmitters, the
postsynaptic membrane potential is either increased, an excitation effect
to fire an action potential, or decreased, an inhibitory effect which
reduces generation of an action potential. Outside the general model,
release of transmitters is also found at extra synaptic regions including
the cell soma and the dendrites.” After synaptic transmission is
completed, neurotransmitters must be removed by different
mechanisms so that the postsynaptic membrane can receive another
signal. For instance, transmitter molecules can be degraded by
enzymes, or recycled by active transport through a transporter or
reuptake pump.°

1.3 Different types of transmitters

In order for neurons to communicate with each other, chemical
messengers called neurotransmitters need to be released in the synaptic
cleft. More than 100 distinct chemical messengers have been identified
up to date. Neurotransmitters, at the highest level, can be categorized
into two broad groups simply based on their sizes: small-molecule
transmitters and neuropeptides. Small-molecule neurotransmitters are
synthesized in the axonal terminal and are generally stored in small
synaptic vesicles while neuropeptides require more complicated
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synthesis with the formation of peptide bond and are accumulated in
large dense core vesicles. Depending on their chemical structures,
small-molecule transmitters can be grouped into four different classes:
acetylcholine, amino acids (glutamic acid, aspartic acid, y-aminobutyric
acid, and glycine), purines, and biogenic amines (dopamine,
epinephrine, norepinephrine, serotonin, and histamine). In this thesis
work, the three catecholamines including dopamine, epinephrine and
norepinephrine are mainly investigated. A schematic diagram of the
biosynthetic pathway for dopamine, epinephrine and norepinephrine is
shown in Figure 3.

/©/Y Tyrosine hydroxylase
CoOr
Tyrosine HO NH;*
DOPA decarboxylase
COoOr
HO

HO

HO NH;* Dihydroxyphenylalanine
(DOPA)
HO Dopamine B-hydroxylase l
Dopamine OH
HO NH;*
Phenylethanolamine ~ N-
methyltransferase (PNMT)
OH HO
HO N Norepinephrine
N
HO Epinephrine

Figure 3. Chemical structures of three catecholamines and their
biosynthetic pathway.
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1.3.1 Dopamine

Dopamine was discovered as a neurotransmitter in the brain by Arvid
Carlsson more than 50 years ago.’ Subsequently, Paul Greengard
provided the cellular signalling mechanisms of dopamine, and these
two pioneers were awarded the Nobel Prize for Physiology and
Medicine in 2000. As one of the major neurotransmitters in the brain,
dopamine is crucial for movement regulation,® motivation,” and
learning and memory.!? Dysfunction of dopaminergic systems leads to
different neurodegenerative disorders such as Parkinson’s disease,
schizophrenia, or attention deficit hyperactivity disorder.

Dopamine is synthesized either directly from tyrosine or indirectly from
phenylalanine, which can be converted to tyrosine by phenylalanine
hydroxylase.'"!? Regardless, the primary metabolic route of dopamine
containing two steps takes place in the cytosol as dopamine is unable to
cross the blood-brain barrier. The classical biosynthesis pathway of
dopamine was reported by Blaschko in 1939."® Firstly, tyrosine is
converted to L-3,4-dihydroxyphenylalanine (L-DOPA) by the cytosolic
enzyme tyrosine hydroxylase together with the presence of
tetrahydrobiopterin, oxygen (Oz), and iron (Fe?") as cofactors. DOPA
decarboxylase is then responsible for the conversion of L-DOPA to
dopamine, using pyridoxal phosphate as a cofactor.'* After synthesis,
the newly dopamine molecules are transferred into the acidic lumen of
synaptic vesicles via the vesicular monoamine transporter (VMAT).!
These vesicles are stored in the presynaptic terminal and dopamine is
mainly released through a process called exocytosis, which leads to a
change in receptors at the pre- and postsynaptic membranes.'>"!7 In this
way, dopamine can bind to or activate both presynaptic and
postsynaptic receptors to modulate cyclic adenosine monophosphate
generation. There are five subtypes of dopamine G-protein-coupled
receptors, D1-D5, which are classified into two families, DI1-like
receptor including D1 and D5 receptors, and D2-like receptor involving
D2, D3 and D4 receptors.'® After conducting its synaptic function,
extracellular dopamine needs to be cleaned from the cleft to terminate
signaling. It can be taken up in secretory vesicles in the cytoplasm by
the action of the dopamine transporter or monoamine transporter.®!”
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Dopamine degradation is effectively mediated by monoamine oxidase
(MAO) and catechol-O-methyl transferase (COMT) into inactive
metabolites 3,4-dihydroxyphenylacetic acid and homovanillic acid.

1.3.2 Epinephrine and norepinephrine

Epinephrine, also called adrenaline, is normally produced by the
adrenal medulla or present only in epinephrine-containing neurons in
the CNS at lower levels than the other two catecholamines.
Norepinephrine, known as noradrenaline, is predominantly generated
through locus coeruleus noradrenergic neurons in the brain or
sympathetic nerve fibers in the body, and is less abundant in adrenal
glands. Epinephrine release can cause contractions to or relaxations for
various organs while the level of norepinephrine in the brain is related
to sleep and wakefulness.?’ Together, they play an essential role to
induce the fight-or-flight response under stressful or dangerous
situations.?!

Norepinephrine is synthesized from dopamine inside synaptic vesicles.
Once dopamine is packaged in the vesicles, the conversion of
norepinephrine is catalyzed by a membrane bound enzyme called
dopamine-f-hydroxylase with the presence of oxygen and ascorbic
acid. In contrast, phenylethanolamine-N-methyltransferase (PNMT),
the main enzyme responsible for the formation of epinephrine from
norepinephrine, is located in the cytosol of the cell. Therefore, vesicular
norepinephrine needs to leave the vesicles into the cytoplasm prior to
synthesis of epinephrine. Norepinephrine is then converted into
epinephrine by the enzyme PNMT and S-adenosylmethionine as a
cofactor.?? Subsequently, the synthesized epinephrine molecules are
repackaged into the vesicles via the VMAT. Upon being secreted, these
two catecholamines can bind to membrane G-protein coupled receptors
called adrenergic receptors, which include o- and p-adrenergic
receptors. They can interact with both types of receptors; however,
norepinephrine preferably binds to o-adrenergic receptors whereas
epinephrine has stronger affinity for f-adrenergic receptors. The
majority of released epinephrine and norepinephrine can be cleared
from synapses via the reuptake mechanism. This process is mediated by
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the norepinephrine transporter and the neurotransmitters are taken up
into the presynaptic cell. In addition, epinephrine and norepinephrine
are metabolized to 3-methoxy-4-hydroxy-phenylglycol by two
enzymes MAO and COMT, the same enzymes for breaking down
dopamine.
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CHAPTER 2. Vesicles and their secretory
pathways

Intercellular communication is initiated by the generation and release
of specific vesicles with membrane-bound structures. This process is
mediated by the regulated fusion of secretory vesicles with the cell
membrane leading to release neurotransmitters, hormones,
neuropeptides, and proteins, known as exocytosis, or by constitutive
secretion of extracellular vesicles (EVs) to transport proteins, enzymes,
nucleic acids, and lipids. Dysfunction of vesicle trafficking can cause
the development of various diseases and disorders. In this chapter, the
fundamental information of different types of vesicles and their
structures is discussed. According to distinct properties of specific
vesicles, the vesicular trafficking and secretion pathways are also
summarized including conventional and unconventional processes.

2.1 Secretory vesicles

Vesicles are small and spherical compartments derived from the Golgi
apparatus. Those organelles that can store and release neurotransmitters
are known as secretory vesicles. Basically, they are categorized into two
main groups, small synaptic vesicles (SSVs) and large dense core
vesicles (LDCVs), depending on their morphology, distribution, and
release kinetics.>>2’ Both types of vesicles are responsible for different
functions in the nervous system.?®*® SSVs have a diameter of 40-60 nm
and contain classical neurotransmitters such as catecholamines,
acetylcholine, glutamate, or y-amino butyric acid. The centers of these
vesicles appear to be electron-lucent and clear in transmission electron
microscopy (TEM). In contrast, LDCVs are bigger, the diameter
between 100-300 nm, and carry neurotransmitters such as biogenic
amines, catecholamines, neuropeptides and neurohormones.?”?%-
There is some overlap in transmitter molecules between vesicle types.
Although sometime contested as an artifact of the fixation process, the
evidence is now strong that there are two compartments in LDCVs, the
halo with an electron-lucent region and the dense core with an electron-

11
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dense under TEM due to the presence of a protein core.’!*> The dense
core is comprised of various soluble materials, such as a group of acidic
proteins known as chromogranins and nucleotides. These proteins allow
accumulation of relatively higher amount of neurotransmitters (0.7-
0.9M) within the vesicles.*®> Hence, chromogranins are believed to be
associated with neurotransmitters allowing reduction of the osmolality
inside the vesicles, which could otherwise cause severe osmotic
pressure to the membrane.** 7 In addition to soluble and freely moving
transmitters, the halo is made up of additional vesicular components
including adenosine triphosphate (ATP), Ca®" ions, and H". These
molecules play an important role in maintaining an intravesicular pH of
~5.5.3849 Catecholamines can also interact with ATP in the halo to form
weak complexes which might enhance the stability of these
vesicles.*!** The structural distinction between the dense core and the
halo results in different neurotransmitter concentrations in each
region.*>* A significant fraction of neurotransmitters is tightly bound
with the chromogranins in the dense core, whereas a smaller fraction of
neurotransmitters is less strongly bound in the halo. This leads to
differentiation in release dynamics from these two compartments.*®
Figure 4 shows TEM images of SSVs and LDCVs, dense core and halo.

Figure 4. Representative TEM images from (A) single PC12 cells with
the dense core (red arrows) and halo (green arrows), (B) a cluster of
synaptic vesicles and dense cores from a simple axon terminal in rat
amygdala. Reproduced with permission from Ref 3647,
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In the CNS, SSVs are highly abundant components compared to
LDCVs, the latter accounting for only 1-2%.*° However, a large
number of LDCVs can be found in dopaminergic neurons, in
specialized brain regions like the hypothalamus, and in the sympathetic
neurons of the PNS.%° Outside the central nervous system, LDCVs can
also be found in neuromuscular junctions of for example the fruit fly
Drosophila and mammalian neuroendocrine cells, such as chromaffin
cells in the adrenal glands, and enteroendocrine cells from the crypt
epithelium.’' >3 SSVs and LDCVs exhibit distinct properties, different
speed and latencies, for release fusion upon Ca?" stimulation.
Nevertheless, regulation mechanisms of these two classes of vesicles
share converse features which is mentioned in the following section.

P

V-ATPase [

Figure 5. Schematic depiction of a secretory vesicle with three different
transporter proteins, including V-ATPase, VMAT and VNUT.
Reproduced with permission from Ref *.

A large number of various membrane-bound proteins are found on a
single vesicle. There are three main transporter proteins contributing to
maintain the regular function of vesicles. These are the vesicular
nucleotide transporter (VNUT), VMAT, and vacuolar-type H-ATPase
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(V-ATPase) and their features are illustrated in Figure 5. The V-
ATPases are ATP-dependent proton pumps localized at the plasma
membrane in a variety of eukaryotes.>>*® Many studies have suggested
that V-ATPase plays a vital role in preserving an acidic intravesicular
pH~5.5 and neutral cytoplasmic pH~7.4. The pH gradient across the
vesicle membrane is achieved by utilizing the energy harvested from
hydrolysis of ATP to adenosine diphosphate (ADP).>” The acidification
of the vesicle lumen is not only crucial to maintain the aggregated form
and optimal binding capacity of chromogranins with pI range of 4.6 to
5, but also important for the active transport of neurotransmitters from
the cytosol.’® Additionally, the other two transporter proteins, VMAT
and VNUT, utilize a pH gradient to transport ATPs and monoamine
molecules such as dopamine, respectively, into the vesicular lumen.
The function of VNUT is to import nucleotides into vesicles by
pumping in one ATP molecule per proton pumped out.”®> VMAT can
drive the uptake of one cytosolic monoamine in exchange for two
lumenal protons expelled. There are two isoforms of VMAT, VMAT1
and VMAT?2, which have been reported up to date. Despite belonging
to the same family, the two transporters exhibit many different
biological functions. Both transporters are responsible for the uptake of
cytosolic monoamines such as dopamine, epinephrine, norepinephrine,
and serotonin into vesicles, however, VMAT?2 is capable of transporting
histamine.®®®! VMAT]I is present in LDCVs of neuroendocrine cells,
including chromaffin and enterochromaffin cells while VMAT2 is
prominently expressed in neurons of the sympathetic nervous system,
and aminergic neurons in the enteric and the CNS. VMATI shows a
slightly lower affinity, approximately three to fourfold, for most
biogenic amines than VMAT?2 does.®* Moreover, VMAT?2 has a higher
turnover number than VMATI. Hence, it is an important feature to
explain the fast and slow secretion cycles of neurotransmitters in
neurons and endocrine cells.®
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2.2 The mechanisms regulating the exocytotic pathway

and different modes of exocytosis

The release of vesicular content from secretory vesicles is called
exocytosis. The process plays an essential role in maintaining proper
organelle and cell functions, including brain activities and endocrine
functions.®* Illustration of vesicular trafficking mechanism involving
exocytosis in the nerve terminal is shown in Figure 6.

Late endosome,
ynaptic vesicle lysosome

Neurotransmmer a7/ 5
uptake Uncoating

Translocation Clathrin-
coated vesicle

y Kiss-and-run ? X

Docking

Active zone

Exocytosis Ca? J'o°, Endocytosis

Figure 6. Schematic representation of the life cycle of a secretory
vesicle in a synaptic terminal. Reproduced with permission from Ref .

Vesicles are generated from endoplasmic reticulum and trans-Golgi
network of the Golgi apparatus. They cluster together in a reserve pool
but only a small portion of these vesicles (~ 1-2%) are readily
releasable.®® Interactions between vesicles and components on the
plasma membrane, or docking, is believed as the first step for
exocytosis. Although many proteins have been identified to be involved
in this step, the docking mechanism is not yet well established. The
following step is called priming in which vesicles wait for a signal from
rapid influx of Ca** ions to initiate the secretion. After exposure to the
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trigger signal, a fusion pore is opened to allow neurotransmitters to
diffuse into the extracellular environment. These three steps, docking,
priming, and fusion, generally involve a variety of proteins to disrupt
the intrinsic stability of the vesicle and the plasma membranes. The
process is mainly driven by the soluble N-ethylmaleimide-sensitive-
factor (NSF) attachment protein receptor (SNARE) proteins, including
synpatobrevin, a vesicle bound (v-SNARE) membrane protein, and two
plasma membrane proteins, syntaxin and SNAP25, or known as target
SNARESs (t-SNARESs). Another protein from the Secl/Munc-18 family,
Munc-18, is capable of binding to syntaxin to induce the formation of
the SNARE complex that pulls the vesicle and plasma membrane close
to each other before fusion. Once vesicles are primed, synaptotagmin,
a vesicle anchored protein, triggers the initiation of a fusion pore in
response to the opening of Ca*>* channels on the plasma membrane.®’ In
addition, synaptotagmin can also bind both SNAREs and
phospholipids, which is suggested to accelerate the full SNARE
zippering.®® As the fusion pore opens, it allows neurotransmitters to
escape and fuse into the synaptic cleft. After undergoing exocytosis, the
reuptake or breakdown of chemical messengers is mediated by specific
receptors and enzymes on the plasma membrane. Thereafter, vesicles
are recycled via a process called endocytosis and the SNARE complex
needs to be disassembled by ATPase NSF protein. Endocytosis can be
classified into two different pathways, fast or slow mechanisms. Rapid
rates of endocytosis have been indicated in the nerve terminal, which
occur within several seconds, and kiss-and-run vesicle turnover has
been suggested as a faster mechanism.®’" Clathrin-mediated
endocytosis is thought to happen slowly with a time constant of seconds
to minutes.”!

Although the concept of the secretory vesicle recycling was introduced
in the early 1970s, the destiny of these vesicles after fusion continues
to be a matter for investigation and debate. It was postulated that
vesicles could rapidly release all neurotransmitters and proteins and
flatten the vesicle membrane into the plasma membrane. This full
release mode was believed to be the only mechanism for exocytosis.
However, transient capacitance of plasma membrane in mast cells was
first observed from patch-clamp measurements. The detection of
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flickering changes in the cell surface also suggested the formation of
reversible fusion.”> Additionally, the characteristic of the fusion pore
has been validated by amperometry, which quantified low levels of the
transmitter release during capacitance flickering. Altogether, these
observations led to the indication of a second mode of secretion known
as kiss-and-run.”>’* In this mode, an initial fusion pore is relatively
small and stays open for a very short time, the vesicle releases a small
amount of its content and closes. A variation of release models between
the full release and kiss-and-run mode have been reported.*>’>7¢
Consequently, a third mode of exocytosis called partial release, an open
and closed mechanism, has been proposed and suggested to be the most
dominant mode during general exocytotic processes.”’ A small fusion
pore expands and then remains open for a longer time, but not
completely, in the partial release mode compared to kiss-and-run. This
results in a larger number of transmitter molecules being secreted from
the vesicles. Illustrations of these three release modes are depicted in
Figure 7. Another variation of exocytotic release, known as the
flickering mode, has been found in neurons where the release of
chemical messengers is regulated via rapid flickering of the fusion
pore.”$7
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Figure 7. Three different modes of exocytosis: full release, partial
release, and kiss-and-run. Reproduced with permission from Ref .

The plasticity of neuronal communication, involved in the formation of
learning and memory, can be sorted into pre- and postsynaptic
mechanisms.?!"%? One of the most important pathways of presynaptic
plasticity is related to the alteration of amount of transmitter released
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per vesicle.*!** The discovery of partial release as an exocytotic model
provides more possibilities to study the regulation in the fusion process
of exocytosis. Due to the high order complexity of vesicular secretion,
many studies have been carried out to characterize vesicular structures
under effects of pharmaceutical treatment or cellular activity.

2.3 Extracellular vesicles and their biogenesis

In addition to conventional synaptic neurotransmission, neural cells can
communicate via the release of extracellular vesicles (EVs), which
participate in manipulation of neurobiological functions including
synaptic plasticity.®® EVs are a cluster of heterogenous nanometer sized
organelles secreted constitutively into the extracellular environment by
a variety of organisms and almost in all cell types.**3¢ They are
conventionally classified into two main groups: exosomes and
ectosomes, depending on their biogenesis. The term exosome was
adopted to describe the formation of vesicles generated from
intracellular endosomes and released by reticulocytes in 1987.%
Exosomes are originally produced from multivesicular bodies with an
average diameter of 30-150 nm.%®*° Ectosomes, or microvesicles, are
generally referred to as 100-1000 nm vesicles derived by direct budding
from the plasma membrane.”' Small EVs with an approximate diameter
of 50-100 nm are abundantly found in biological fluids. Medium sized
EVs, 200-800 nm in diameter, are also present in smaller amounts. The
least abundant population of EVs are large EVs, more than 1um in size,
including apoptotic bodies, large oncosomes,” secretory
autophagosomes,”® cytoplast,”* migrasomes,” and exophers.”®

Exosomes and ectosomes employ different mechanisms of biogenesis;
however, both involve membrane trafficking processes. The formation
of these EVs is illustrated in Figure 8. Exosomal vesicles are generated
via the endosomal pathway. Early endosomes usually take place outside
the cytoplasm whereas late endosomes occur inside the cytoplasm, near
the nucleus. Intraluminal vesicles are accumulated in the lumen of
endosomes during their maturation. The intraluminal vesicles are
generated by the inner membrane of endosomes and stored in
multivesicular bodies. Many multivesicular bodies play a primary role
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as an intermediate to ensure the general degradation in the lysosomal
pathway. In most cells, they can undergo fusion with lysosomes, which
contain lysosomal hydrolase, resulting in the discharge and digestion of
their intraluminal vesicles in the lumen of lysosomes. By contrast,
organelles with hallmarks of multivesicular bodies, such as
tetraspanins, lysosomal-associated membrane proteins, and other
cytosolic proteins, can liberate their content into the extracellular milieu
and fuse with the plasma membrane.”” Exosomes have been found to
facilitate myelin formation, neurite growth and neuronal survival in the
CNS.%%190 Additionally, pathogenic proteins including beta amyloid
peptide and alpha synuclein have been identified in exosomes secreted
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Figure 8. Schematic representation of biogenesis of two different types
of EVs.
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In contrast to exosomes, ectosomes are derived directly by an outward
budding at the plasma membrane. Therefore, they also contain similar
proteins as the cytosolic and plasma membrane, including tetraspanins
which are known to cluster on surface of the plasma membrane. The
amount of tetraspanins has been determined to be 100-fold higher in the
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vesicles compared to the cell lysate.!%*!% Other common proteins found
in these organelles are cytoskeletal proteins, heat shock proteins,
integrins, and proteins containing post translational modifications, such
as glycosylation and phosphorylation.!% 197 The lifespan of ectosomes
is much shorter than exosomes and intracellular ectosomes can survive
only during their generation.

Secretion of EVs was initially regarded as membrane debris to eliminate
obsolete compounds from cells with no real biological
significance.'’1% However, both types of EVs play pivotal roles in
cellular physiology and pathology as they have the ability to package
active cargo containing proteins, lipids, and nucleic acids, and transport
it to another cell that leads to the alteration of the recipient cell’s
function.''® Although exosomes and ectosomes possess different
mechanisms of biogenesis and secretion, both involve membrane
trafficking processes. The two classes of EVs have similar intracellular
mechanisms in which their components are sorted in their membrane of
origin into small cargos. However, the formation of exosomes depends
on the fusion of multivesicular bodies with the plasma membrane. The
accumulation of biological materials is modulated by the cytosolic
endosomal sorting complex required for transport (ESCRT) machinery
from the plasma membrane and endosomes to the budding intraluminal
vesicles.!"!"!'3 There are four ESCRT complexes, each containing
several subunits, and they play distinct roles not only in the biogenesis
of intraluminal vesicles but also in protein sorting, particularly for
ubiquitinated cargos.!'* ESCRT-0, can sequester and interact with the
ubiquitinated proteins, while ESCRT-I, II initiates local budding from
the endosomal membrane. These complexes are vital for cargo sorting.
ESCRT-III takes part in protein deubiquitination and the formation of
intraluminal vesicles to become exosomes. Intraluminal vesicles remain
within multivesicular bodies for a considerable time, which leads to the
delayed release of exosomes. The exocytotic fusion of exosomes, like
that in conventional exocytosis of secretory vesicles but without any
stimulation, is driven by a SNARE complex that includes vesicle
associated membrane protein 7 (VAMP7) and the v-SNARE associated
with most endosomes.!!>!'® After fusion, the limiting multivesicular
body membrane merges with the endosomal recycling system whereas
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the intraluminal vesicles escape from multivesicular bodies as
exosomes to the extracellular environment.'!”-!'® On the other hand, the
shedding of ectosomes causes the removal of small portions of the
plasma membrane. Ectosomes can accumulate larger numbers of cargo
proteins in their lumen compared to intraluminal vesicles. The ESCRT
machinery is also involved in the assembly and budding of ectosomes,
and ESCRT-III is crucial for the pinching off and secretion processes.'!”
Besides ESCRT, binding between cytoplasmic proteins and the plasma
membrane is required for the assembly of ectosomes. Interestingly,
these proteins are specific for the interaction of ectosomes with the
plasma membrane and are not present in intraluminal vesicles assembly
at multivesicular bodies.'?*!?! Due to direct budding from the plasma
membrane, the release of ectosomes does not require exocytosis. On
release, some EVs do not remain intact and break down and release their
contents into the extracellular space. In many cases, EVs discharge their
vesicular components to the recipient cell cytoplasm by direct fusion
with the plasma membrane.

In recent years, various studies have been carried out to investigate the
extraordinary therapeutic potential of EVs to understand the underlying
molecular mechanisms associated with EVs biogenesis, uptake, and
biochemical properties in intercellular communication. EVs are
considered to be promising targets in the diagnosis and therapy of
diseases, particularly cancer. Moreover, the greatest interest of EVs is
their role in advanced medicine, whereby they can be employed to
identify biomarkers, improve diagnosis, and deliver bioactive
molecules of drugs and human gene therapies.!'?*> 1%°

Due to the high complexity of conventional and unconventional
secretion, it is necessary to develop simple biological models to address
different aspects related to cellular exocytosis. In the following section,
cell models and other common biological platforms are mentioned in
detail.
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The CNS is considered to be one of the most complicated and
captivating organs in mammalians. For centuries, neuronal cells, the
primary functional units of the CNS, have attracted the attention of
many scientists because many of the neurodegenerative diseases and
disorders are associated with their functional deficits.!?® However, the
human brain and living neurons are not easily approachable either in
vitro or in vivo. Thus, simplified biological systems such as animals or
different cell types are employed to overcome this pitfall. This chapter
includes detailed information about the two endocrine cell models,
pheochromocytoma (PC12) cells and chromaffin cells used in this
thesis, and a brief introduction of other prevalent biological models.

3.1 Chromaffin cells

Chromaffin cells are found in the adrenal glands, endocrine organs
located in the upper region of the abdomen the above the kidneys. The
adrenal medulla is commonly originated from rats, mice, and cows but
sometimes it can be obtained from other sources such as guineapig, cat
and even human.'”’"'? Chromaffin cells are typically cultured as
primary cells and they can express a variety of receptors and ion
channels depending on the origin of animals.!?*!3° There are two major
classes, either epinephrine or norepinephrine cells based on the
secretion of neurotransmitter type.'3! It is because of the presence of an
additional enzyme PNMT that helps to induce the conversion of
norepinephrine to epinephrine. A mixed population of epinephrine and
norepinephrine cells is present in cultured chromaffin cells.

High extracellular K" concentrations can directly cause the
depolarization of the chromaffin cell membrane and open the Ca®*
voltage channels which evoke catecholamine secretion. In chromaftin
cells, catecholamines (mainly contain norepinephrine, epinephrine) are
stored in LDCVs, also called as chromaffin granules. These granules
contain a variety of other substances, such as peptides, including
encephalin and neuropeptide Y, and proteins, chromogranins and
secretogranins.’®!'  Chromogranins, or granins, are the main protein
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making up the intravesicular matrix, accounting for more than 80% of
the soluble protein in the intracellular environment, and it is capable of
binding catecholamines to concentrate large amount of amines without
changing the vesicle size.'*> There are three classical types of granins,
consisting of chromogranin A, chromogranin B or secretogranin I, and
chromogranin C or secretogranin II. They can also act as sorting
proteins to regulate the secretory pathway which contributes to the
formation of vesicles. Another essential aspect of chromogranins is
their ability to bind Ca?" with low affinity but high capacity (32-93 mol
of Ca**/mol).!*3 They can form aggregates at low pH in the presence of
Ca”*. In the trans Golgi network area with mild pH and high amount of
Ca?*, chromogranins tend to link to each other or other granule
constituents such as ATP, catecholamines, or other proteins. This is
how the dense cores can be assembled and recognized as electron-dense
content in electron micrographs. Taken together, the chromogranin
family is considered to be a pivotal modulator for the regulated
secretory pathway and DCVs biogenesis in neuroendocrine cells.

200 nm 50 nm

Figure 9. TEM images from a primary bovine chromaffin cell (A),
preserved large dense core vesicles (B), and a large dense core vesicle
at the docking stage to prepare for exocytosis (C). Reproduced with
permission from Ref 34,

LDCVs are specialized secretory vesicles and have been exploited as a
model for in-depth study of dense core biogenesis as about 13.5% of
the cytoplasmic volume of the chromaffin cell is constituted by these
vesicles.!*>!13 Each chromaffin cell isolated from the adrenal medulla
has about 10 000 vesicles. Figure 9 illustrated a bovine chromaffin cell
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with preserved LDCVs and a LDCV docked at the plasma membrane
potentially about to release.

As a primary cell line, chromaffin cells more closely resemble healthy
cells in vivo. LDCVs in chromaffin cells are much larger than those in
PC12 cells and contain more catecholamine neurotransmitters, so this
makes it simpler to quantify vesicular content and chemical messenger
release by electrochemical techniques. However, since animal tissues
are comprised of several different cell types, the preparation and culture
of this cell line is much more challenging compared to the use of
immortal cell lines. Primary cultures have a short lifespan, several days,
and the number of cells available is also limited and reduced over time.
Moreover, another important consideration is related to ethical
approvals when performing experiments with animals. Finally,
heterogeneity, batch to batch differences between adrenal glands, is also
an important factor that needs to be considered for data analysis and
interpretation.

3.2 PC12 cells

Together with chromaffin cells, PC12 cells, an immortalized
neurosecretory cell line, are one of the most commonly used cell models
for the study of neuronal transmission. PC12 cells are an established
cell line derived from a pheochromocytoma cyst of the rat adrenal
medulla. This cell type was first isolated in the Lloyd Greene lab and
published in 1976.137 These cells can synthesize, store, and secrete
appropriate quantities of catecholamines.!*® Unlike many other
chromaffin cells, epinephrine is undetectable in PC12 cells due to the
lack of PNMT, the main enzyme responsible for the conversion of
norepinephrine to epinephrine. However, an abundance of dopamine
has been determined in many sublines of PC12 cells by using high
pressure liquid chromatography and capillary electrophoresis.!*" 4! A
small amount of norepinephrine can also be found in some cells. These
two neurotransmitters are stored in LDCVs, which are generally smaller
and contain lower concentration of catecholamines than those in
chromaffin cells.'*” Moreover, some studies have reported the
probabilities of two distinct classes of dense core vesicles, which are
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different in size and vesicular content.!*>!43 Alongside catecholamines,
acetylcholine is also present within the cellular environment inside
small clear vesicles in PC12 cells.!** Figure 10 shows some TEM
images of PC12 cells with electron dense LDCVs.
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Figure 10. TEM image of a PCI12 cell and visible LDCVs (A) and
docked LDCVs can be observed underneath the plasma membrane
waiting for the signals to start fusion (B). Reproduced with permission
from Ref 43,

There are two commercial variants of PCI12 cells, well-attached
adherent, and suspension cells. The PC12 cells in suspension grow as a
cluster of floating cells with small and irregular shapes. They can
develop neurite outgrowth resembling sympathetic ganglion neurons in
the presence of nerve growth factor (NGF) and this process also
requires the cells to be adherent. In contrast, adherent cells can be grown
on plastic surfaces like culture flasks/dishes or an appropriate coating
to form monolayers. Some widely used reagents for coating are poly-
L-lysine (PLL), poly-D-lysine (PDL), fibronectin, laminin, and
collagen (type I and IV).!46147 Despite taking more time and higher cost,
adherent PCI12 cells are more functional for certain types of
experiments, which demand the cells to be immobilized, e.g., electrodes
need to approach single cells on their surfaces in some electrochemical
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methods. Thus, the selection of proper PC12 cell types is dependent on
experimental conditions and hypotheses.

One of the most conspicuous features of PC12 cells is the capability to
differentiate into sympathetic nerve-like cells under the influences of
NGF. Additionally, they can synthesize acetylcholine and can make
cholinergic synaptic contacts like the primary cultures.'*® Acetylcholine
is not only a neurotransmitter involved in cognitive functions but also
takes part in learning and plasticity. There are two types of
acetylcholine receptors: cholinergic M, or muscarinic, receptors and
cholinergic N, or nicotinic, receptors. Both families of receptors
contribute to regulate the cognitive functions, particularly nicotine
receptors have great impact in Alzheimer’s disease by interactions
between their subtypes and amyloid beta.!**!5% N-methyl-D-aspartate
receptors, glutamate-gated cation channels with high calcium
permeability, are present on the PC12 cell membrane. These receptors
can interact with neuronal proteins such as amyloid B-peptide/amyloid
precursor, o-synuclein protein, and tau protein.'*"!5? Consequently, the
neurosecretion process can be manipulated via interfering
catecholamine synthesis, vesicular and plasma membrane uptake. '3!3
Altogether, the PC12 cell line possesses many especially important and
striking features to study pathological molecular mechanisms of
dementia such as Alzheimer and Parkinson’s disease.

For a half century, PC12 cells have been exploited as useful model
systems in neurobiological research, including neurotoxicity,
neuroinflammation, neurotransmitter secretion, and differentiation
methods. These cells allow easy manipulation and are capable of
continuous replication as they are tumour derived or known as immortal
cells. But the major disadvantage of the cell line is that they can
proliferate indefinitely and sometimes generate unusual gene patterns,
which cannot be found in any cell types. Furthermore, cell
characteristics can also be changed after multiple passages and become
more different from original ones. This leads to deviations and
difficulties in comparing between different data sets. Therefore, it is
crucial to regularly evaluate the properties of cultured cells and not use
cells that have been propagated too many times.
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3.3 Other models

In addition to the two major cell types described above that have been
employed for experimental study in this thesis, there are several
biological models available for neuroscience research. In vitro models
have been established to provide a simplified system to understand
neuronal cell development, biological function, and interaction with
other cells. Immortal cell lines are widely used in laboratories across
the world because they are relatively easy to maintain, commercially
available and can replicate indefinitely. Some examples of these
common cells are Chinese hamster ovary (CHO) cells, human
embryonic kidney 293 (HEK-293) cells. Another popular cell model is
primary cells, those that are isolated directly from living tissues or
organs. They preserve many similar characteristics and functions as the
tissue of origin and therefore closely represent the in vivo state and
exhibit normal physiology. There are several cell types in research such
as epithelial cells, endothelial cells, hematopoietic and mesenchymal
stem cells. In addition, three dimensional neuronal organoids derived
from stem cells are providing exciting new models for CNS studies in
vitro as a more precise representation can be carried out in a highly
specialized manner.

The use of model organisms or animals is more common in the
behavioural sciences, providing insights into the structure and function
of the nervous system. Mice and rats are the most widely used due to
their genetic similarities to humans and a variety of genetic
manipulations available. Fruit flies, Drosophila melanogaster, have
been exploited as a model organism in the field of genetics and
development biology as they contain relatively simple genome
compared to mice and rats and short life cycle for reproduction, taking
10 to 14 days to produce a new generation. Furthermore, zebrafish,
Danio rerio, and nematodes or round worms, Caenorhabditis Elegans,
are also used for neuronal development and social behaviours.

Generally, the above mentioned biological models offer different levels
of complexity, allowing one to address various aspects of neuroscience
research. Depending on the specific research questions and goals of
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study, the choice of appropriate model is determined, based on
advantages and disadvantages of each modelling system.
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CHAPTER 4. Analytical methods to characterize

vesicular structures

Vesicles are one of the main organelles responsible for cell-to-cell
communication due to their crucial roles in physiological and
pathological processes. Over recent decades, understanding the
relationship between vesicle structure and function has attracted
widespread interest. Therefore, various technologies and methods have
been employed to determine different characteristics of vesicles. This
chapter aims to introduce in detail different electrochemical approaches
that have been developed to investigate physiochemical properties of
vesicles such as size distribution, vesicular content, neurotransmitter
release and concentration of metabolites or transmitters in vesicles.

4.1 A brief introduction of electrochemical analysis to

investigate vesicular properties

In the 1950s, measurement of the spontaneous synaptic potentials on
the transmission at the frog neuromuscular junction led to the
establishment of the quantal release of neurotransmitter.!>1%
Subsequently, these experimental observations led to formulation of the
quantum hypothesis, in which transmitter release from vesicles was
quantized, by Martin in 1966.">” Improvement of patch clamp
techniques was successfully implemented to record a tiny area of the
plasma membrane, with capacitance changes caused by the exocytotic
and endocytotic processes.'>®

In the 1990s, amperometry with carbon fiber microelectrodes was first
introduced to monitor chemical release from bovine adrenal chromaffin
cells in vitro by the Wightman lab."” Together with cyclic
voltammetry, the temporally resolved current spikes were revealed due
to exocytosis of individual vesicles.'®® Both electrochemical techniques
have been employed to detect vesicular events and characterize
exocytosis.!®162 In 2015, the two methods named vesicle impact
electrochemical cytometry (VIEC) and intracellular vesicle impact
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electrochemical cytometry (IVIEC) were reported by the Ewing
group.!91%* These can be used to quantify vesicular content both
outside and inside cells, respectively.”!® Development of VIEC with
carbon nanopipettes (CNPs) has allowed simultaneous determination of
vesicular size and their content with these confined electrodes (paper
I). Subsequently, using a similar method, IVIEC with CNPs was
utilized to quantify the catecholamine content and release kinetics of
vesicles in bovine chromaffin cells after exposure to L-DOPA (paper
D).

4.2 Single cell amperometry

4.2.1 Principles of amperometry

Amperometry was initially employed to measure secretion in whole
tissue samples, e.g., exploring neurotransmitter release in the brain, in
the biological science.'®>1% This method has been used to study the
release of neurotransmitters and hormones in brain tissue and cerebral
spinal fluid since the early 1970s.! Single cell amperometry (SCA)
was first described in 1990 and soon became a powerful tool to study
the mechanisms underlying vesicle secretion from cells.'” The
potential is in this case kept constant while the flow of current is
measured. Any changes in current results from the oxidation of
electroactive molecules present inside vesicles, which can provide
valuable information regarding the mechanisms regulating this
coordinated cell secretion.

In the modern version of the SCA technique, a microelectrode with a
diameter of 5 — 10 um, beveled at a 45° angle, is positioned in close
proximity to the plasma membrane as shown in Figure 11A. The
arrangement is regarded as a simplified illustration of a synapse since
the electrode can be considered as a receiving cell. The electrode is held
at a constant potential (~700 mV for catecholamine oxidation), the
release of oxidable substances such as dopamine, epinephrine, and
norepinephrine can cause a concomitant change in the current as a
function of time. The secretion of these chemical messengers can be
triggered with or without stimulation to measure release from secretory
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vesicles or release of EVs, respectively. To measure release from
secretory vesicles, an electrical or chemical stimulus needs to be applied
in order to increase the intracellular Ca?* concentration. This triggers
the vesicle fusion initiating exocytosis. A glass pipette filled with
stimulation solution can be set close to the cell surface for chemical
stimulation (Figure 11A). Stimulation solution with a high
concentration of K* is commonly used. Under resting conditions, cells
are incubated in isotonic solution, which is similar to the extracellular
environment. Hence, there is no current flow as no oxidable molecules
are present at the electrode surface. The isotonic solution contains a
high concentration of Na" ions and a low concentration of K* ions,
whereas the stimulation solution is comprised of a high concentration
of K" and a low concentration of Na". When the stimulation solution is
applied to the cell surface, the cell membrane is depolarized due to the
disruption of the ionic gradients across the membrane, and this initiates
vesicle fusion. The released transmitters can diffuse close to the
electrode surface, and these molecules are oxidized by transferring
electrons to the electrode. This process results in a flow of current which
can be measured and recorded as current transients for each exocytotic
event.!”

The charge for each event can be quantified to determine the number of
moles N released. The charge Q, obtained from the time integral of the
spike, is directly proportional to the number of released molecules
during the event, as described in Faraday’s law. In the equation, n is the
number of electrons transferred during the reaction (n=2 for the
oxidation of catecholamines) and F is the Faraday’s constant (96 485
Cmol ™).

_ 0

T nF

In addition to the quantitative information, the amperometric spike also
provides dynamic information about the release event. Different
parameters of a single spike are indicated in Figure 11B. The half width
(ti2) is the width of the peak at its half maximum amplitude and
indicates the duration or the stability of the fusion pore. The rise time
(trise) 1s the time measured for the spike to rise from 25% to 75% of the
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height and represents opening duration of the fusion pore or the rate of
pore expansion. The fall time (trn) is the time required for the spike to
fall from 75% to 25% of the height and specifies the rate of diffusion
intermixed with a possible closing of the fusion pore. The maximum
current (Imax) 1s the maximum amplitude measured from the baseline to
the highest point of the spike. Imax is not well understood yet in
exocytosis, but probably indicates the fusion pore size during the
release event.

I'max

A

Stimulation pipette

Figure 11. A schematic presentation of SCA measurement for
measuring transmitter release from a single cell (A) and illustration of
an amperometry peak with different kinetic parameters (B).

Amperometry is a non-invasive method with high sensitivity and high
temporal resolution (sub millisecond). It is assumed that this technique
does not affect normal function of the cell or the secretory responses.
Another major advantage of amperometry over other techniques is the
ability to provide direct quantification of secreted chemical molecules.
However, amperometry is only applicable for oxidable molecules and
unable to discriminate between different substances, which can be
oxidized at the same potential. Another drawback comes from the
limitation of the electrode size that is typically used, which causes the
lack of spatial resolution. These obstacles can be solved by using
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enzymatic biosensors for non-electroactive neurotransmitters'*® or
arrays of smaller electrodes to enhance spatial resolution.!¢°-17!

4.2.2 Applications of SCA

Taking advantage of great temporal resolution and high sensitivity, as
well as quantitative capability, amperometry has been shown to be a
powerful technique in the study of vesicular secretion. It has been used
to investigate exocytosis process in many cell types, including primary
cultures, nerve cells, synapses, and other secretory cell models such as
chromaffin cells, PC12 cells, mast cells, and pancreatic p cells.!”
Moreover, Drosophila is also considered as a typical model to examine
the exocytotic release in vivo and octopamine release from the
neuromuscular junction has been described in a live, dissected larval
Drosophila.'” Quantal release of catecholamines was observed from
axonal varicosities of midbrain dopamine neurons containing SSVs!™
and on the surface of somas of cultured neurons.'” The secretion of
norepinephrine from single synapses has been successfully measured
and reported.!’® In addition to exocytosis of secretory vesicles,
amperometric detection has been developed for determination of
exosomes and dopamine-containing exosomes are successfully
detected from Hela and PC12 cells.!”” In a new twist of this area,
neurotransmitters from single exosomes of chromaffin cells have been
captured and quantified by amperometry as discussed in paper III.
These studies also include discrimination between exosomes and other
EVs showing the release of transmitter molecules via exosomes.

Furthermore, amperometry has been used to study the effects of various
drugs on exocytotic release. The glycocalyx was reported as an
important  factor for controlling and hindering neuronal
communication.!”® The effect of latrunculin A, an inhibitor of actin
cross-linking, was investigated on exocytosis in PC12 cells.!”
Exocytosis is inhibited at a high concentration of tamoxifen while low
levels of tamoxifen can stimulate the exocytotic process.'®® Zinc,
present in neurotransmitter-containing vesicles with a high
concentration and plays a key role in the CNS, changes vesicular
structure, fusion pore, and the rate of neurotransmitter release.'®' These
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papers mentioned above are only a few representative examples among
tremendous applications utilizing amperometry as one of the
outstanding techniques to measure the impact of exocytosis.

4.3 Vesicle impact electrochemical cytometry and

intracellular vesicle impact electrochemical cytometry

4.3.1 Methodologies of VIEC and IVIEC

Information about content of vesicles must be retrieved to fully
understand the mechanism of the vesicular release process. Flow
vesicle electrochemical cytometry was the first method developed to
quantify  individual vesicular neurotransmitter content. The
combination of capillary electrophoresis, microfluidics, and
electrochemical detection allowed detection of single dopamine-
containing liposomes.'®? In the hybrid device, isolated vesicles were
separated according to their size and charge by capillary
electrophoresis. Vesicular contents were released by the application of
a sheath flow of lysis buffer and were measured by using end-column
detection with a carbon fiber amperometry electrode. Furthermore,
direct comparison of the total catecholamine content in vesicles versus
the conventional amperometric release at single PC12 cells revealed
that vesicles release only 40% of their entire neurotransmitter content
during exocytosis.!®* Dopamine molecules were then counted at an
average of 33000 per vesicle from mouse brain tissue, which is higher
than the amount of transmitter content at cultured neurons during
quantal release.'® These findings indicated an interesting possibility
that exocytotic release proceeds in an incomplete manner and
strengthen the hypothesis of a partial vesicular release mode with only
a fraction of quantal content expelled.

VIEC was then developed to eliminate the separation step and simplify
quantification of vesicular content without addition of lysis buffer by
the Ewing group in 2015.'% In this method, vesicles were isolated from
cells or tissues, but instead of separating vesicles before measurement,
detection was obtained by placing a 33-um disk-shaped carbon fiber
electrode in a suspension of isolated vesicles. Vesicles adsorb onto the
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electrode surface and consequently release their contents against the
polarized electrode with the membrane opening via electroporation.
The chemical cargo from a vesicle is oxidized and can be recorded as
an amperometric spike due to the applied potential on the electrode.
Rupture of each vesicle is represented by one spike in an amperometric
trace. In the initial experiments, the most abundant distributions of
current transients come from the rupture of single vesicles accounting
for 86% of all amperometric spikes, leading to the ability to quantify
single vesicle events.!®® The capability to study the effects of various
drugs on vesicular structures without any interferences from other
cellular organelles is considered to be an important advantage of this
technique. However, interactions between vesicles and other
intracellular compartments are also crucial to fully understand the
behaviours of vesicles within their natural environment. Furthermore,
vesicles with smaller size can be depleted and vesicular content might
leak during the vesicle isolation process. Due to these limitations, it was
important to establish an in situ method to evaluate the cellular response
of vesicles without changing any environmental surroundings, in which
the cell is treated as an intact system.

The intracellular version of VIEC, called IVIEC, was developed to
directly measure neurotransmitter content in individual vesicles in the
cytoplasm of live cells.!®® A nanotip conical carbon fiber electrode with
50-100 nm diameter obtained by flame-etching was employed to
penetrate the cell membrane with minimal damage and expose the
electrode surface to intracellular vesicles. The IVIEC technique is
similar to the VIEC method as they are both based on the same
principles. In the case of IVIEC, vesicles inside the cytoplasm are
adsorbed on the electrode surface and subsequently rupture by
electroporation to discharge their contents. This allows transmitter
oxidation for quantification. Quantitative modelling of collection
efficiencies from nanotips and disk-shaped electrodes demonstrates that
the amount quantified by IVIEC is the same as that in VIEC.'®
Therefore, IVIEC can capture 100% of the vesicular content which
provides a reliable method for measuring transmitter storage in single
vesicles. The distribution of catecholamine content can be compared
with the molecular distribution obtained from the exocytotic release
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using SCA. It has been shown that about 64% of chemical messenger
molecules was released in a vesicle during regulated exocytosis from
PC12 cells.'® Once again, the prevalence of the partial release mode
has been shown, in which vesicles are not fully open to prevent
discharge of their entire vesicular storage.

4.3.2 VIEC and IVIEC with open carbon nanopipettes

CNPs have been successfully developed for performing real time
quantitative measurement within a single cell. Their diameters can vary
from ten to a few hundred nanometers.!®3°! Fabrication of these
nanopipettes utilizes quartz or borosilicate glass capillaries as the
precursor. The selection of using quartz versus borosilicate is mainly
defined by the pore size and properties of the inner surface for specified
experiments. Although borosilicate is easy to manipulate, the soft
nature of the glass makes it challenging to construct pipettes with
diameters smaller than 80 nm. On the other hand, quartz is more durable
and can be used to produce pipettes with various diameters including
ultrasmall pipettes with orifice sizes down to 10 nm.!*?> Additionally, a
quartz pipette possesses significantly less noise than that made from any
other glasses due to its low dissipation factor of ~10* and dielectric
constant of 3.8.'% Therefore, quartz is suitable for both intracellular
single cell and electrochemical applications because of the low
electrical noise and high mechanical strength.!** In this thesis, quartz
pipettes have been utilized to simultaneously investigate vesicle sizes
and vesicular content at a single cell level.

The first development of carbon-based pipettes was reported by Kim
and coworkers, who were able to accumulate multiple layers of carbon
on the inside and outside of aluminosilicate pipettes by using catalytic
carbon vapor deposition.'® Four years later, Singhal et al. successfully
fabricated CNPs with noncatalytic chemical vapor deposition with pore
sizes ranging from 10 nm to 200 nm.'3® Capillaries were heated and
pulled into two near-identical conical pipettes by using a laser pipette
puller. A gas mixture containing a carbon source (methane) and a carrier
gas (argon) was injected into the pipettes while placed in a furnace at
880-950°C. Methane was decomposed into carbon at this high
temperature and deposited as a several nanometer thick layer inside
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these quartz pipettes with an open path in the middle, giving the name
open CNPs. The deposition process can take place continuously over
times of 30 minutes, allowing manipulation of fluid flow and ionic
current sensing. CNPs can be used to simultaneously record the ion
current through the pipette and the current derived from oxidation or
reduction of chemical molecules on the carbon surface.

A +/ -

transmitter
release

J\ B

P

f

Figure 12. A schematic presentation of two different applications of
CNPs to measure isolated vesicles by VIEC (A) and to directly quantify
vesicular content in a single cell by IVIEC (B).

Open CNPs have been employed in the electrochemical determination
of catecholamines.'®191% A schematic of VIEC and IVIEC
measurements with open CNPs is depicted in Figure 12. Isolated
vesicles or intracellular vesicles are small enough to diffuse through the
pipette orifice and release their content on the inner wall of the pipette.
The CNP tip is dipped in vesicle suspension to carry out VIEC or
inserted into the cytoplasm to carry out IVIEC. The thin layer of carbon
makes it effective for vesicles to adsorb and rupture by electroporation.
The oxidation of messenger molecules from individual vesicles are
recorded as current transients and each spike represents the release of a
single vesicle. The amount of catecholamine is integrated from the
charge of the spike and based on the same principle as carbon fiber
microelectrodes. The main advantage of carrying out measurements
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with these two techniques by use of CNPs is the ability to
simultaneously determine vesicular size and content. This is a
significant advancement for mechanistic investigations of
pharmaceuticals in exocytosis regulation at the single cell level.

4.3.3 Applications of VIEC and IVIEC

The ability to quantify the total neurotransmitter content in individual
vesicles provides a powerful tool to understand fundamentals of cellular
communication. Together with SCA, these two complementary
methods, VIEC and IVIEC, have been employed to obtain a broader
perspective of cell secretion. The release fraction from regulated
exocytosis can be calculated by the amount of expelled over stored
transmitter molecules. The fraction of release can be manipulated by a
variety of pharmacological treatments as well as cellular activity. It is
also valuable for quantification of partial release as a mode of
exocytosis.

The first application of combined IVIEC and SCA was utilized to
understand the partial nature of exocytosis.!®® Only 70% of vesicular
content was released by comparing the number of catecholamine
molecules in PC12 cells obtained from carbon fiber electrodes. This
indicates that partial or “sub-quantal” release is the dominant mode of
exocytosis. After L-DOPA exposure, transmitter storage and release
were highly accumulated with almost equivalent levels, thus
maintaining the same release percentage as the control. In a series of
experiments, chromaffin cells were exploited to study the effects of L-
DOPA on the vesicular structure by now using CNPs, and these results
are included in paper I1.

A variety of drugs have been used to study the regulation of partial
exocytosis measuring vesicular chemical storage and chemical release.
The DAT, a presynaptic membrane protein responsible for
transportation of dopamine back into cells, can be inhibited by cocaine
and methylphenidate.'®” Although these two compounds decreased both
vesicular content and transmitter release during exocytosis, the fraction
of neurotransmitter release from vesicles was manipulated differently.
The fraction of dopamine release was reduced from 74% for the control
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to 65% with cocaine treatment whereas the release fraction went up to
83% in the presence of methylphenidate. The importance of this result
is that these drugs have opposite effects on cognition suggesting partial
release might play a role in neuronal plasticity.*

4.4 Time-of-flight secondary ion mass spectrometry (ToF-

SIMS)

Mass spectrometry imaging (MSI) is a powerful tool which can
visualize the spatial distribution of molecular species on a sample
surface. A variety of analytes including proteins, peptides, metabolites,
biomarkers, and lipids can be analyzed without the need for labeling.
During MSI, a desorption or ionization probe, such as a focused ion
beam or laser, is utilized to scan across the sample surface and acquires
several spectra from different points to generate a chemical image.
Molecules desorbed and ionized from each measurement position are
subsequently separated and analyzed by a mass analyzer based on their
mass-to-charge ratio. The intensity of each ion for each pixel point can
be reconstructed to generate a chemical image. Therefore, the spatial
distribution of specific ions can be visualized.

Several types of MSI techniques have been developed including
secondary ion mass spectrometry (SIMS), matrix-assisted laser
desorption ionization, and desorption electrospray ionization. Among
these MSI approaches, SIMS is recognized as one of the most sensitive
elemental analysis methods and can offer the highest spatial resolution
ranging from micrometer to nanometer scale. The initial development
of SIMS was proposed in 1960s by Raymond Castaing and George
Slodzian.'”® In SIMS, the surface of a solid sample is bombarded and
sputtered by using a primary ion beam. The mechanism of this process
can be described as a collision cascade of the particles.!” Since a
primary ion with high energy strikes the sample surface, its energy is
transferred to atoms of the surface and the surface molecules can gain
sufficient energy to emit secondary ions. These secondary ions are
collected and analyzed to obtain valuable information on elemental,
molecular, and spatial distribution on the surface or within samples.
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There are two operation modes of SIMS: static and dynamic. Static
SIMS using a low intensity primary ion beam was developed by Alfred
Benninghoven and coworkers, allowing the identification of both
elemental and molecular information of surface species.?”’ Conversely,
dynamic SIMS utilizes a focused high energy primary ion beam to
increase higher fragmentation efficiency and is usually preferred to
determine the in-depth concentration of interested species.

ToF-SIMS is a standard technique for static SIMS in which secondary
ions are separated according to their different velocities in the ToF mass
analyzer. Most instruments employ a short pulsed primary ion beam to
irradiate the sample surface and induce the formation of secondary ions.
All these secondary ions are then accelerated by an electric field before
entering the flight tube. The velocity of each ion is distinguished by its
mass-to-charge ratio when traveling through the ToF mass analyzer.
Heavier ions take longer time to reach the detector whereas lighter ions
travel faster and arrive at the detector earlier. However, different initial
kinetic energies from the ions with the same mass can cause a
broadening of the ion packet, which leads to poor mass resolution due
to the broad energy distribution of secondary ions.?’! One way to
enhance the mass resolution is the insertion of a two-stage ion mirror
system, also called a reflectron.?’? The secondary ions are reflected
towards the detector by an electrostatic field from the ion mirror.
Therefore, high kinetic energy ions have more velocity and penetrate
deeper into the mirror compared to ions with lower energy. All
secondary ions with the same mass but different initial kinetic energies
can reach the detector at the same time, resulting in a better mass
resolution.

The surface sensitivity of ToF-SIMS allows localization as well as
identification of interested molecules on the cell membrane. Together
with electrochemical techniques, ToF-SIMS imaging has been
employed to investigate the alterations of cellular lipids that might be
related to regulation of exocytosis in paper IV.
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CHAPTER 5. Summary of papers

This thesis was mainly focused on vesicular content and release
characteristics to enhance our understanding of the mechanisms of
vesicle secretion. The applications of electrochemistry techniques were
included to investigate chemical messengers in individual vesicles. The
combination of open CNPs with these methods enables us to correlate
vesicular size and the number of neurotransmitters from single vesicles
in a living cell. These studies provide comprehensive insights of
chemical communication at the single cell level and reveal complexities
of vesicular exocytosis.

In paper I, open CNPs with different diameters between 50 and 600
nm were employed to perform VIEC measurements on isolated vesicles
from adrenal chromaffin cells. This allowed me to simultaneously
determine the number of transmitter molecules and vesicular sizes. The
results indicated that the vesicular content increases with vesicle size.
The dense core size and release dynamics have the same relation with
the vesicle size, implying that the release speed of each event depends
on the vesicular dense core size. In addition to VIEC, open CNPs also
provide a promising IVIEC method to quantify the vesicular content for
the in situ intracellular environment.

In paper 11, the vesicular content and release kinetics of specific vesicle
populations was quantified by the IVIEC technique with open CNPs in
adrenal cells. The narrowed distribution of vesicle sizes and content was
achieved through use of a 100-nm pipette orifice to obtain reliable
information  regarding  catecholamine  concentrations.  The
catecholamine concentrations in the intracellular environment were
determined to be 0.23-1.1 M. L-DOPA, the biosynthetic precursor of
catecholamines and a clinical drug for the treatment of PD, was utilized
to explore the mechanistic investigations of L-DOPA in the regulation
of exocytosis. The alterations of vesicular structure, molecular number
and concentration after L-DOPA exposure were quantified
simultaneously. Altogether, it was shown that IVIEC with open CNPs
can be used for quantification of single vesicular catecholamine
concentrations in living cells and opens a new avenue for the
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mechanistic study of pharmaceuticals in the regulation of the exocytotic
process at the single cell level and in small living organisms.

Apart from intracellular or secretory vesicles, the dynamic release of
single exosomes, one of the main types of EVs, from a single living cell
was unraveled in paper III. Amperometry with microelectrodes was
introduced to detect electroactive catecholamines encapsulated inside
exosomes. This method can also discriminate catecholamines inside
exosomes and those released from intracellular LDCVs via exocytosis.
Direct, real-time, and selective detection of single exosomes was
obtained by controlling the cell-electrode distance as well as application
of a stimulation to elicit release. As catecholamines are also
neurotransmitters, the findings suggest a new mechanism of chemical
communication at the fundamental level, changing the conventional
view of exocytosis process.

Paper IV is outside the theme of the other papers as it presents the use
of amperometry and mass spectrometry to examine the effects of
ketamine on exocytosis and vesicular content. Here, subanaesthetic and
anaesthetic doses of ketamine were used to investigate catecholamine
storage and release in pheochromocytoma (PC12) cells. IVIEC and
SCA were applied to show that the intravesicular contents and number
of exocytotic events increased and that the fraction of release decreased
after treatment by subanesthetic ketamine. Then ToF-SIMS was used to
show that cellular lipids change following acute ketamine
administration relative to control cells with an increased proportion of
low-curvature lipids and a decreased proportion of high-curvature
lipids. The conclusion was that ketamine modulates dopaminergic
function with a dose-dependent pharmacologic action by interacting
with different proteins and changing lipid composition. This work
might be helpful in our understanding of the activity of the
dopaminergic system in drug abuse. It could also be useful in
understanding ketamine as an anesthetic or antidepressant molecule.
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CHAPTER 6. Concluding remarks and future

outlook

In multicellular organisms, cell to cell communication plays a vital role
for survival and chemical signalling is the most abundant type of the
communication. Cellular chemical communication can be sorted into
two general forms: intercellular signalling between cells governed by
EVs and intercellular signalling regulated by secretory by intracellular
vesicles fusing with the cell membrane in the process of exocytosis.
This process involves secretion of chemical signalling molecules from
vesicles into the extracellular space. Conventional exocytosis is tightly
mediated by both types of secretory vesicles, LDCVs and SSVs, and
regulatory mechanisms are generally studied with model cells
containing LDCVs. Aggregated chromogranins are the main
components of the dense core and they can bind with neurotransmitters,
whereas the vesicular halo contains freely moving transmitters. The
pathologies of many neurodegenerative diseases and memory disorders
are related to regulation of exocytosis, including vesicular structures
and release dynamics of the dense core matrix. On the other hand, EVs,
particularly exosomes which originate from the exocytosis of
multivesicular bodies, have attracted considerable attention due to their
promising potential in clinical applications as platforms for drug
delivery, biomarkers, and therapeutic tools for diseases.

Single cell analysis is essential to provide a theoretical basis for
exploring cellular communication. Electrochemistry is a prominent
method that is more frequently applied in molecular determination at
the single cell and subcellular level than any other techniques due to its
susceptible, label-free, in situ, and real time characteristics. The number
of molecules released and stored inside single vesicles can also be
determined by electrochemistry. A direct correlation between vesicle
sizes and release dynamics can be obtained by the combination of
electrochemical approaches with different diameters of CNPs.
Additionally, quantification of the transmitter concentration in
individual vesicles is indirectly achieved correlation of vesicular size
and total content.
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The main focus of this thesis includes various applications of different
electrochemical techniques to study mechanisms of vesicular secretion.
Two of the papers discussed present an analytical approach to combine
amperometry with open CNPs to characterize vesicular structures and
release kinetics to understand the regulation of exocytosis and
neurotransmission. These studies have shown the ability to quantify the
vesicular content and concentrations of LDCVs and revealed the
presence of exosomes-encapsulated chemical messengers.

In the work presented here, only neuroendocrine cells were exploited to
monitor catecholamines from vesicles by electrochemical techniques.
In the future, the development or modification of new probes would
enable one to detect other types of neurotransmitters or non-
electroactive molecules. The Huang group has successfully developed
an enzymatic biosensor to measure glutamate from hippocampal
neurons by co-modification of glutamate oxidase and platinum
nanoparticles on the surface of a carbon fiber electrode.?’> Moreover,
other cell types such as pancreatic beta cells,?** human carcinoid BON
cells?® or rat insulinoma INS-1 cells?® can also be employed to offer
more valuable insights into exocytotic process of different biochemical
messengers. Therefore, applications of new methodologies together
with various biological models will hopefully contribute to open new
avenues in the research of molecular biology of chemical
neurotransmission.
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