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Abstract

Cellular communication is vital for the survival of multicellular
organisms. This process often relies on a highly regulated mechanism
called exocytosis, which involves the release of chemical signals.
During exocytosis, vesicles can fully or partially release their contents.
The quantity of neurotransmitters expelled in different modes of release
may have diverse effects on cellular communication by allowing cells
to control the level of outgoing signals. Despite significant discoveries
in understanding the components of exocytosis, there is still much to

uncover regarding its regulation and implications.

This thesis aims to gain a better understanding of vesicular content
release, particularly in the context of partial release, using quantitative
chemical imaging. This includes the integration of mass spectrometry
imaging (MSI) with electron microscopy or electrochemical analysis
alongside light microscopy. By doing so, a comprehensive approach can
be employed to gain insights into the mechanism of vesicular content
release and quantify the fraction of release. Electrochemical techniques
offer the advantage of high temporal resolution and enable
quantification of both stored and released molecules from vesicles.
Coupled with imaging methods such as fluorescence, electron
microscopy, and mass spectrometry imaging, comprehensive spatial
information and chemical information can be obtained to complement
the data provided by electrochemical techniques. In particular,
nanoscale secondary ion mass spectrometry (NanoSIMS), a high-
resolution MSI method that is capable of absolute quantification at

subcellular level, was primarily used throughout this thesis.



PC12 cells treated with isotopically labeled L-DOPA were examined,
and NanoSIMS imaging was correlated with transmission electron
microscopy (TEM) to detect and quantify the labeled dopamine in the
halo and dense core compartments of large dense core vesicles (LDCVs)
in paper I. Paper II introduced a dual-label approach to visualize and
quantify vesicles undergoing partial release in PC12 cells by exposing
them to a second label during exocytosis. Expanding on the dual-label
approach, paper III investigated the influence of vesicle size on the
dynamics of partial release. Furthermore, the combination of vesicle
impact electrochemical cytometry (VIEC) with live fluorescence
imaging was developed in paper IV allowing real-time analysis of
vesicular content release from isolated labeled bovine chromaffin
vesicles. Overall, these studies demonstrate the application of
quantitative chemical imaging in understanding the mechanism and

quantifying the fraction of release in vesicular content release.
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Sammanfattning pa svenska

Cellular kommunikation dr avgoérande for 6verlevnaden hos flercelliga
organismer. Denna process dr ofta beroende av en noggrant reglerad
mekanism som kallas exocytos, vilket innebar frisattning av kemiska
signaler. Under exocytos kan vesiklar sldppa ut sitt innehall helt eller
partiellt. Maéngden neurotransmittorer som drivs ut 1 olika
frisittningssatt kan ha olika effekter pa cellulir kommunikation
eftersom det kan tillata cellerna att reglera nivdn av utgdende signaler.
Trots betydande upptickter om komponenterna i exocytos finns det

fortfarande mycket att ta reda pd om dess reglering och konsekvenser.

Detta avhandlingsarbete syftar till att f4& en djupare forstaelse for
frisdttning av vesikuldrt innehdll, sérskilt i sammanhanget av partiell
frisdttning, med hjélp av kvantitativ kemisk avbildning. Detta inkluderar
integrering av masspektrometriavbildning (MSI) med
elektronmikroskopi eller elektrokemisk analys tillsammans med
ljusmikroskopi. Pé sé sétt kan en omfattande metod anvéndas for att fa
insikter i mekanismen for frisdttning av vesikuldrt innehdll och
kvantifiera frisdttningsgraden. Elektrokemiska tekniker erbjuder
fordelen av hog tidsupplosning och mdjliggér kvantifiering av bade
lagrade och frisatta molekyler frdn vesiklar. Kombinerat med
avbildningsmetoder som  fluorescens, elektronmikroskopi och
masspektrometriavbildning kan omfattande spatial information och
kemisk information erhallas for att komplettera data frén elektrokemiska
tekniker. I synnerhet anvandes nanoskalig sekundér jonmasspektrometri
(NanoSIMS), en hogupplost MSI-metod som ar kapabel till absolut

kvantifiering pa subcelluldr nivd, fraimst genom hela denna avhandling.
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PC12-celler behandlades med isotopmirkt L-DOPA, och NanoSIMS-
avbildning korrelerades med transmissionselektronmikroskopi (TEM)
for att detektera och kvantifiera det méirkta dopaminet inom vesiklar 1
artikel 1. T artikel II introducerades en metod for att visualisera och
kvantifiera vesiklar som genomgér partiell frisdttning 1 PC12-celler
genom att exponera dem for en andra méarkning under exocytos. Genom
att bygga vidare pa metoden undersokte artikel III inflytandet av
vesikelstorlek pa dynamiken 1 partiell frisdttning. Dessutom utvecklades
kombinationen av vesikelinducerad elektrokemisk cytometri (VIEC)
med fluorescensavbildning 1 realtid med konfokalmikroskopi 1 artikel
IV, vilket mojliggjorde en analys av frisdttning av vesikuldrt innehéll
frdn isolerade mirkta vesiklar. Sammantaget visar dessa studier
tillimpningen av kvantitativ kemisk avbildning for att fOrstd
mekanismen och kvantifiera frisdttningsgraden vid frisdttning av

vesikuldrt innehal.
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Chapter 1. Cellular communication

Cellular communication orchestrates the smooth and seamless
functioning of multicellular organisms through precise signal
transmission. Maintaining effective communication between cells is
crucial for normal physiological processes; any dysregulation of this
process can result in severe pathologies such as neurodegenerative
disorders, autoimmune diseases, or even cancer. Studying the
mechanisms underlying cellular communication holds immense
importance in addressing these conditions. This chapter aims to provide
a basic overview of intercellular and intracellular communication.
Moreover, different neurotransmitters will be discussed, with a
particular emphasis on catecholamines, an important group of small

signaling molecules studied in this thesis.

1.1 Cellular communication

Cellular communication significantly impacts various physiological
processes, ranging from immune responses to neuronal firing in the
brain. This exchange of information between cells relies on the interplay
of chemical and electrical signals, creating a tightly regulated signaling
network that ensures appropriate responses to both internal and external
stimuli. The release of signaling molecules occurs through a process
called exocytosis, which is further described in Chapter 2. Subsequently,
these released molecules bind to specific receptors on the surface of
other cells, initiating complex intracellular signaling pathways that alter

gene expression or metabolic processes.
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1.1.1 Intercellular communication

Cell-to-cell communication can occur through various mechanisms,
such as paracrine, endocrine, and juxtacrine signaling (examples of the
first two are shown in Figure 1). In the juxtacrine mechanism, signaling
molecules are passed via direct contact between cells through structures
like gap junctions or membrane nanotubes.! For instance, in electrical
synapses, gap junctions form by multiple connexins hexamer pairing
between the membranes of two nerve cells. On the other hand, paracrine
signaling is a localized conversation where signaling molecules diffuse
through the extracellular matrix to interact with adjacent cell receptors.
Paracrine signals evoke rapid responses but are short-lived to maintain
communication precision. The concentration of these chemical
messengers is often high in the local environment, but enzyme
degradation or uptake by neighboring cells facilitates their rapid
clearance to prevent unintended effects.? Neuronal communication at
chemical synapses is a special example of paracrine signaling. In this
process, electrical impulses are converted into chemical signals, as
neurotransmitters are released into the synaptic cleft, a tiny separation
of 50-150 nm between the presynaptic and postsynaptic membranes.
The released neurotransmitters act as messengers, carrying essential
information between nerve cells. The recipient neuron interprets these
biochemical cues, triggering different postsynaptic effects. Depending
on the type of neurotransmitter, the postsynaptic neuron is either
inhibited or stimulated to continue firing a new electrical impulse along

the axon, similar to the relay race of communication.

In our complex body, long-distance communication is also vital.

Endocrine signaling is a marathon-like mode of communication that
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typically induces a slower response but with a longer-lasting effect. It
involves the release of signaling molecules from one part of the body,
which then travels through the bloodstream to act on target cells in
distant regions. The chemical messengers are produced by specialized
endocrine cells in organs such as the thyroid, hypothalamus, pancreas,
pituitary, and adrenal glands. Since the signals are “broadcast” over a
larger distance, a significant amount of signaling molecules is required
during initial secretion to ensure that an adequate concentration of these
messengers reaches the target cells. As an example, in response to stress,
glucocorticoids produced by adrenal cortex cells (hormonal
mechanism),® or through direct innervation of adrenal medullary
chromaffin cells by the splanchnic nerve (neural mechanism),* stimulate
the secretion of catecholamines, mostly epinephrine, from the adrenal
medulla into circulation (Figure 1). Epinephrine then travels to the heart,

for instance, causing a rapid increase in the rate and force of contraction.
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Figure 1. A simplified schematic with examples of paracrine and endocrine
mechanisms in cellular communication. Upper gray box: vesicles release
neurotransmitters at the synapse, which then diffuse within the synaptic cleft

and are taken up by receptors on the receiving neuron. Blue box: sympathetic



Quantitative chemical imaging to study content release from single nanovesicles

neurons release neuroactive molecules acetylcholine, which stimulates
chromaffin cells to release catecholamines via exocytosis. Catecholamine
molecules then enter the bloodstream and travel to target tissues. SNS:
sympathetic nervous system; Ach: acetylcholine; CA: catecholamines. Created

based on reference °.

1.1.2 Intracellular communication

Intracellular communication, on the other hand, refers to the signaling
network that operates within individual cells, facilitating the exchange
of information between organelles and coordinating various cellular
activities. Typically, in the presence of external stimuli, signal
transduction by second messenger molecules such as cAMP (cyclic
adenosine monophosphate), calcium ions, or phosphorylated proteins
initiates an appropriate intracellular response.® Many secretory cells,
including neurons, endocrine cells, and inflammatory cells, utilize an
increase in cytosolic calcium to induce exocytosis.”® For instance, in
neurons, synaptic transmission is initiated by fast-moving electrical
impulses known as action potentials, which propagate along the axons.
An action potential is caused by differences in potassium and sodium
levels in the intracellular versus extracellular space due to the synchrony
opening of voltage-gated Na“ and K" channels. When this electrical
signal reaches the axon terminal, voltage-gated Ca’>" channels open,
leading to a rapid influx of calcium.” As the calcium concentration
reaches sufficient levels, it triggers the exocytotic release of
neurotransmitters from synaptic vesicles. In endocrine cells like adrenal
medullary chromaffin cells, initiation can be caused by a chemical
signal. Acetylcholine (Ach) released from preganglionic sympathetic

endings at the splanchnic-adrenal synapse binds to nicotinic
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acetylcholine receptors and induces sodium influx into chromaftfin cells.
This causes the depolarization of the cell membrane, triggering the
opening of voltage gated Ca®* channels. The increased cytosolic calcium
concentration stimulates the transcription of chromogranins and induces
the exocytotic release of catecholamines.”” In many experiments
involving pheochromocytoma 12 (PC12) and chromaffin cells, which
will be described further in Chapter 3, the exocytotic release was
stimulated by a high concentration of potassium solution. When the cells
were exposed to high external potassium, the plasma membrane became
depolarized, allowing calcium entry through voltage gated Ca*
channels. However, in this case, evoking depolarization by increasing
extracellular potassium did not induce an action potential but rather a

change in equilibrium potential."!

1.2 Neurotransmitters

As previously mentioned, the communication between cells requires the
presence of chemical mediators, such as neurotransmitters. By
definition, they are chemical substances stocked in synaptic vesicles at
the presynaptic neuron, can be released upon depolarization caused by
calcium influx, and have specific receptors on the postsynaptic cell
membrane.'? However, this classical description has its limitation, as
there are molecules that do not meet all the standards but still serve as
neurotransmitters. A prime example is “gasotransmitters” like nitric
oxide (NO) and hydrogen sulfide (H>S), which are produced as needed
and not stored in synaptic vesicles or released through exocytosis.
Instead, they diffuse from nerve terminals and enter adjacent cells

without binding directly to protein receptors.'*'* Over a hundred
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molecules have been identified as neurotransmitters, usually classified
into small-molecule and peptide neurotransmitters.'> Small-molecule
transmitters can be further divided into categories such as acetylcholine,
amino acids, purines, and biogenic amines (Figure 2). Among the
biogenic amines, there is a distinctive subgroup called catecholamines
since they all share a hydroxylated benzene ring, catechol moiety. These
neurotransmitters are in the focus of this thesis work. Thus, their
biological functions, synthesis, deactivation, and metabolic pathways

will be introduced in section 1.3.

SMALL-MOLECULE NEUROTRANSMITTERS
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Figure 2. Examples of small-molecule and peptide neurotransmitters. (C:

black, H: gray, N: blue, O: red). Adapted with permission from reference '°.
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Neurotransmitters play distinct roles in physiological responses due to
their chemical and biological functions. Among them, glutamate and
aspartate are usually considered excitatory neurotransmitters, while r -
aminobutyric acid (GABA), glycine, and serotonin act as inhibitory
neurotransmitters in the matured mammalian central nervous system
(CNS)."” However, it is important to note that certain neurotransmitters
(e.g., dopamine, acetylcholine, etc.) can exhibit both inhibitory and
excitatory effects. This dual functionality depends on the specific
receptors present on the postsynaptic (target) cell, as often there are
multiple receptors for each neurotransmitter, contributing to this diverse
response. Neurotransmitter imbalances can be linked to various diseases
and disorders. For example, levels of glutamate and GABA are
decreased in individuals with major depressive disorder.'s"
Deficiencies in biogenic amines, like serotonin, dopamine,
norepinephrine, and epinephrine, have also been linked to
neuropsychiatric conditions, including bipolar disorder, schizophrenia,
and depression.?*?? Dysfunction in dopamine signaling is also related to
addiction,  Parkinson’s  disease, attention-deficit-hyperactivity
disorder (ADHD), and Huntington’s disease.”?°Acetylcholine, an
essential transmitter for neuron-to-skeletal muscle cell communication,
has been implicated in pathologies like Alzheimer’s and Parkinson’s

diseases.?”?®

Like the classic neurotransmitters, peptide neurotransmitters are stored
in vesicles, transported, and released by exocytosis. Nonetheless, they
possess unique characteristics that differentiate them from classic
transmitters. For instance, they are synthesized as large precursor

molecules and undergo a process where convertase enzymes excise the
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desired bioactive peptide(s) from these prepropeptide precursors.?*
Once released and reaching their target cells, they almost always act via
one or more of a correspondingly G protein-coupled receptors.' Peptide
neurotransmitters play a critical role in various autonomic responses,
nerve development, and regeneration. They are often found together
with classical neurotransmitters such as acetylcholine or monoamines.
Neuropeptide Y (NPY) is one of the peptide neurotransmitters. NPY is
named as such because it contains tyrosine (represented by the single
letter amino acid code: Y) at the beginning and end (Figure 2). In
mammals, NPY can be found in multiple regions, including the brain,
peripheral nerves, adrenal medulla, and vascular endothelium.’* At the
adrenal medulla, it 1is stored together with catecholamines,
chromogranin A and B in chromaffin vesicles. *>* NPY has been shown
to affect catecholamine release from the adrenal medulla in rats and
bovine cells. 33 Due to its coexistence in adrenal medullary chromaffin
vesicles, NPY can be targeted to label these vesicles for fluorescence
imaging while simultaneously measuring catecholamine content using
electrochemical techniques. Further details regarding this labeling

strategy will be discussed in section 3.2.3.

1.3 Catecholamines

The group of catecholamines consists of dopamine, epinephrine, and
norepinephrine. Dopamine (DA) is the precursor for both
norepinephrine (NE) and epinephrine (E). It is critical in various
activities, including motor and non-motor functions like reward-
motivated behavior, addiction, cognition, emotion, and neuroendocrine

secretion.’**! Dopamine is primarily synthesized and released by the
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adrenal medulla. In the brain, dopaminergic neurons are mainly
concentrated in the substantia nigra and ventral tegmental areas.
Dopaminergic receptors are also present in many other organs, such as
the kidneys and heart.**** The dopamine receptor is a type of G-protein
coupled receptor. There are five different subtypes of dopamine
receptors, namely D1-D5, which can be further classified into two
families: D1-like receptors (D1 and DS5) or D2-like receptors (D2S,
D2L, D3, and D4) due to their basis of pharmacologic properties and the
ability to regulate cAMP generation.*#5 Despite their shared ability to
bind dopamine, these two receptor groups differ significantly. In
particular, when dopamine binds to DI1-like receptors, it triggers the
activation of adenylyl cyclase. In contrast, binding to D2-like receptors

inhibits adenylyl cyclase and activates potassium channels.

Norepinephrine, or noradrenaline, is the precursor for epinephrine, also
called adrenaline. These two neurotransmitters are responsible for
regulating heart rate and blood pressure. Particularly, in the presence of
stress or danger, their levels can significantly increase to enhance blood
flow throughout the body. Like dopamine, they are stored and released
from large dense core vesicles in chromaffin cells found in the adrenal
medulla. Norepinephrine is also present in nerve cells located in the
locus coeruleus within the central nervous system and sympathetic nerve
terminals. The effects of epinephrine and norepinephrine are mediated
by a group of G-protein coupled receptors known as adrenergic
receptors. These receptors include | -adrenergic receptors, responsible
for smooth muscle contraction and vasoconstriction, and [ -adrenergic
receptors, responsible for vasodilation, smooth muscle relaxation,

bronchodilation, and stimulating cardiac function.***” Adrenergic
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stimulation can be stimulatory or inhibitory in cells with appropriate
receptors. For example, binding to [ receptors ([ 1, 2, [ 3) on the
postsynaptic membrane increases CAMP levels by activating adenylate
cyclase. Binding to J 1 receptors increases IP3, resulting in elevated
cytosolic calcium levels, while activation of |2 receptors decreases

cAMP levels by inhibiting adenylate cyclase.

1.3.1 Catecholamines biosynthetic pathway

The major biosynthetic pathway of catecholamines was first described
by Hermann Blaschko back in the 1940s.*® This pathway initiates with
the amino acid tyrosine and progresses through sequential reactions
involving four enzymes: tyrosine hydroxylase (TH), aromatic L-amino
acid decarboxylase (AADC), dopamine [ -hydroxylase (DBH), and
phenylethanolamine-N-methyl transferase (PNMT).* These enzymes
function within different cellular compartments. In the cytosol, TH,
AADC, and PMNT drive the conversion of L-tyrosine to L-DOPA, L-
DOPA to dopamine, and norepinephrine to epinephrine, respectively
(Figure 3A). DBH, localized within the vesicles, facilitates the
conversion of dopamine to norepinephrine. For this process to occur,
dopamine synthesized in the cytosol must first be transported into the
vesicles via vesicular monoamine transporters (VMATSs). Subsequently,
biosynthesized norepinephrine diffuses out of the vesicle to be
converted to epinephrine by PNMT. Finally, epinephrine is packaged
back into vesicles by VMATSs. In neurons, the expression of these
enzymes depends on which catecholamine (e.g., DA, NE, or E) is
utilized as a transmitter. In adrenal medulla chromaffin cells, all four of
these enzymes are present.’® However, while the first three enzymes are

also expressed in PC12 cells, PNMT is not. Consequently, in PC12 cells,
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the primary catecholamine is dopamine, and sometimes small amounts

of norepinephrine.
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Figure 3. A) Four enzymatic reactions in the catecholamines biosynthetic
pathway. B) Schematic of this process in adrenal medulla chromaffin cells.

Created based on reference *'.
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Figure 3B visually represents this intricate biosynthetic pathway
occurring within the adrenal medulla chromaffin cells. To produce L-
DOPA from tyrosine, TH uses molecular oxygen (O.) and biopterin
(BH4) as co-factors to add a hydroxyl group to the meta position of
tyrosine. This crucial step is known as the rate-limiting process in the
biosynthesis of catecholamines, in which TH utilizes competitive
binding between BH, and the products (DA, NE, and E) as the inhibitory
feedback.’? In fact, for dopamine synthesis, this rate-limiting behavior
of TH can be avoided thanks to the properties of AADC, which
possesses a high Vi and low K, for L-DOPA.* This allows significant
conversion rates from L-DOPA to dopamine by directly increasing the

cytosolic L-DOPA levels via L-DOPA incubation, for example.

DBH is a member of a small unique class of copper-containing
hydroxylases. This enzyme possesses two copper sites, Cuy and Cu,
which are involved in electron transfer; and responsible for binding
dioxygen, serving as the site for substrate hydroxylation, respectively.>
During the reaction, an O atom from molecular O; is inserted at the | -
carbon in dopamine to form norepinephrine (the second O atom goes to
water). The reaction also requires electrons provided a cofactor, ascorbic

acid (Vitamin C).%

By transferring a methyl group from S-adenosyl methionine (s-AM) to
the nitrogen of norepinephrine, PNMT catalyzes the conversion of
norepinephrine to epinephrine, a secondary amine. The expression of
PNMT in chromaffin cells is controlled by glucocorticoid hormones

released from the nearby cortical cells.>
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1.3.2 Catecholamine metabolic pathway

The reuptake and metabolism of catecholamines play a significant role
in regulating their levels and terminating neurotransmission. The
metabolic pathway of catecholamines is facilitated by several enzymes,
including the major enzymes monoamine oxidase (MAO) and catechol-
O-methyl transferase (COMT), along with others like aldose reductase
(AR), alcohol dehydrogenase (ADH), and aldehyde dehydrogenase
(ALDH) found in different parts of the body (Figure 4).

MADO is located on the outer membrane of mitochondria in various cell
types, working to remove the amine group.’’ In the brain, MAO is
primarily found in nerve terminals and glia, while in the periphery, it is
mainly present in the liver and kidney. MAO has two isoforms, MAO-
A, mainly present in dopaminergic and noradrenergic neurons, and
MAO-B, the primary form in serotonergic neurons and glia.®® On the
other hand, COMT is present in the cytosol and works by adding a
methyl group to the 3 OH position of the catechol ring. COMT also has
two isoforms: membrane-bound (MB-COMT), predominantly
expressed in brain neurons, and soluble (S-COMT) in other tissues such
as the liver, blood, and kidney.*>** MAO participates in regulating the
cytoplasmic DA that has passively leaked from vesicular storage. In
contrast, DA released through exocytosis for signal transduction ends its
signaling by being reimported to the presynaptic neuron, recycled or
uptaken by surrounding cells, and degraded by COMT, MAO, AR,
ADH, and ALDH. In the brain, the main degradation products of DA
are DOPAC in rats and HVA in primates, while in the periphery, that is
HVA. The metabolic pathway of norepinephrine is similar to that of

dopamine. The primary end product of norepinephrine metabolism in
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the brain is MHPG; in the periphery, it is vanillomandelic acid (VMA).
VMA is formed in the liver from circulating MHPG through a two-step
process involving the intermediate MOPEGAL and enzymes ADH and
ALDH.9

7
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Figure 4. Deactivation and metabolic pathways of A) dopamine, B)

norepinephrine and epinephrine.
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Chapter 2. Exocytosis

Secretory vesicles facilitate intercellular communication by releasing
transmitter molecules into the extracellular space through a process
called exocytosis. These vesicles contain chemical messengers and a
complex system of proteins, lipids, and other molecules that tightly
regulate exocytosis. This chapter aims to provide an introductory
understanding of exocytosis, including the structure and components of
vesicles, their biogenesis, and the machinery and mechanisms involved.
Additionally, the chapter will discuss the three modes of vesicular
content release, with a particular focus on partial release as the main
mechanism explored in this thesis. Furthermore, the chapter will also

introduce commonly used cellular models for studying exocytosis.

2.1 Vesicles

Vesicles, or granules, are small spherical organelles enclosed by a
membrane. These secretory organelles can be categorized into synaptic
vesicles (SVs) and large dense core vesicles (LDCVs), distinguished by
their size and composition. SVs commonly found in the CNS are
typically small, measuring around 50 nm in diameter.%>* When stained
observed under a transmission electron microscope (TEM), SVs appear
relatively clear. On the other hand, LDCVs are present not only in the
CNS but also in other tissues, for instance, pancreatic beta cells and
especially adrenal chromaffin cells.®*%” They are significantly larger,
with a diameter reaching up to 350 nm. In TEM images, LDCVs display

an electron-dense core easily distinguishable from its surrounding halo
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as the proteins being stained by osmium tetroxide/ uranyl acetate (see

section 3.3.2).

The biogenesis pathway of LDCVs in neuroendocrine cells is still
largely unknown. However, the process is believed to involve several
steps, starting with synthesizing the dense core protein matrix.®®® These
components are packaged in the trans-Golgi network along with
recruited membrane proteins. Following this, loaded LDCVs bud off
and undergo further maturation while continuing to be loaded with
catecholamines, then moving toward the plasma membrane for later
release. Membrane proteins can also be recycled after exocytosis.” This
understanding has come from studies conducted in different models

such as PC12 cells, bovine and mouse chromaffin cells.”"7

The dense core within LDCVs comprises various soluble acidic
proteins, predominantly chromogranins (Cgs) like CgA and CgB, as
well as secretogranin II (SglI).® Additionally, LDCVs contain bioactive
peptides like NPY and enkephalins.”’ Modulating the protein content
of the dense core can impact the storage and release of
neurotransmitters.’* %7 The attraction between the negatively charged
amino acid residues in the dense core proteins and the protonated
catecholamines within the acidic intravesicular environment is thought
to contribute to their association.”” Localization and quantification of
labeled dopamine within the dense core and halo of LDCVs showed the
preferential storage of dopamine in the dense core (paper I).”® Vesicles
also serve as reservoirs for ions like Ca?, H', as well as adenosine
triphosphate (ATP). Overall, the composition includes approximately
0.5 to 1 M of catecholamines, around 120 to 200 mM ATP, roughly 40
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mM bound Ca** (chelated with other intravesicular components), and
about 50 uM free Ca*".”®! The ability of vesicles to hold such high
concentrations of solutes while maintaining osmotic pressure is
facilitated by the association of solutes and dense core components.®?83
It is worth noting that ATP and Ca*" are essential elements for vesicle
transport and exocytosis, thus it is likely not a coincidence that they store
high levels of these substances, but rather a deliberate design to support

these processes.?¢:87

The membrane of the vesicle is a phospholipid bilayer decorated with
various proteins serving distinct functions. There are transporter
proteins responsible for loading the vesicular contents, such as vacuolar
H*-ATPase (v-ATPase), vesicular monoamine transporters (VMATS),
and vesicular nucleotide transporter (VNUT). V-ATPase is a proton
pump working to acidify the vesicles. The v-ATPase consists of two
domains operating through a rotational mechanism. ATP hydrolysis
occurs in the V; domain, leading to movement within a central rotary
complex that ultimately transports protons across the integral V,
domain.*® As a result, the pH inside the vesicle drops to approximately
5.5, in contrast to the pH of approximately 7.4 found in the cytosol and
extracellular space. This pH gradient regulates the formation of dense
core granules by controlling the aggregation ability of CgA.¥ VMATSs
use the pH difference and the membrane potential (positive inside) to
actively transport neurotransmitters into the vesicle.” In this process,
two protons are pumped out in exchange for one cationic catecholamine
molecule. This mechanism is illustrated in Figure 3B. VNUT, on the
other hand, accumulates ATP into the vesicle, pumping in one ATP

molecule for each expelled proton and operating in a membrane
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potential-dependent manner.”’ Besides the transporters, vesicle
membranes are also associated with a protein machinery (e.g., the
SNARES) that facilitates the process of calcium-dependent exocytosis.
Their respective functions in each step of exocytosis will be described

in section 2.2.

The accurate movement of vesicles during their lifecycle significantly
depends on the essential interplay between motor proteins and
cytoskeletal filaments. Motor proteins like kinesins, dyneins, and
myosins, recognize and bind to specific adaptor proteins on the vesicle
membrane, enabling accurate transport and delivery to specific cellular
locations. These molecular motor proteins comprise large protein
families with diverse functions.”” Despite employing different
mechanisms, they all exploit the energy from ATP hydrolysis to produce
the force required for transporting cargo-filled vesicles.” For effective
vesicle movement, microtubules and actin filaments serve as tracks for
motor proteins within the cytoplasm. The polarity of these tracks
determines the directionality of transport. Kinesins and dyneins move
along microtubules, whereas myosin motors operate on actin filaments.
Notably, the actin network is most concentrated near the plasma
membrane, including sites of vesicle release. These motor proteins and
filaments have also been shown to contribute to the recruitment of
vesicles to the release sites involved in Ca*-regulated exocytosis.”*’
The role of actin in regulating the fusion process, particularly the

stability of the fusion pore, has also been suggested.”
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2.2 Exocytosis

Following their biogenesis, vesicles are transported to the release site.
Upon receiving signals for exocytosis (as discussed earlier in section
1.1.2), intracellular signaling pathways coordinate the recruitment and
interaction of functional components, preparing the vesicles for the
exocytosis process. Exocytosis entails the docking, priming, and fusion
of vesicles with the plasma membrane and later the release of their
contents. However, the exact definition and necessity of these steps for

functional release remain debated.

The minimal exocytotic machinery typically includes soluble N-
ethylmaleimide-sensitive (NSF) factor attachment protein receptors
(SNARES), synaptotagmins, complexins, and munc18.” The SNAREs
consist of synaptobrevin, syntaxin, and synaptosome-associated protein
25 (SNAP25). Depending on their locations on the vesicle or target
membrane, these proteins can be classified as v-SNARE or t-SNARE.
Specifically, synaptobrevin is associated with the vesicle membrane,
while syntaxin and SNAP25 are associated with the plasma membrane.
These proteins interact zipper-like to overcome repulsive forces and pull
the two membranes closer together to facilitate vesicle fusion. Figure 5
illustrates the steps involved in exocytosis and the corresponding

proteins.
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Figure 5. A schematic representation of some critical steps during exocytosis
to release neurotransmitters and vesicle recycling after exocytosis. During
priming, synaptobrevin (v-SNARE), syntaxin-1, and SNAP-25 (t-SNARE)
assemble into a trans-SNARE complex. Complexin further enhances this
complex. Calcium triggers fusion pore opening by binding to synaptotagmin,
facilitating interaction of synaptotagmin with SNAREs and phospholipids. The
expanding fusion pore transforms the trans-SNARE complex into cis-SNARE
complexes, which are eventually dissociated by NSF/SNAP ATPases for

vesicle recycling. Create based on reference '%.

In general, docking refers to the recruitment and retention of vesicles at
the active site near the plasma membrane.'”! Priming, on the other hand,
is an ATP-dependent process that renders the vesicles release-
ready.'?"' Kinetically, priming is considered the most advanced step as
the v-SNARESs and t-SNARESs have already formed partially zippered
trans-SNARE complexes, a stable four-helix bundle.!®!%* The
interaction between munc18 and syntaxin has been proposed to facilitate
the formation of the SNARE complex.'®!'% Additionally, complexin
acts as a grappling protein, enhancing the stability of zippered SNARE
complexes and placing them in an activated but immobilized state. This
state is released upon calcium ions entering and binding to

synaptotagmin,'%6107
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Synaptotagmin is thought to induce a positive curvature in the vesicle
membrane when calcium binds. This curvature effectively lowers the
activation energy barrier required for the fusion of the vesicle membrane
with the plasma membrane, thereby facilitating SNARE-mediated
fusion.'® This process ultimately creates a fusion pore, enabling the
release of the vesicle contents into the extracellular space. Furthermore,
it has been proposed that synaptotagmin not only plays a crucial role in
calcium-triggered membrane fusion but also contributes to the
expansion of the fusion pore.'” Also, dynamin and actin have been
proposed with evidence supporting their involvement in the opening and
closing phases of the fusion pore.”!'*!!! Besides, the role of lipids in the
vesicle fusion process should not be underestimated. The membranes
where the SNARE proteins reside consist of various phospholipid
species, sphingolipids, and cholesterol. To facilitate fusion, the lipid
structure of both membranes needs to be reorganized, and extra lipids
might be necessary to expand the fusion pore. Several phospholipids
have been found to participate in regulating exocytosis and influence the
dynamics of the fusion pore.''?'"* Moreover, polyunsaturated fatty acids
has also been proposed to act on syntaxin, promoting the formation of

the SNARE complex, which directly participates in vesicle fusion.'"

Once fusion has occurred, the SNAREs are in the low-energy cis-

SNARE complex. The ] Esoluble N-ethylmaleimide-sensitive factor
1- S

The

21











































































































































































