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ABBREVIATIONS

5-HT 5-hydroxytryptamine (serotonin)

ADP Adenosine diphosphate

ATP Adenosine triphosphate

EGFP Enhanced green fluorescent protein

EPSCs Excitatory post synaptic current

ER Endoplasmic reticulum

GABA Gamma-aminobutyric acid

IAPP Islet amyloid polypeptide

IDDM Insulin-dependent diabetes (Type-1 diabetes)
Ins-1 Rat insulinoma cell line

LDCV, LV Large dense core vesicles, large vesicles
NIDDM Non-insulin-dependent diabetes mellitus (Type-2 diabetes)
NSF N-ethylmaleimide-sensitive factor

P2X2R Purinergic ATP sensitive receptor-channel, type-2
RRP Readily releasable pool

SLMV, SV Synaptic like micro vesicles, small vesicles
SNARE Soluble NSF attachment receptor

TIC Transient inward currents

TIRF Total internal reflection microscopy

VAMP Vesicle-associated membrane protein


http://en.wikipedia.org/wiki/N-ethylmaleimide_sensitive_fusion_protein

INTRODUCTION

The blood sugar-regulating hormone
insulin is synthesized, stored and
released from the pancreatic islets of
Langerhans. These were named in
honour of the German pathological
anatomist Paul Langerhans who
discovered these tiny structures of
the pancreas in 1869. Usually about
a million islets of various sizes are
found in a healthy adult pancreas.
Allthough the combined weight of
these small roughly spherical cell
clusters in humans is only from 1 to
1.5 grams, they play a crucial role in
the metabolism of the whole body
and have a profound effect on
human health (Spellman, 2007). The
decrease in islet cell mass brought
about by their
destruction, initiates Type-1 or
insulin-dependent diabetes mellitus
(IDDM). Although this form of
diabetes causes severe and hard to
repair health problems in the
affected individual, much greater
harm for modern society results
from another type of illness
attributed to insulin. This non-
insulin-dependent form of diabetes
(NIDDM  or  Type-2
diabetes) is much more common
than IDDM. It affects ~6% of the
world population, and its prevalence
is persistently rising, especially in
developing countries. NIDDM is
characterised by insulin resistance
and hyperinsulinaemia and
eventually glucose resistance and

autoimmune

mellitus

hyperglycaemia. In  individuals

suffering from Type-2 diabetes,
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pancreatic islets and insulin-
containing [-cells do not differ
morphologically from those found in
healthy subjects and they contain
the same quantities of insulin as
healthy cells but it is not released,
most likely because of impaired
secretion mechanisms (Kahn and
Porte, 1988). In order to understand
why a diabetic pancreatic (3-cell, fully
loaded with insulin and
ultrastructually  undistinguishable
from a healthy one, retains its cargo
and does not respond to
physiological stimuli of secretion
and to find ways to restore normal
secretion in these cells, it is
important to unravel the subcellular
and molecular mechanisms that
normally ensure the release of
insulin and other substances into
extracellular space.

Cell types found in islets of

Langerhans

The focus of this thesis is the insulin-
secreting B-cells. They constitute the
majority of cells found in pancreatic
islets of Langerhans. In rat, the
animal model used throughout this
study, 65 - 80% of all islet cells are
insulin-producing B-cells; 15 - 20%
of islet cells secrete glucagon (a-
cells), 3 - 10% secrete somatostatin
(0-cells). The rest consists of
pancreatic peptide-containing PP-
cells and ghrelin-containing GH-cells.
Knowledge about the two last cell
types is currently very limited. Even
though o— and 6—cells are believed
to provide an essential contribution
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to the regulation of blood sugar
levels, most research on islets
conducted to date has been
performed on [-cells.

Secretion process in 3-cells

Pancreatic 3-cells, like all endocrine
cells, possess a highly developed
secretory process. Proteins or
peptides, including insulin, targeted
for delivery to the outside the cell
are synthesized in the rough
endoplasmic reticulum, then folded
and moved to the Golgi apparatus.
There the peptides are biochemically
modified and, finally, tightly packed
into secretory vesicles or granules.
These are small spherical bodies of
~350 nm diameter surrounded by a
membrane made of a lipid bilayer.
Each [-cell contains more than
10,000 granules (Dean, 1973,
Olofsson et al., 2002) with insulin
organized into a dense crystal core
stabilized by Zn ions. This core is
electronically opaque and appears in
electron micrographs as a dark dot
contrasted by a surrounding white
halo. This characteristic appearance
has led to these granules being
named large dense core vesicles
(LDCVs). Insulin is neither the only
compound, nor the only type of
substances produced by [-cells.
Apart from insulin, (3-cells release C-
peptide and amylin or islet amyloid
polypeptide  (IAPP) into the
extracellular space. To make the
picture even more complicated, a
number of low-molecular weight
transmitter molecules, such as
amino acids, nucleotides and amines,

are present in the granules and co-
released with insulin. This complex
mixture of substances is often
referred to as ‘granular cargo’. It is
fascinating that LDCVs contain and
release millimolar concentrations of
ATP which is known to be a
universal source of energy in most
living organisms. There is some
experimental evidence that
implicates ATP released from
pancreatic B-cells in paracrine
signalling (Salehi et al, 2005).
However, its impact on hormone
secretion from pancreatic cells is far
from being fully understood.

In common  with neurones,
pancreatic (-cells also possess small
vesicles with a diameter of ~90 nm
and called synaptic-like-
microvesicles (SMLVs) (Braun et al,,
2004, Reetz et al,, 1991). At present,
the relative roles of SVs, LDCVs and
different substances released from
them, their interactions while
responding to secretion stimuli,
ways of their differential regulation

etc. remain largely unknown.

Release of insulin from LDCVs is
triggered by an increase in blood
glucose levels. Glucose molecules are
rapidly carried across the p-cell
membrane by highly expressed high-
low-affinity
transporter glut-2 (Newgard and
McGarry, 1995). Glucokinase, which
is considered to be an intracellular
‘glucose (Matschinsky,
1996), phosphorylates glucose to
glucose-6-phosphate catalyzing the
first steps of its metabolism

capacity glucose

sensor’
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Figure 1. Glucose stimulated exocytosis from insulin secreting cells.

(Iynedjian, 1993, Matschinsky, 1996,
Newgard and McGarry, 1995).
During subsequent steps of glucose
metabolism, ATP is produced in
mitochondria, thus increasing the
ATP/ADP ratio in the cell cytoplasm.
This leads to the closure of ATP
sensitive K* channels (Karp channels)
on the cell membrane (Fig. 1). In
pancreatic B-cells these channels are
responsible for creating a resting
membrane potential of about -70mV.
The closure of these channels is
with
and

associated membrane
depolarization ultimately
activates voltage-gated L-type CaZ*
channels. The ensuing influx of Ca2+
accelerates the
depolarization,

potentials and triggers the fusion of
the granule membrane with the
plasma membrane. Thus, granular
cargo is discharged into the blood

cell membrane

initiates action

stream in an oscillatory manner
(Ashcroft and Rorsman, 1989, Lang,
1999). Over physiological
concentrations, electrical activity of
-cells and the resulting stimulation
of insulin secretion are
approximately  proportional to
glucose concentration in the cell

environment. Finally, at 20 mM
glucose (and above), the B-cells
respond electrically with

uninterrupted action potential firing
and continuous release of cargo.

Exocytosis of insulin
granules

The fusion of vesicle/granule and
cell membranes that results in the
of a
the aqueous
compartments, the granule lumen
and extracellular space,
exocytosis. This pathway begins as a

formation fluid pathway

between two

is called
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microscopic water-filled pore and
later evolves in a way that ensures
the discharge of composite granular
cargo. The complex process of
exocytosis is usually devided into
several steps depending on how the
term “exocytosis” is understood. In
our treatment of exocytosis we shall
include the following six steps: 1)
adhesion or tethering, 2) docking, 3)
priming, 4) membrane fusion and
fusion pore formation, 5) pore
widening, and 6) content/cargo
discharge (Zimmerberg, 1987).

An increasing number of proteins
have been implicated in the
exocytosis of secretory vesicles. The
most important of these are: 1) the
soluble NSF attachment receptors, or
SNAREs, a group of proteins that
include  vesicular  synaptobrevin
(VAMP), synaptosome associated
protein of 25 kDa (SNAP-25) and
syntaxin which are located on the cell
membrane (Jahn and Scheller, 2006);
2) NSF (a soluble N-ethylmaleimide-
sensitive factor), an ATPase that
binds to SNARE complexes via
adaptor proteins called “SNAPs” (NSF
adaptor proteins); NSF functions in a
way similar to a chaperones, in that it
mediates an ATP-dependent
conformational change in its substrate
(Tagaya et al., 1993); 3) Rabs and
Secl/Muncl8-like ~ (SM  proteins
proteins) (Abderrahmani et al., 20086,
Lang, 1999); and 4) the Ca**-sensing
protein synaptotagmin (Meldolesi and
Chieregatti, 2004). Several isoforms
of this protein has been detected of
which synaptotagmins III, V, VII, VIII
and IX are expressed in [-cells

(Mizuta et al. 1997; Brown et al.
2000; Gao et al. 2000; Gut et al.
2001; Iezzi et al. 2004). It is known
that SNARE proteins syntaxin and
SNAP-25 interact with voltage-
dependent calcium channels
(Catterall, 1999), and that this
interaction mediates the tight
coupling of Ca2* entry and the fusion
of vesicles that belong to the readily
releasable pool (RRP) (Barg and
Rorsman, 2004).

A schematic view showing the relative
positions of these proteins inside a B-
cell during the different exocytotic
steps can be found in Fig. 2.

Adhesion or tethering. It is useful
to distinguish between the initial loose
tethering of vesicles/granules to their
targets from the more stable docking
interactions. This follows from the fact
that the initial contact between fusing
biological membranes is fundamentally
different from one between two
protein-free  bilayers. Usually the
distance between bilayers of biological
membranes is as wide as 10-25 nm,
and the contact zone is crowded with a
multitude of membrane-associated
proteins. These proteins have to be
removed so that lipid bilayers of fusing
membranes can establish a physical
contact. The displacement of proteins
that are not involved in the building of
the exocytotic machinery is almost
always mediated by specific tethering
molecules. In pancreatic p-cells this is
done with the help of F-actins, a
specific eight-subunit protein complex
known as the “exocyst”, and the
plasma membrane-associated small




GTPase protein, RalA (Lopez et al.,
2008, Varadi et al., 2005). Tethering
interactions are likely to be involved in
the concentration of secretory vesicles
at sites of exocytosis (Fig. 2B ).

Docking. The term docking refers
usually to the holding of two
membranes within a bilayer's
distance of one another (<5-10 nm).
Stable docking comprises several
distinct molecular states, since the
molecular interactions underlying
the close and tight association of a
vesicle with its target should include
the  molecular rearrangements
needed to trigger bilayer fusion. A
common feature of many proteins

A) B)
Target membrane Tethering

E)
Fusion pore formation
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that function in vesicle tethering and
docking is their tendency to form
highly extended, coiled-coil
structures. Physical docking occurs
when VAMP attached to the granule
membrane, binds to two proteins on
the cell membrane, syntaxin and
SNAP-25. Other proteins such as a-
SNAP and NSF also attach. The
granule protein
synaptotagmin, which is also
included in the docking protein
complex, binds four Ca ions per
molecule, so it may act as the
calcium sensor for the exocytotic
machinery.

membrane

When tethering and docking have

;-l'ﬁ
)

VAMP SNAP-25 Syntaxin-1

Widening of the fusion pore

Q) D)
Docking Priming

v .
O
SNAPS

NSF H)
ﬁ Full fusion

G)
Kiss-and-run

Figure 2. Main steps in LDCV exocytosis with relative positions of proteins involved.
The SNARE complex is formed by VAMP (blue), SNAP-25 (green) and Syntaxin-1 (red).
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been completed (Fig. 2C), the
secretory granule is ready for
priming and the formation of a tight-
core SNARE complex.

Priming. This step includes all of the
molecular rearrangements and ATP-
dependent protein and lipid
modifications that take place after
initial docking of a secretory vesicle
until membrane fusion. After this
step the influx of Ca2+ ions is all that
is needed to trigger
instantaneous cargo release.
Different priming reactions and
enzymes have been proposed (Lang,
1999) but the exact nature and
extent of this final preparation step
before membrane fusion remains
unresolved. One of the central events
here may well be intragranular
acidification dependent
simultaneous operation of the V-
type H*-ATPase and the CIC-3 CI-
channel (Barg et al, 2001a). This
may the
conformational changes in SNARE
proteins that are necessary to render
these proteins fusogenic (Sutton et
al,, 1998) (Fig. 2D).

nearly

on

acidification facilitate

in  which
(ie.
continuous, Ca2* ion independent,
non-triggered secretion) priming of
granules is not recquired.

In other cell

types,

secretion is constitutive

Membrane fusion and fusion pore
formation. In pancreatic (3-cells the
fusion of fully primed granules with
the
response to elevated cytosolic Ca2+
in the

cell membrane occurs in

concentrations immediate

-11-

vicinity of the core complex of
proteins  that  comprise  the
exocytotic machinery. High [Ca%*];
causes a conformational change
within the core complex that forces
the granule membrane into physical
contact with the cell membrane (Fig.
2E). What happens immediately
after the contact has been formed is
not yet fully understood and is the
subject of much controversy. The
end result of this transformation is,
however, the formation of a water-
filled channel or pore that spans the
lipid bilayers of both the plasma and
vesicular membranes. What remains
unresolved is whether the fusion
pore is lined by proteins or lipids. All
fusion pore models that have been
proposed as yet fall into two distinct
classes based on this. There is
experimental evidence that supports
both possibilities. Though important,
these considerations are irrelevant
to topics discussed in this thesis. It is
critical, however, that the fusion
pore is created after the Ca?* signal
has reached the exocytotic core
complex, and that it stays stable for
time intervals of various duration
and at a variety of widths (Fig.2F)
(Breckenridge and Almers, 1987,
Ardiles et al., 2007).

Two distinct modes of the fusion
pore behaviour have been detected
in a variety of secretory systems:

“kiss-and-run fusion” and “full
fusion”.

Kiss-and-run exocytosis. As
mentioned above, fusion of a

secretory granule with the plasma



membrane  begins  with  the
formation of a narrow water-filled
pore. The initial pore size can be as
small as 2-3 nm. Later on, the pore
can widen, then stay stable for a
comparatively long time (from tens
of ms to several seconds) or its
diameter can oscillate around a
certain average value. In many cases
it closes without the granule losing
its integrity (Fig. 2G). A critical pore
size of 10-20 nm may not be
exceeded for the re-closure to
happen (Alvarez de Toledo et al,
1993, Lollike et al., 1998, Spruce et
al,, 1990). This behavior of secretory
vesicles is referred to “kiss-and-run”
exocytosis. After being detected, this
type of granule fusion raised a
plethora  of interesting and
important questions about secretion.
These include, for example, the
differential release of substances
depending on their molecular weight
and structure; the regulation of the
pore size and recapture, and the
exchange of lipid between the two
membranes involved. Many aspects
of these processes
intensely studied during
years  but important
questions remain to be answered.

have been
recent

several

Full fusion exocytosis. Another
sequence of events detected
secretory cells after the membrane
fusion involves full fusion of the
vesicle/granule  with the cell
membrane. In this scenario, the
fusion pore, its formation,
expands irreversibly and all the
granule content is released into the
extracellular space. Simultaneously,

in

after

-12-
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the membrane lipids of the granule
integrate into the plasma membrane
by rapid lateral diffusion (Fig. 2H)
(Detimary et al,, 1995, Kirshner et
al., 1966). This type of fusion event -
referred as ‘full fusion’ - is important
in situations when fast release of
peptide hormones is required or
when components of granular
membrane are to be incorporated
into the cell membrane. Many factors
affect the dynamics of the fusion
pore. It has been shown that both
cytosolic Caz+
concentration have a significant
impact on the type of fusion that
granules undergo (Ales et al., 1999,
Hartmann and Lindau, 1995). Other
compounds of this
context are protein kinase C (Scepek
et al, 1998), proteins of the
exocytotic machinery, such as
complexin (Archer et al, 2002),
synaptotagmin (Wang et al,, 2001),
and syntaxin (Han et al.,, 2004).

and extracellular

interest in

Release of cargo. The release of
granular cargo is the final step of the
exocytotic event. In case of insulin
is noteworthy that
in B-cells contain

of highly variable
molecular size: from ~2 nm for ATP
to more than 10 nm for the insulin-
Zn crystals. Additionally,
substance within a
embedded matrix
consisting of
glycoproteins. The matrix acts as an
ion-exchanger (Westphal et al,
1999) that facilitates the packing of a
large amount of charged molecules
into  the

secretion, it
granules
substances

each
granule is
in a specific

of a number

comparatively  small
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granule. The electrochemical
properties of the matrix directly
influence the release rate of all
substrates, charged or neutral, once
fusion pore has been formed. It may
also have an indirect effect on the
dynamics of the fusion pore, through
swelling after the loss of bound
counter-ions (Tabares et al., 2003).

Mobilization of LDCVs

Exocytosis in isolated B-cells elicited
by membrane depolarization or
photorelease of caged Ca?* follows a
biphasic time course; it exhibits a
rapid early and a slow late phase.
Interestingly, a biphasic
secretion response to glucose
stimulation is present in isolated
whole islets as well as systemically.
The similarity of these responses led
to the suggestion that 1st phase
insulin secretion may correspond to
the fast early
exocytosis in single B-cells detected
in capacitance measurements (Barg
et al,, 2001b, Gillis and Misler, 1992).

similar

component of

In single p-cells, the biphasic
exocytotic response has been used to
argue the exisence of several granule
pools, which differ functionally
and/or morphologically. The initial
fast exocytotic component is usually
referred to as RRP, which contains
docked and fully primed granules.
The granules in this pool are located
on or close to the intracellular side
of the cell membrane, though not all
granules that are morphologically
docked belong to this pool. This pool

is responsible for the fast

-13-

physiological response to an
increase in blood glucose. The
second phase of insulin secretion
depends on the priming of vesicles
that are, in part, already situated
close to the cell membrane
(Rorsman and Renstrom, 2003).
more persistent
may require
granules to be recruited
mobilized to the cell membrane from
deeper parts of the cell. Glucose, ATP
and cAMP stimulate cytoplasmic
granule movements (Hisatomi et al,,
1996, Pouli et al., 1998, Varadi et al.,
2002) along the microtubule
network using motor protein myosin
5A (Varadi et al,, 2005). Disruption
of this network impairs granule
movements and the refilling of the
RRP (Ivarsson et al, 2004). The
docking of delivered granules is also
controlled by a dense actin web that
covers the intracellular side of the

However,
stimulation new

and

cell membrane.

To
physiological stimuli, B-cells must be
equipped with
competent granules, and there has to
be an effective mechanism to ensure

respond adequately to

enough release-

their fresh supply. Failure at any
stage of the granule mobilization will
result in suppression of 1st phase
and reduction in the 2nd phase of
insulin secretion. Such changes in
the secretory response are typically
observed in Type-2 diabetes.

Multi-vesicular and
compound exocytosis



The pancreatic [-cell, like many
other secreting cells, contains a large
number of granules packed with
cargo (in this case insulin). Many
granules are in physical contact with
their = neighbors, raising the
intriguing possibility that vesicle-to-
vesicle membrane fusion may occur
ways depending on

conditions.

in several
surrounding
Vesicles/granules may pre-fuse to
form a granule conglomerate. This
could occur after global elevation of
Ca?* concentration in the cytoplasm,
before any of members of the
conglomerate has established a
contact with the cell membrane.
Alternatively, a vesicle already fused
to the then
subsequently joined by a number of
other release competent granules
(Kishimoto et al., 2005). The pre-
fusion of granules and the release of
cargo from a resulting conglomerate
is called compound exocytosis. This is
in contrast to the sequential release
from granules joining a row of
earlier fused granules.
that
simultaneously
granules demonstrates, once again,
the plasticity and complexity of the

cell membrane is

Exocytosis
of cargo
multiple

involves release

from

secretion process in pancreatic islet
cells. The relative physiological role
of these types of exocytosis, their
incidence rates, modes of regulation
etc. remain unknown, but one may
imagine  that
conditions these mechanisms may
become quantitatively important to
allow rapid and massive release of
substances stored in the LDCVs.

under certain

-14-
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AIMS OF THE STUDY

The general objective of this study
was to expand our knowledge about
LDCV exocytosis in pancreatic 3-cells
and the mechanisms involved in
cargo release. The specific aims were
to:

1. establish and characterize a
highly
electrophysiological method for
the detection of ATP release

sensitive

from individual LDCVs in
insulin-secreting cells;
2. characterize the release of

nucleotides and peptides from
LDCVs
cells;

in  insulin-secreting

3. investigate whether GABA is

stored in LDCVs and co-
released with ATP;
4. estimate the relative

contribution of SVs in the
release of ATP in rat pancreatic
B-cells;

5. investigate if
exocytosis occurs in insulin-
secreting cells.

compound

METHODS

A range of sensitive, and high-
precision methods are available to
study exocytosis from single cells.
Roughly, they can be divided into
two groups; 1) electrophysiological
methods that are based on
measurements of electric currents
across the cell membrane, and 2)
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various imaging methods (such as
confocal and total internal reflection

microscopy (TIRF), two-photon
microscopy, atomic force
microscopy etc.) that attempt to
visualize individual cellular

components and steps that comprise
an exocytotic event. In this study
methods from both types of
measurements were used,
separately or in combination, to
detect exocytotic events in
pancreatic 3-cells and in Ins-1 cells.

Detection of ATP release

from individual granules

In pancreatic B-cells, ATP is stored
and released together with insulin
and many other low molecular
weight  substances into  the
extracellular space during LDCV
exocytosis. (Hutton, 1994). In this

A Patch pipette
caZ+

p-cell P
K’,Na’, Ca
e
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thesis, a novel method was
established that permits the
electrical detection of minute
(amoles) quantities of ATP. This
allowed measurement of the ATP
released from an insulin granule
after its fusion with the cell
membrane (Figure 3.). To achieve
this, insulinoma or primary [-cells
were transfected/infected with an
EGFP labelled purinergic P2X;
receptor (P2X:R). The fluorescent
probe that is attached to the
receptor allows one to perform two
procedures: 1) to
transfected cells under a microscope
using UV light in order to select them
for further investigation; 2) to
evaluate the quality of transfection
by assessing the character of the
distribution of fluorescence over the

visualize

cell surface. Imaging experiments
confirmed that the construct is

C
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Aocz‘;‘?/ - Insulin
GABA,R ® .
GAB/{
D

Laaas m
100
pA

05s

Figure 3. Quantal ATP and GABA release detection in rat pancreatic p-cells. Schematic
pictures of protocols used in P2X;-EGFP (A) and GABAx (C) transfected rat B-cells. Cells were
held at -70 mV and exocytosis elicited by intracellular application of 0.2 puM free [CaZ‘].
Examples of ATP- (B) and GABA-activated (D) TICs recorded.



efficiently expressed and correctly
targeted to the plasma membrane.
Each molecule of this receptor is a
cationic channel that contains an
ATP-sensitive sequence exposed to
the extracellular space. The channel
is activated by an increase in the
extracellular concentration of ATP

(Khakh et al, 1999). The
transfected/infected cells were
patched and their membrane

potential clamped at -70 mV (Fig.
3A). Exocytosis in these cells was
then stimulated by elevated levels of
[CaZ+*]; introduced through the patch
pipette or by the photorelease of
caged Ca?*.
secretory granules with the cell
membrane and subsequent release
of ATP into the extracellular space
was detected as transient inward
(TICs) through P2X:
receptor channels activated by the
ATP (Fig. 3B). Brief applications of
external ATP on P2X; expressing -
cells evoked a substantial (<5 nA)
inward currents that were sensitive
to the purinergic antagonist suramin
(50 uM). The latter result shows that
the transients recorded are indeed
produced by the action of ATP upon

Finally, the fusion of

currents

Cell-attached

Whole-cell

Jovita Karanauskaite

P2X>-receptor.

A similar method was used to detect
GABA release from pancreatic f-
cells. In order to do this the
ionotropic GABAa receptor
expressed (Fig. 3C and D).

was

Patch-clamp technique

The fusion of a granule with the cell
membrane and the release of its
cargo is a fast process that is usually
completed within a few milliseconds.
This event is so fast because of the
small size and volume of sub-cellular
components involved. If the details
of an exocytotic event are to be
clarified, methods of high temporal
resolution need to be employed. An
electrophysiological solution to this
problem is the  patch-clamp
technique developed by Neher and
Sakmann in the late 1970s (Neher et
al, 1978).
method lies in creating conditions
where full control over the electrical
potential across the cell membrane
is achieved. Then, with the help of
specific circuitry, the
potential across the cell membrane
is altered in a controlled way and the
response of the cell

The essence of this

electronic

membrane

C

Pull

Outside-out

Figure 4. Patch-clamp configurations. 4, Cell-attached; B, Whole-cell; C, Outside-out.
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recorded. Subsequent analysis of
this response yields
about different properties of the cell
membrane and its comprising
components such as the membrane
capacitance, conductance and
presence of ion channels etc.

information

There exist at least four patch-clamp
recording configurations of which
three were used in this study (Fig.
4). All of those are based upon the
formation of a gigaseal of the order
of 10 GQ between the glass electrode
and the cell membrane. A patch-
clamp experiment usually starts in a
cell-attached configuration (Fig. 4A),
during which the gigaseal is
established. The standard whole-cell
configuration (Fig. 4B), which is the
configuration used for the majority
of electrical measurements in this
study, is formed by applying a gentle
pulse of negative pressure to the
interior of the patching pipette. The
cell membrane enclosed within the
tip of the pipette is then ruptured,
thus creating a
connection between the electrode
and the cell interior that allows
control of the electrical potential and
current the
membrane. An additional advantage
of this configuration is the possibility

low-resistance

across whole cell

to dialyze the cell cytosol through
the pipette and thus introduce into
the cell
interest.

different compounds of
This  configuration is
especially convenient in studies of
electrically excitable cells. These
cells can Dbe stimulated by
depolarizing pulses and the resulting

(ionic) currents across the cell
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membrane measured. In addition
exocytosis/endocytosis be
investigated by monitoring changes
in cell membrane capacitance (See
below).

can

Another recording configuration that
employs outside-out patches (Fig. 4C)
was used in this thesis to investigate
some specific features of insulin
granule fusion from a small area of
the cell membrane. This
configuration is achieved by pulling
the electrode away from the cell in
whole-cell mode. This action results
in forming a small patch of the cell
membrane over the tip of the
electrode with the external surface
directed outwards, i.e. a miniature
version of the whole-cell
configuration.

Capacitance measurements

As mentioned above, the membrane
capacitance can be measured in the
whole-cell of the
patch-clamp technique. To analyze
electrical data recorded on live cells
and extract information about their

configuration

various parts, the cell is replaced by
an equivalent electrical circuit (Fig.
5). of  capacitance
measurements, this circuit consists
1) an access
2) a
cell

In case

of three elements:
(Rs),

representing the
(Rm), and 3) a capacitor that takes
care of the membrane capacitance
(Cm). To
parameters several methods have
been proposed. In this thesis, the
sine+DC method was used. It

resistor resistor

membrane

determine these



employs sinusoidal voltage (500 Hz)
in combination with DC voltage in
order to detect all three parameters
of the equivalent electrical circuit of
the cell. The technique was used to
monitor exocytosis from single B-
cells as well as individual Ins-1 cells.
In this, advantage was taken of the
fact that during the fusion of LDCVs
or SLMVs with the plasma
membrane, the cell surface area
increases. This increase can be
measured electrically as a
corresponding
membrane capacitance (Cm) since
the capacitance of any capacitor is
directly proportional to its surface
area. For biological membranes,
which consist mainly of a lipid
bilayer, the coefficient of
proportionality between the area

increase in

and capacitance is ~10 fFum-2
(Pethig et al., 2005). Thus, a vesicle
that fuses with the cell membrane
will cause an increase in cell
capacitance while recapture of the
cell membrane during an
endocytotic event will result in a

Patch electrode

Jovita Karanauskaite

decrease of similar size in cell
membrane capacitance. Because
endocytosis is a comparatively slow
process, it does not normally
influence the measurement of
exocytosis (Eliasson et al, 1996).
Still, it is not possible to fully
separate two processes from each
other.

For capacitance measurements, the
cell membrane is usually stimulated
by depolarizing voltage pulses of
different length and amplitude. Since
the depolarization activates voltage-
gated Ca?* channels and causes large
and fast changes of the membrane
permeability, the detection of the
membrane capacitance is not
possible during the depolarization
pulse if sine+DC method is used
onsequenly photorelease of caged
Ca?* was used for the investigation
of granule fusion events immediately
after the rapid
intracellular Ca2+* (See below.).

increase in

Changes in capacitance of the cell
membrane caused by fusion of a

sine wave

< ANANY

X \VARV/

monitor

Figure 5. A schematic diagram of cell capacitance measurement circuit. Rm - cell
membrane resistance, Rs - series resistance and Cm - cell membrane capacitance.
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single granule were detected in this
thesis with the help of the cell-
attached configuration (Fig. 4A) that
permits capacitance
measurements. The main difference
from the capacitance measurements
in the whole-cell configuration is
that, to resolve individual fusion
pores in the relevant size range,
higher sine wave frequencies (the
sine+DC  method) are applied
(typically about 20 kHz versus 500
Hz in the whole-cell configuration).

low-noise

Amperometry

Carbon fibre amperometry is
another electrophysiological method
which is used for detailed
investigation of exocytosis of LDCVs
with a single event resolution (Fig.
6). An amperometric signal, that
marks an exocytotic event, is formed
by chemically oxidizing the released
secretory products on the surface of

Patch electrode

Carbon fibrém
electrode

the carbon electrode at a fixed
potential.  Electrons freed by
oxidized molecules are transferred
through the volume of the carbon
fibre to the electronic circuit thus
creating a transient
whenever an oxidizable substance is
adjacent to the electrode surface. It
is obvious then that amperometry
can be performed only on cells that
secrete oxidizable molecules.
Unfortunately, vesicles in pancreatic
cells do not contain enough such
molecules. To overcome this
difficulty, B-cells were loaded with
exogenous neurotransmitter
serotonin (5-HT) that is readily
oxidized by a carbon fibre. In this
study the carbon electrode was
connected to the head stage of an
amplifier and held at +650 mV. The
detection of exocytosis relied on
current generated when serotonin

current

was oxidized on the surface of

05s

Figure 6. A schematic diagram of amperometric measurements of serotonin release from
pancreatic B-cells. Cells were preloaded with 5-HT (small black dots) and stimulated with Ca2*
containing buffer through the patch pipette. Release of serotonin (left and insert)from LDCVs

was detected as an amperometric current (right).



electrode positioned as close as
possible to the cell. Such positioning
was necessary to maximize the
detection of released serotonin
molecules. We have shown that 5-HT
release from pancreatic B-cells as
detected by this method reflects
exocytosis from LDCVs (Aspinwall et
al., 1999, Bokvist et al., 2000, Smith
et al., 1995). A weakeness of this
method is that only 30-50% of
events taking place on the surface of
a single cell can be detected because
of the loss of 5-HT during the
diffusion process to the surface of
carbon fibre.

Photorelease of caged Caz+

and [CaZ*]i measurements

The application of caged Ca?*
compounds to rapidly and uniformly
increase intracellular Ca?+ levels is
important to establish the dynamics
of vesicle fusion. As explained above,
it is not possible to monitor the
capacitance of cell membrane during
a depolarization pulse. Another
problem is that Ca?* entry during
depolarization is not uniform but
concentrated to certain areas of the
cell (Bokvist et al., 1995). In adition,
there are steep gradients of [Ca?*];
below the plasma membrane making
it difficult to reliably measure [Ca2+];.
By contrast, the elevation of [Ca2*];
by photorelease of caged CaZ* loaded
into cells through the patch pipette
does not increase the conductance of
the cell membrane, and so does not
interfere with the capacitance

measurements. In this thesis NP-
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EGTA was used as a source of caged
Caz+.

During a typical experiment, caged
Ca?* was released by a brief (~1 ms)
flash of UV-light delivered to a B-cell
preloaded with NP-EGTA via the
microscope objective with the help
of a special spot illumination
adaptor. It should be noted that the
delivery of UV light through the
objective is essential in this type of
experiments that employ a carbon
fibre with an outer protective plastic
layer. Initial experiments revealed
that UV light knocks out of the
carbon fibre a considerable number
of electrons that are caught in the
volume of protective plastic. After
UV flash, these electrons are
retracted by carbon fibre. This
backward movement of electrons is
detected as a huge current artefact
that obscures any biologically
relevant signal. The delivery of UV
light through the objective limited
this artefact to an acceptable degree.
The remnant of it could be removed
digitally off-line by fitting and
subsequent subtracting of an
exponential grom the initial part of
the current recording. Intracellular
of Ca?* continuously
observed by the
fluorescence of Fura-FF (loaded into
the cell via the recording electrode)

level was

monitoring

at two
microfluorimetric system installed
on an inverted microscope Axiovert

wavelengths on a

200. The excitation and emission
wavelengths used for Fura-FF were
340/380 and >505 nm respectively.
To convert the fluorescence ratio at
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these two excitation wavelengths
into [Ca%*]; (Grynkiewicz et al,
1985), the minimum value of the
ratio was determined at basal [Ca2+];
for each experiment. The maximum
value of the ratio was recorded
immediately  after experiment
rupturing the cell by briefly
clamping the membrane voltage at
+500 mV. The K for the binding of
Ca?* to Fura-FF was assumed of 5.5
uM.

Imaging of an exocytotic

event

Direct visualisation or imaging of cell
the  dynamic
processes such as exocytosis is a
powerful and versatile tool that is
widely used in many branches of life
sciences. Of many imaging methods
available, two were used in this
thesis to clarify the character of an
exocytotic event: TIRF and confocal
microscopy. Both techniques were
used to image insulin granules and
to make the exocytotic event visible
on a computer screen.

structures and

To render the relevant structures
and components of the (-cell visible,
they were labelled with a set of
fluorescent probes such as enhanced
green fluorescent protein (EGFP),
monomeric red fluorescent protein
(RFP),  pH-insensitive
fluorescent protein (EMD) and cyan
protein  (CFP).
example, IAPP, the marker of water-
soluble cargo peptides within insulin
granules, was labelled with EGFP
and used granule

emerald
fluorescent For

to monitor
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movements inside cell cytoplasm as
well as to observe the release of
peptides. Also VAMP, a protein that
is attached to granule membrane,
was labelled at the luminal side with
pHluorin, a variant of GFP that is
sensitive to pH of surrounding
solution (Tsuboi and Rutter, 2003).
Since exocytosis of insulin granules
involves a drastic change of intra-
luminal pH, the presence of this
construct allowed us to monitor the
penetration of protons (and
presumably low molecular weight
substances) through the fusion pore.
The VAMP-pHluorin signal is initially
“silent” due to the low luminal pH of
granules that have not yet fused with
the Following
exocytosis, there is fast increase in
fluorescence, reflecting the opening
of the pore the
equilibration of H* concentration
between extracellular space and the
lumen of the insulin granule.

cell membrane.

fusion and

SUMMARY OF RESULTS
AND DISCUSSION

Detection of ATP release

In this thesis we introduce a novel
method for studying exocytosis in
insulin-secreting cells based on the
expression of a high density of ATP-
sensitive P2X» receptors in the
plasma membrane. The technique is
conceptually related to the “sniffer
cell’-approach, also based on P2X;
receptors, used previously by
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Figure 7. P2X;R expression. (A) TIRF images of a cell transfected with P2X,R-RFP (left
panel) and IAPP-EGFP (right panel). (B) Average image of 23 small frames taken from images
like those shown in A and centered on the location of granules (right panel, IAPP-EGFP
spots). The left panel is the average image of similar frames cut at the same locations from
the red channel. (C) Sequence of confocal images showing Fluo-5F fluorescence in a cell that
expressed P2X,-mRFP. At t=0 seconds, ATP (2 mM) was applied to the cell via a puffer pipette

from the direction indicated with an arrow.

Hazama et al. (Hazama et al., 1998)
with the important difference that
the ATP releasing [3-cell is used as its
own “sniffer” cell.

Here we have shown that the
autaptic use of P2X; receptors to
detect the release of ATP from [3-
cells is a valuable complement to
amperometry. ATP
component of the secretory granules
in B-cells, so it is not necessary to
load them with exogenous ATP
before experiment as is the case with
serotonin in amperometric studies.
Another essential advantage is that
exocytosis can be monitored over
the entire cell surface whereas

is a natural

amperometry only detects secretion
on the 30-50% of the cell surface
area adjacent to the carbon fibre
(Braun et al., 2007a). Moreover, the
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shape of amperometric signals is
modified by the diffusion of released
molecules in a manner dependent on
the position of an exocytotic event
relative to the tip of the carbon fibre.
Only sophisticated
methods allow reconstruction of the
true nature of the release events.

correction

The approach is fully
compatible with other methods used
in cellular studies of exocytosis and
has been successfully combined with
amperometry, the measurements of
cell membrane capacitance, different
patch-clamp configurations, calcium

new

imaging, and confocal microscopy.

The distribution of P2X, receptor
over the cell surface. The uniform

distribution of P2X; receptor on the
cell surface is important in the
context of experiments conducted in
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this study since any irregularities in
their the
surface will distort the detected
electrical signal.

distribution over cell

TIRF microscopy was used to
establish whether there was a
correlation between the localization
of P2X; receptor molecules and
granule release sites. Analysis of cell
footprint images recorded on rat
insulinoma (Ins-1) cells transfected
with P2X>-mRFP1 and the granule
IAPP-EGFP  (Fig. 7A)
revealed the presence of receptors at
high and uniform levels in the
immediate vicinity of granule
docking sites (Fig. 7B).

marker

Additional test was performed by
confocal microscopy in order to find
out whether the fluorescent label

the
functionally

observed on cell surface

represented active
molecules of the receptor. In this we
took an advantage of the fact that
P2X> is somewhat permeable to Ca2+
and imaged exogenous ATP-evoked
Ca2+-influx into cells that expressed
P2X2-mRFP. These cells were loaded
with low-affinity Ca%*-indicator Fluo-
5F (Zenisek et al., 2003) through a
patching pipette and voltage-
clamped at -70 mV in the whole-cell
configuration. External application
of 2ZmM ATP through a local puffer
pipette activated practically all P2Xz-
channels present on the cell surface
and caused a massive influx of Ca2+
into the cell. By confocal imaging,
this
continuous

influx was detected as a
fluorescent ring

below the plasma membrane as

just
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expected in the case of uniform
P2X>-
channels over the cell surface (Fig.
7C).

distribution of functional

The surface density of active P2X;-
channels was found to be of ~8500
per cell in experimental conditions
of this study as evaluated on the
basis of whole-cell current (5.1+0.5
nA) measurements and taking into
account the reported single-channel
properties: conductance (15-30 pS)
and open probability (0.6) (Ding and
Sachs, 1999, Whitlock et al,, 2001).
The cell capacitance of the rat 3-cells
used for these experiments averaged
10.6x1.0 pF. Since the specific
membrane capacitance is ~10 fFum-
2, we can estimate the receptor
density to be 80 pum-=2
corresponds to an average distance
between two adjacent receptors of

what

0.11 pm. Thus the distance between
the opening of a fusion pore and the
closest receptor molecule is *50 nm.
Such small distance ensures that the
shape of the inward current spike
evoked by the release of ATP from a
fused granule is  practically
independent on the specific
localization of the release site on the
cell surface.

Release of adenine nucleotides
from pancreatic 3-cells. With P2X;
receptors expressed in [3-cells, any
exocytotic event associated with ATP

release is detected as a current
transient across the cell membrane
(Fig. 3B). Consequently electrical
monitoring of the cell membrane
allows us to detect the number of



release events as well as their
dependence on the presence of
different agents. Such data can be
acquired by simply counting the
current transients. However,
explained below, the amount and
depth of information that can be
extracted from this type of
recordings is not limited to
determination of the number of

as

vesicle counts.

An individual current transient is
shaped by specific conditions and
physical parameters that define an
exocytotic event. The main of these
are the amount of ATP in the
granule, the rate of ATP diffusion in
intragranular matrix, the size of the
fusion pore, the dynamic behavour
of the pore, the size of granule and
the cell etc. Information about these
in the

conditions is contained

o
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Figure 8. Definition of parameters often
used in the analysis of ATP current
spikes. Spike baseline - dashed line, I,-
spike amplitude; Q - overall charge moved
into the cell by the current spike equal to
the integral of current over the duration of
the spike; tip-909 - 10 to 90% rise time; thy —
the halfwidth of the spike measured at
50% of I;; T - the decay time of the spike
measured between 75% of I, and baseline;
Ifo0t — the foot current amplitude; tfo:— foot
duration.
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characteristics of an individual spike
such as the spike amplitude, the
rising time, the decay time, the half
time, the presence or absence of a
spike foot and others. Therefore
effective use of this method implies a
thorough analysis of  spike
properties (Fig. 8).

A convenient and useful way of
presenting data on ATP current
transients is histograms of charge Q
brought into the cell by a single
spike (Fig. 9). The intragranular
concentration of ATP
determined by
conditions in cell cytoplasm and
therefore can be expected to be
roughly similar in all granules. If this
is the case, then the charge of a spike
is proportional to the volume of the
granule of 4mR3/3, where R is the
granule radius. The cubic root of

is mainly
electrochemical

charge (Q1/3) is therefore
proportional to the granule
diameter. Thus, substituting the

cubic root of charge Q/3 for charge Q
gives physical meaning to these
histograms as reflecting the granule
size distribution (note that the
granule diameters are normally
distributed) (Fig. 9). Such way of
presenting charge data will also
reveal
populations of different size.

the presence of granule

The histogram shown in Fig. 9
reveals that the majority of events
observed in this experiment belong
to a single population of events and
can be reasonably fit by a Gausian.
However approximately 20% of TICs
exhibit very large charge indicating
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Figure 9. Distribution of Q1/3 of ATP
evoked currents in pancreatic 3-cells.
Exocytosis was evoked by 2 uM [Ca?*];
and 0.1 mM cAMP via patch electrode.

the release of vast amounts of ATP
during a single fusion event. The size
of large events was found to be
dependent on levels of [Ca?*]; and
cAMP in the
Removing cAMP and stimulating
cells with lower levels of [Ca%*]i -
(0.1-0.2 upM) - decreased the
numbers of large spikes and their
frequency fell to ~3%.

intracellular buffer.

When combined with simultaneous
measurements of the cell membrane
capacitance, the P2X; method
yielded a capacitance change per
single exocytotic event. The values -
1.0 fF for Ins-1 cells and 3.4fF for 3-
cells - are in good agreement with
by on-cell
capacitance studies of single-vesicle
exocytosis (MacDonald et al., 2006).

those obtained

Selective release from LDCVs

Exocytosis in -cells is initiated with
a delay as short as 5-10 milliseconds
after Ca%*-influx (Barg et al., 2001b).
However the release of peptide
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cargo takes on average much longer
time (up to ~2 seconds) to be fully
finished (Barg, 2003). Here we
explore events that take place in
between pore opening and the
release of peptide, different
stages of exocytosis, with the aim to
find out whether the release of cargo
is regulated beyond the moment of
membrane fusion, and, specifically,
whether a transient
mechanism may enable cells to
release selectively low-molecular-
weight transmitters from LDCVs.

i.e.

fusion

Time course of nucleotide release.
We compared the time course of
nucleotide and peptide release by a
combination of high-resolution cell
membrane capacitance
measurements, the P2X; receptor-
based assay for the detection of ATP
release and confocal imaging of
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Figure 10. Time course of nucleotide
release. The 500 ms depolarization pulse
to OmV (above), ATP currents (middle)
and cell capacitance recording (below).
The inset shows the expanded indicated
part (highlighted by square). Asterisks
indicate current spikes superimposed on
the inward Ca2?*-current (identified by

eye).
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Figure 11. Time course of peptide release. Ins-1 cells expressing IAPP-emerald (IAPP-
EMD) were voltage-clamped and their footprint imaged at 10 Hz. (A) Images taken at the
indicated times relative to the onset of a 500 millisecond depolarization from -70 mV to zero
mV. (B) Time course of IAPP-EMD fluorescence (lower trace) in the ROI indicated by the
circle in A in response to a 500 millisecond depolarization (top trace).

single-granules.

To determine the time course of
nucleotide release, we recorded
membrane capacitance and currents
in Ins-1 cells expressing P2X;-EGFP
receptors, and applied a single
depolarization pulse to zero mV
lasting 500ms. The type of data
obtained in these experiments is
demonstrated in Fig. 10. A series of
transient inward currents were
detected in parallel to increase in
membrane capacitance. In the
experiment shown, the observed
capacitance increase was 70 fF and
was confined to the duration of
depolarization pulse. This change in
capacitance corresponds to the
release of 88 granules (conversion
factor of 0.8 fF per granule
(MacDonald et al.,, 2005). The main
result obtained by these
measurements is the cumulative
histogram of the time of the current
spikes relative to the onset of
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depolarization (Fig. 14, dotted line).
After correcting this histogram for
lost points it was found that ATP was
released in Ins-1 cells with a time
constant of 280 milliseconds. This
time constant is longer than that for

capacitance increase. It was
concluded that the release of
adenine nucleotides is slightly

delayed in relation to membrane
fusion.

Time course of peptide release. It
is interesting to compare the rate of
nucleotide
peptides which have a considerably
larger molecular size. To achieve
this, we monitored the time course
of peptide release from Ins-1 cells
using chimeric constructs of IAPP
with fluorescent protein emerald
(EMD). Thus labelled IAPP is a
soluble protein which is correctly
targeted to LV lumen (Michael et al,,
2004) and acts as a fluorescent

release with that of
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Figure 12. Simultaneous imaging of VAMP-pHluorin (top) and IAPP-ECFP (lower) in
double-transfected cells. The cell (imaged at 10 Hz) was stimulated with a 3 second puff of
solution containing 87 mM KCI. Times quoted below the images are relative to the peak in the
VAMP-pHluorin signal. (A) Example of a granule (highlighted by a circle) that showed a
transient increase in VAMP-pHluorin fluorescence and that culminated in the loss of IAPP-
ECFP fluorescence. (B) Fluorescence intensities of IAPP-ECFP (open circles) and VAMP-
pHluorin (black squares) within ROIs centered on the granule highlighted in A. (C) Example
where the increase in VAMP-pHluorin fluorescence was not associated with the rapid loss of
IAPP-ECFP fluorescence. (D) As in B, but for the granule shown in C.

marker of peptide release during
exocytotic event. Additionally, this
fluorescent label is essentially pH-
insensitive which is important in
of large changes in
intragranular pH during exocytosis.

view

Confocal
transfected

imaging of IAPP-EMD

Ins-1 cells (Fig. 11)
revealed that depolarizing pulses to
0 mV for 500 miliseconds caused
of
fluorescence from several IAPP-EMD

sudden disappearance

labelled granules localized just
below the cell membrane. The
cumulative histogram of

disappearance times relative to the
stimulation showed that granules
are fusing with the cell membrane
with the time constant of 2.2 s (Fig

-27-

14, square markers). The speed of
fluorescence decay in these granules,
once they underwent exocytosis,
was very high and completed in
100ms. This clearly indicates that
the fluorescent cargo was lost by its
extrusion into extracellular space
and by vertical
displacement. This is in accordance
with the data reported previously
2002) but ~6-fold
slower that the time constant for

not granule

(Barg et al,

nucleotide release.

Exocytosis does not always lead to
release of peptides. Next,
attempted to detect if pore opening
was always associated with peptide
release. In these experiments, cells
were co-transfected with VAMP-

we




pHluorin and IAPP fused to the pH-
insensitive enhanced cyan
fluorescent protein (IAPP-ECFP). By
combining these two probes, we
took advantage of visualizing
simultaneously granular pH changes
and release of a peptide marker
throughout an exocytotic event.
Under high K* (87 mM) stimulation,
there were events that showed an
increase in pHluorin fluorescence
that were clearly associated with the
abrupt disappearance of
fluorescence from the corresponding
spot in the IAPP-ECFP channel (Fig.
12A). It can be seen from analysis of
associated fluorescence intensities
(Fig. 12B) that the IAPP-ECFP
fluorescence <0.3
secondsand at the same time as the
increase in VAMP-pHluorin. In other
cases (Fig. 12C and D), the increase
in pHluorin fluorescence occurred

vanished in

without concomitant decrease in
ECFP-fluorescence. =~ The  VAMP-
pHluorin signal reached a peak
within a fraction of a second, and
then decayed slowly towards the
original level. No significant changes
were detected in the IAPP-ECFP
channel. This clearly indicates two
separate exocytotic
granule behaviour: complete release
of peptide cargo (39% of events) and
intragranular retention of the cargo

patterns of

until the re-closure of the fusion
pore (61%).

Nucleotides are released

independently of peptides. Finally
we tested if nucleotides can be

released from granules that retain
their peptide content. To test this
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combined the
detection of

possibility, we
electrophysiological
nucleotide release with P2X; and the
optical detection of exocytosis and
the latter
measurements, used IAPP-
pHluorin as probe, which combines
the advantages of being sensitive to
the pH-change after pore opening
and being a soluble peptide that is
potentially released from the
granule. It was first ascertained that
the IAPP-pHluorin reports
exocytosis. We imaged the footprint
of cells expressing both IAPP-
pHluorin and P2Xz-mRFP. The cells
were then voltage-clamped at -70
mV and exocytosis was evoked by
dialyzing the cell interior through
the patch pipette with a solution
containing 2 uM free Ca2*. Soon after
establishing  the  whole
configuration, discrete spots of
transient increases in fluorescence
were observed. The events could be
classified into two classes. In the
first type of events (52%), there was
a rapid loss of fluorescence that
often coincided with the appearance
of a short-lived cloud of fluorescence
centered at the original spot (Fig.
13A). In the second type, the
fluorescence remained elevated for
several seconds and then slowly
decayed towards the baseline (Fig.
13B). We
increases that decayed with time

release. For

we

cell

defined fluorescence

constants (t) of <350 milliseconds
and >350 miliseconds as rapid and
persistent events, respectively (Fig
13G). Based on the rapid decay and
the association with a cloud of
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fluorescence (Fig. 13A, third frame)
it seems justifiable to interpret the
rapid events as release of IAPP-
pHluorin. The persistent events are
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Figure 13. Parallel recording of nucleotide and peptide release from individual
granules. (AB) Confocal images of a section of the footprint of a voltage-clamped cell
expressing both IAPP-pHluorin and P2X;-mRFP. The images were recorded at the
indicated times relative the onset of the IAPP-pHluorin flash. Exocytosis was elicited by
intracellular dialysis with a buffer containing 2 pM [CaZ2*];. (C,D) Image sequences of a cell
co-transfected with IAPP-pHluorin and P2X,-mRFP1 and stimulated as in A and B. ATP
activated current were recorded in parallel. Examples of a short-lived fluorescence
transient in C, and a long-lasting event in D. (E,F) Time course of the average fluorescence
intensity in the ROIs indicated by the white circle in C and D (top) and inward membrane
currents associated with the events (lower). (G) Histogram of the decay constants of 56
events as in C and D. The shaded area indicates decay constants greater than 350
milliseconds. (H) Cross-correlation histogram of the times of fluorescence peaks vs the
times of current peaks in three experiments similar to that shown in C and D.

consistent with granules that retain and D).

of bleaching and re-acidification. We
demonstrated that single exocytotic
events can be resolved optically even
at the level of entire cell (Fig. 13C

[APP-pHluorin after exocytosis and
dim slowly because of a combination
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Imaging of transfected cells was
done with parallel recording of
transient ATP-activated currents in
the same cells (Fig. 13E and F).
Combined analysis of optical and
electrophysiological data revealed
that: 1) the peak of the IAPP-
pHluorin fluorescence lagged behind
that of the current spikes by 50
milliseconds (Fig. 13H); confirming
the earlier observation that pH-
equilibration during exocytosis is
somewhat slower than nucleotide
release; 2) 68+14% of the current
spikes were associated with either
transient or persistent changes in
fluorescence suggesting that release
of ATP by exocytosis of insulin
granules was detected, rather than
from other types of secretory
The lack of complete
correlation was expected because in
transiently transfected cells, not all
granules [APP-
pHluorin; 3) 52 granules undergoing
exocytosis detected by both
methods were not different from the
entire sample of 75 granules, and the
ratio of rapid (full) events (71 %,)
and persistent (kiss-and-run) events
(29+£5%) was similar.

vesicles.

would contain

as

Taken together, these data indicate
that exocytosis of insulin granules
can take two functionally different
routes following membrane fusion:
either complete emptying of the
granule content, or selective release
of ions and small low-molecular-
weight compounds with (at most)
partial release of peptides.
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Is differential release
mediated via transient
fusion?

Traditionally, insulin granules have
been thought to collapse into the
plasma membrane during exocytosis
(full fusion). This may have been the
case for some of the granules we
studied; most notably those where
the VAMP-pHluorin signal had a
rapid decay phase (Fig. 12 A and B).
However, we often observed a
plateau phase in the VAMP-pHluorin
signal, which indicates that the
granules did collapse
immediately. Indeed, there is now
good evidence that a significant
fraction of granules remains
structurally intact after exocytosis
(Barg et al, 2002, Perrais et al,
2004, Taraska and Almers, 2004,
Taraska et al., 2003, Tsuboi et al,,
2004, Tsuboi et al., 2000, Vo et al,,
2004).
observations we found that in up to
two thirds of the exocytotic events
the labelled IAPP remained at the

not

In agreement with these

1.0

0G0 o8
0.8
N/N. 061
- ATP (spike)
0.41 o VAMP (increase’
IAPP (vanish)
0.2 =
0- . . : .
0 2 4 6 8
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Figure 14. Cumulative histograms

showing the time, relative to stimulation,
of the loss of I[APP-EMD fluorescence
(squares), the increase in VAMP-pHluorin
fluorescence (circles).
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site of the granule. Furthermore, the
extracellular tracer dye uptake
experiments (Paper I, this thesis)
demonstrated that granules, still
containing the release marker IAPP-
EGFP, accumulated the dye in a
stimulus-dependent manner.
Together with the fact that dye
accumulation was insensitive to
extensive washing, this indicates
that the granules had undergone
exocytosis,
compounds like nucleotides and
then closed their pores and became
pinched off from the plasma
membrane.

released small

How is the mode of exocytosis (full
fusion vs. transient exocytosis)
related to the mode of release from a
granule (partial or complete)? It is
tempting to equate transient
exocytosis with partial cargo release
because the duration of the transient

fusion pore openings is long in

relation to the time it takes for
nucleotide release (Fig. 14). In
addition, we observed nucleotide
release from granules engaged in
transient exocytosis (Fig. 13F).

Assuming that the duration of the
plateau phase in VAMP-pHluorin
experiments (1 second) reports the
time during which the pore remains
open, premature closure of the pore
is a likely mechanism by which
release of peptides (delay of 2.2
seconds  after  exocytosis) is
prevented (Fig. 15A and B). There is
evidence that granules that are
retrieved intact in this manner
remain fusion competent and are
able to bypass the endosomal
recycling pathway (Vo et al.,, 2004).
The  presence  of
transporters in insulin granules
supports the idea that such
recaptured granules can be recycled
by simple refilling with the

nucleotide

®

5 #um

Figure 15. Premature closure of fusion pore without peptide release. Ins-1 cells
expressing VAMP-pHluorin were voltage-clamped and their footprint imaged at 10 Hz. (A)
Images taken at the indicated times relative to the onset of a 500 millisecond depolarization
from -70 mV to zero mV. (B) Time course of VAMP-pHluorin fluorescence (lower trace) in the
ROI indicated by the circle in A in response to a 500 millisecond depolarization (top trace).



nucleotide (Bankston and Guidotti,
1996). A similar mechanism has
been postulated for chromaffin
granules (Tabares et al, 2001).
Granule recycling by transient
exocytosis and refilling with
transmitter provides the cell with a
secretory pathway that avoids
sorting,
internalization of the granular
components.

concentration and

Corelease of GABA and ATP

from LDCVs

Gamma-aminobutyric acid (GABA) is
the chief inhibitory
neurotransmitter in the mammalian
central nervous system. It plays an
important role in regulating
neuronal excitability throughout the
nervous system. It is also found in
pancreatic (-cells (Rorsman et al,
1989) though its role in coordinating
processes in the pancreas is
unknown. It was believed that GABA
is stored in SLMVs (Reetz et al,
1991). However, there is some ultra-
structural evidence that indicates
the presence of GABA in LDCVs as

100
pa

2

ls
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well (Braun et al, 2007b). GABAa
(Wendt et al., 2004, Rorsman et al.,,
1989) and GABAg receptors (Braun
et al., 2004) have been identified in
islets of Langerhans. This suggests
that GABA, released by regulated
exocytosis from the -cell, can serve
as paracrine/autocrine regulator.

To explore if GABA is released by
exocytosis of LDCVs, we combined
amperometric monitoring of
serotonin release with patch-clamp
measurements of GABA and ATP
release in [-cells over-expressing
GABAx and P2X: receptors,
respectively. We observed that 22 *
5% (n = 8) of GABA-induced current
transients associated with
simultaneous serotonin release (Fig.
16). This value was not statistically
different from 29 * 4% of ATP-
induced transients associated with
serotonin release and was sevenfold
larger (P < 0.01) than that expected
for simultaneous release of GABA
and serotonin by independent
events. These observations argue
that at least some GABA is released
by exocytosis of LDCVs. The last
conclusion was reinforced by the

\
pA Y N i i w\-w&xk\__—m\
serotonin

Figure 16. Corelease of GABA and serotonin. Parallel recording of GABA-induced TICs
(top) and serotonin release (bottom) in a single 3-cell. The cell was held at -70 mV and
exocytosis elicited by intracellular application of 2 uM free CaZ2+.
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observation that there were no
differences in the time,
halfwidth, and charge between
amperometric events that associated
with GABA release and those that
did not. If a subpopulation of the
amperometric events were due to
exocytosis of SLMVs, this should be
reflected in different amplitudes and
kinetics of the events (compare
(Bruns et al., 2000)). The conclusion
that GABA is released by exocytosis

rise

Figure 17. Immunogold labeling of
GABA in rat pancreatic 3-cells. Arrows

indicate labeling over the insulin-
containing LDCVs.
of the insulin granules is also

underpinned by ultrastructural data
indicating that f(-cell LDCVs do
contain GABA (Fig. 17).

How big is the relative contribution
of LDCVs to the GABA release
observed? If we take the 29% of the
ATP-induced current transients that
associated with serotonin release as
the maximum, then at least 75% of
the GABA (i.e.,
22%/29%) to

release events

are attributable
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exocytosis of LDCVs. Thus, we

conclude that exocytosis of LDCVs

accounts for most (if not all)
depolarization-evoked GABA
release.

Low molecular weight
granule constituents are
differentially released via the

fusion pore

Simultaneous  measurements
GABA and ATP
pancreatic [3-cells combined with
amperometric serotonin monitoring
provided additional information
about the dynamics of the fusion
pore and its role in the secretion of

of

release from

low molecular weight substances.

Amperometric measurements
chromaffin and pancreatic (-cells
have revealed the presence of a
foot front of many
amperometric events (Chow et al,
1992, Zhou and Misler, 1996). It is
understood that the foot occurs
because transmitter is released at a
through a relatively
narrow pore. In this thesis, such feet
were observed during parallel
recordings of ATP/serotonin and
GABA/serotonin (Paper II) for both
amperometric and the
simultaneously recorded ATP and
GABA induced TICs. Interestingly,
the foot signals of ATP- and GABA-
induced TICs (Fig. 18) contributed
substantially less to the total charge
of the event than the corresponding
amperometric foot currents: 3.6 *
1% for ATP, 6.4 1% for GABA and
20 #5% for serotonin detected

on

small in

rate

slow

spikes



amperometrically. Also, the foot
signal of ATP-induced TICs had
lower amplitude relative to the spike
phase than the corresponding
amperometric currents: 12 + 2% for
ATP vs. 28 + 3% for serotonin. This
indicates that the fusion pore
restricts the passage of ATP
significantly more than that of
serotonin. The dimensions of ATP
and serotonin are ~1.6 x 1.1 x 0.5
nm and ~1.0 x 0.5
respectively. The diameter of the (3-
cell LDCV fusion pore is ~1.4 nm
(MacDonald et al, 2006). This
predicts that whereas serotonin will
be easily accommodated within the
fusion pore, the movements of ATP
be more restricted. The
occurrence of isolated GABA-
induced TICs in our recordings
without simultaneous ATP release

x 0.2 nm

will

we attribute to partial opening of the
fusion pore, sufficient to allow the
exit of the GABA but not of the bigger
ATP molecule. Evidence for the
fusion pore “filter”
molecules has also been obtained in
synaptic vesicles (Gandhi
Stevens, 2003). Thus, exocytosis
through fusion pores (“kiss-and-
run”)  provides with a
mechanism to differentially release
small molecular weight transmitters
from individual vesicles.

to small

and

cells

What are the large ATP
events? Compound
exocytosis

Charge histograms of ATP release

events discussed above (Fig. 9)
revealed the presence of some
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Figure 18. Examples of 5-HT, ATP and
GABA release recordings from
pancreatic B-cells. (A) Examples of
simultaneous 5-HT and ATP events. (B)
GABA current spikes. Feet indicated by
arrows.

unusually large events.
cases, large charge values were also
reflected uncommonly large
amplitudes of current spikes that
might reach several nA in size rather
than the more typical amplitude of
~100 pA. Large current transients
were persistently re-occurring and
were not a recording artefact. One
may suggest several possible causes
for the intriguing appearance of such
large spikes.

In most

in

The most straightforward
explanation would be that several
LDCVs simultaneously at
different the cell
surface. The tight packing of insulin
granules in the volume of the (3-cell
seems to support a coincidental
occurrence of such multiple fusions.
Fortunately, this can be verified
comparatively simply with the help
of outside-out of
patch-clamp technique (Fig. 4C).
When this configuration is used, the
bulk of the cytoplasm with the
majority of insulin granules is lost,

fuse

locations on

configuration

so that the probability for several

fusion events to occur
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simultaneously decreases
significantly. In our experiments the
size of the patch comprised 8.9% of
the whole cell surface of Ins-1 cells
used. However, the obtained data
revealed that some of the events
exhibited amplitudes ~3 times
larger than the mean. This
corresponds to an increase in the
charge transfer associated with the
event by a factor of ~27. If the fusion
of a single granule causes transfer of
mean charge, then this event asks for
simultaneous fusion of 27 granules
which is unrealistic in the outside-
out patch configuration.

Mathematical modeling suggested
that the response of a single fusion
event can be considerably enhanced
by release in the limited space that
can be created between the cell
surface and the glass coverslip or
even between two cells of a small
cell cluster. To such
possibility, cells were patched in the
whole cell configuration and, after
establishing gigaseal, moved away
from the bottom of the culture dish.
Current transients recorded in this
way did differ in their
characteristics (amplitude, rise and
decay time) from those observed
while cells were attached to the
the dish.
it was verified by
propidium iodide staining of the

exclude

not

bottom of culture

Nevertheless

nucleus that the measurements were
conducted on single cells.

Moreover, mathematical modelling
of ATP release showed that the rise

time of the current transient
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associated  with  the release
depended only slightly on
intragranular ATP concentration.

This is not the case for large spikes
observed in experiment: the average
rising time for these events is ~10
times bigger.

Having considered and excluded all
these possibilities, we focused our
the possibility of
multivesicular compound exocytosis
in the pancreatic (3-cell. There is
evidence that this
eosinophils (Scepek and Lindau,
1993, Hafez et al., 2003, Hartmann et
al., 2003), neutrophils (Lollike et al.,
2002) and mast cells (Pickett and
Edwardson, 2006). Though there is
some early ultrastructural (Dahl and
Henquin, 1978) and electrochemical
(Bokvist et al., 2000) evidence that
this occurs in B-cells as well, more
recent investigations have vyielded
conflicting results (Kwan and Gaisano,
2005, Takahashi and Kasai, 2007).

attention on

occurs in

First, we looked for evidence of
compound exocytosis in the B-cell by
recording small capacitance changes of
a cell membrane patch in the on-cell or
cell-attached configuration (Fig 4A and
Fig. 19). The majority of detected
capacitance steps had the same size
(3fF) as that reported earlier
(MacDonald et al, 2006). An
example of event of this class is
marked by the arrow in Fig 20A.
However, more extensive analysis
revealed that ~7% of all recorded
events in rat (-cells (8 events out of
110 in 43
associated with a capacitance jump

events cells) were
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Figure 19. Exocytosis of granules in cell-attached membrane patches of Ins-1 and
primary rat f3-cells have a varied distribution in single step size. (A-C) Representative
capacitance (Im/2mf) and conductance (Re) recordings from membrane patches of intact rat
B- (A) and Ins-1 (C) cells stimulated with 10 mM glucose. Upward steps in Im/2mfresult from
the fusion of single vesicles within the patch. The arrow in A highlights a small event (1.7 {F)
preceding a large event producing a capacitance increase of 26.6 fF. (B-D) The size
distribution of exocytotic events in rat B-cells (B) and Ins-1 cells (D) shown as vesicle
diameter. The vertical dashed lines indicates the diameter of a vesicle producing a capacitance
increase 3-fold higher than the mean value (7.2 fF in B and 2.4 fF in D).

3-fold larger than the average event
size (to the right of the dotted line in
Fig. 19B). In Ins-1-cells, 11% of all
events (i.e. 9 out of 80 events in 22

cells) displayed similarly large
capacitance steps (Fig. 19C and D).
Given  the  millisecond time

resolution of these recordings, it is
unlikely that these large events
represent the sequential fusion of
granules with the plasma membrane.

TIRF microscopy with its capability
immediately
below the cell membrane should be
very helpful of
compound events. We used this
technique to visualize exocytosis in a

to visualize events

for detection
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cell expressing VAMP-pHluorin (a
VAMP being granule-specific
transmembrane protein with
pHluorin exposed to the granule
lumen) (Tsuboi and Rutter, 2003).
As has
exocytosis can be stimulated in
by glucose, by
by cell
depolarization, by perfusing the cell
via the patch pipette etc. Though all
of these lead
increased rate of Ca2*-dependent
exocytosis, they are not identical in
their ways of how the fusion of
granules is stimulated. The main
difference is the distribution of Ca2*
within the cell cytoplasm created by

been discussed above,
several ways:
application of high K,

methods to an
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Figure 20. TIRF images of LDCV exocytosis. These images obtained by TIRF microscopy in
an Ins-1 cell transfected with VAMP-pHluorin. Exocytosis was evoked by superfusion with a
buffer containing 70 mM K*. (A) A representative montage of a single exocytotic event (image
interval: 60 ms). (B) Montage of a compound exocytotic event of two interconnected granules.
(C) Distribution of integrated intensity of pHlourin fluorescence. n=18 events recorded from 7
cells. The grey bars show the two events associated with a fluorescence increase 2-to 3-fold

greater than average.

each of these methods with some of
them giving rise to a rapid global
of Ca%* (by
through patch electrode or by flash
photolysis) and with others causing
only a local increase of Ca2* in the
vicinity of the cell membrane (by
depolarization pulses or
extracellular application of high
glucose or K* concentrations). For
example, Fig. 20A shows images of
exocytotic events in cells expressing
VAMP-pHluorin and stimulated by
high K* (70 mM). The exocytotic
to be
fusion

elevation infusion

event starts seen after

membrane leads to
intragranular H* equilibration with
the extracellular space. Next, the
VAMP-pHluorin-labeled
membrane spreads laterally within

the plasma membrane. Most of the

granule

observed events exhibited similar
amounts  of with
roughly the same amplitude (Fig.
20C). Occasionally, events of larger
amplitude were seen. Fig. 20 B,
shows an example of an event

fluorescence
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consisting of the simultaneous
appearance of an oblong structure
with the dimensions of two single
granules (4t frame from left), which
merge over the subsequent two
frames into a circular shape from
which VAMP-pHluroin subsequently
diffuses. Fig. 21 A shows granules
undergoing exocytosis in response
the muscarinic agonist carbachol
which , at concentrations used,
causes sharp increase of [Ca2*]; all
over the cell cytoplasm (Martin et al.,
1997). In this case 29% of all events
were of “compound” type and some
of them were very large involving
more than 10 secretory granules
(Fig. 21B).

We also obtained electron
micrographs of f-cells stimulated
with 20 mM glucose in both the
absence and presence of 100 puM
carbachol. Upon glucose stimulation
alone, single granules predominated,
but when islets were stimulated with

carbachol for 10 min prior to
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Figure 21. Carbachol-induced stimulation of exocytosis in Ins-1 cells. (A,B) As in Fig. 20
A and B but the image interval is 100 ms and secretion was evoked by puffer ejection of 60 nl

of 1 mM carbachol close to the cell.

fixation, multivesicular structures of

connected granules could Dbe

observed.

On the basis of data obtained in this
study we conclude that compound
exocytosis happen
pancreatic (-cells. The frequency of
such events is normaly low but it
drastically
conditions of global [Ca2*]; elevation
such as muscarinic stimulation.

does in

increases under

What is the functional significance of
compound The
density of Ca?* channels in the (-
cells can be envisaged to limit the
number of secretory granules that
are sufficiently close to the Ca?*-

exocytosis? low

channel to undergo exocytosis upon
depolarization. If several granules
can prefuse, then a large exocytotic
response may initiated by Ca?* influx
via a single (cluster of) Ca2*-channels
(Bargetal., 2001b).
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Do SVs contribute to ATP

release and in ACw?

In addition to insulin-containing
LDCVs, pancreatic [(-cells also
contain SVs (Reetz et al, 1991,
Braun et al, 2004) that undergo
regulated exocytosis (MacDonald et
al,, 2006). It has been reported that
there is a temporal dissociation
between the increase in membrane
capacitance and the detection of
(5-HT),
which is co-released with insulin
from f-cells preloaded with the
amine (Aspinwall et al, 1999,
Bokvist et al., 2000, Smith et al,
1995). Thus, an early component of
capacitance was seen without any

extracellular serotonin

concomitant  serotonin  release
(Takahashi et al., 1997) and it was
proposed that this early component
reflects exocytosis of SVs (Kasai,
1999). It should be noted, however,
that not all studies on (-cells have
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ATP

05s

serotonin

Figure 22. An example of a parallel
recording of ATP (black) and 5-HT
(red) release in rat primary cells. Red
dotted lines indicate simultaneous events..

observed a dissociation between the
capacitance increase and the release
of 5-HT (Smith et al., 1995, Bokvist
et al.,, 2000, Smith et al.,, 1999). More
recently, it was reported (based on
advanced two-photon extracellular
polar-tracer image quantification)
that photorelease of caged Ca2+ leads
to the rapid release of ~4000 SVs
(Hatakeyama et al, 2007). A
dissociation between capacitance
measurements and LDCV exocytosis
studied by amperometry (Haller et
al., 1998) and TIRF imaging of cargo
release (Becherer et al., 2007) has
also been observed in chromaffin
cells.

We addressed this unresolved
problem by parallel recordings of

ATP and 5-HT release in primary rat

B-cells engineered to express
purinergic ionotropic P2X; receptors
(P2X2R)  combined  with cell
membrane capacitance

measurements. Parallel recordings
of ATP and 5-HT release revealed
that at both 0.2 and 2 uM [Ca%*];
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there is an excess of small events not
associated with detectable
release of serotonin whereas there
was a better agreement for larger
amplitudes  (Fig. 22).
However, there is reason to assume
that these events do not represent a
release of SVs. Rather, this is a
consequence of the lower resolution
of amperometry: some events
associated with the release of 5-HT
will not be detected by the carbon
fibre because they are too small
and/or occur too far away from the

Co-

current

carbon fibre. This skews the
distribution of ATP  currents
associated with 5-HT release

towards the larger events. When the
original histogram of the ATP-
evoked TICs was corrected for the
failure to detect the smallest events
(see paper I, Methods), the
difference became less apparent
80
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Figure 23. Cubic root of charge
distributions of P2X; currents from
the parallel ATP and 5-HT release
recordings in primary B-cells. Grey
bars - all P2X; events, red bars - events
associated with 5-HT release, stippled
bars - a histogram obtained from the
distribution of all events (grey bars) by
assuming that ATP was detected
amperometrically and by taking into
account the diffusion time of ATP from
the release site to the carbon fibre.
(Haller et al., 1998).
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Figure 24. P2X; receptor currents and changes in -cell membrane capacitance evoked
by photorelease of caged Ca?*. (A) Increase in [Ca?*]; (top), change in membrane
capacitance (middle) and associated P2X;R currents (bottom) transients recorded from a rat
B-cell. (B) Relationship between capacitance increase (ACy) and total TIC charge (Q) evoked
by photorelease of caged CaZ*. A straight line was fitted to the data points with a slope of
1.2+0.2 pC/fF (r=0.8: P<0.001). The charge and capacitance was measured over the period
indicated by dashed vertical line in (A). (C) Cumulative charge of TICs (black; n=6)
superimposed on the mean capacitance increase in untransfected cells (grey; n=5).

(Fig. 23). Collectively, the parallel
measurements of ATP and 5-HT
release provide no evidence for a
separate class of vesicles that
contain ATP but no 5-HT and that
might represent an exocytotic
pathway distinct from the LDCVs.

The contribution of SVs to both the
increase of cell capacitance and ATP
response was further evaluated in
experiments with the
photoliberation of caged Ca?* (Fig.
24A). In a series of 37 pulses in 22
cells, it was found that the initial
current transient reached its
maximum value in 137+31 ms with
the total charge (Q) transferred into
the cell on average equal to 139+19

pC. This ATP release correlated with

-4.0-

an increase in membrane
capacitance (ACn) which averaged to
10513 fF over an 545+49 ms. As is
seen in Fig. 24B, Q is linearly related
ACm (r=0.8; P<0.001). The
relationship has a slope of 1.2+0.2

pC/fF.

to

To estimate the relative input each
type of vesicles, we assume that the
initial current transient is created by
ATP released from both SVs and
LDCVs. Further, we denote the total
number of SVs involved as a and the
total of LDCVs
Experimentally detected values for
charge (Q) of the ATP-evoked
current and increase in membrane

number as b.

capacitance (ACw) allows us to form
a system of two linear equations for
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these two unknown values of a and
b:

{ACm =Chnsv "8+ Cy pov ‘b
Qz%v “a+(pey ‘b

Single-vesicle capacitance increases
for SVs (cm, sv) and LDCVs (Cm, 1ocv)
have been measured to be on the
scale of 0.2 fF and 2.9 fF, respectively
(MacDonald et al., 2006). We have
estimated in this thesis the unitary
charge of the current associated with
the ATP release during exocytosis of
an LDCV (qupcv) to be of 4.2 pC.
Unfortunately, the unitary charge
evoked by ATP release due to
exocytosis of SVs (qsv) is not known.
That does not allow us to