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Abstract

Calmodulin is a molecule implicated in regulating voltage-gated calcium channels 
(VGCC’s) and the exocytotic machinery to fine tune neurotransmitter release. I have 
investigated the role this molecule plays in stimulus-secretion coupling in bovine 
adrenal chromaffin cells by over-expressing either wild type (CaMwt), or a mutated 
calmodulin (CaMi234), rendered incapable o f binding calcium by adenoviral infection. 
Stimulus-evoked secretion was monitored by combined measurements o f membrane 
capacitance (ACm) and voltage-clamp recording o f calcium currents in single cells. 
Cells were clamped in either the perforated patch or whole-cell configuration and 
calcium-dependent exocytosis evoked by single depolarizing voltage steps or trains o f 
depolarisations. I show that the exocytotic efficiency, derived by dividing ACm by 
the integral o f the calcium current, is reduced for N-type channels compared to P/Q- 
type channels. Cation substitution experiments revealed that pharmacologically 
isolated N-type channels displayed the most profound sensitivity to calcium- 
dependent inactivation. Studies aimed at eluding the molecular mechanisms 
underlying calcium-dependent inactivation show that inhibiting calcinuerin by 20 
mins preincubation with lpM  cyclosporine A or by introducing 30pM calmodulin 
inhibitory peptides through the patch pipette did not significantly reduce the level o f  
whole cell calcium-dependent inactivation. In contrast, adenoviral mediated 
expression o f a mutant calmodulin deficient in calcium binding resulted in a highly 
significant reduction in N-type, but not P/Q-type channel inactivation. This is the 
first time that calmodulin has been shown to regulate endogenously expressed N-type 
calcium channels. These results are consistent with calmodulin acting directly to 
control N-type channel inactivation and therefore limit this channels ability to couple 
to exocytosis during prolonged stimulation. Ca2+/calmodulin was also found to 
interact with the secretory machinery. Expression o f CaMi234 significantly reduced 
the exocytotic efficiency o f brief depolarisations (< 100ms), however the exocytotic 
efficiency to longer depolarisations (> 200ms) was not significantly different between 
cells expressing CaMj234 and CaM^. This suggests that Ca2+-Calmodulin is required 
for filling and/or release from a rapidly releasable pool o f vesicles which is easily 
depleted, but not from the slowly releasable pool which dominates exocytotic 
responses measured with prolonged responses. Over-expression o f CaMi234 also 
selectively inhibited clathrin-mediated endocytosis, leaving other endocytotic 
pathways unaltered. Taken together, these results place calmodulin as a central 
molecule that controls calcium entry (calcium channels) and the exocytotic 
machinery to regulate stimulus-coupled secretion.
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Chapter 1 Introduction.

Calcium channel subtypes are of functional importance in neurones. Calcium entry 

through different voltage-gated calcium channels (VGCC’s) delivers calcium ions to 

specific intracellular compartments in a highly regulated manner. These discrete 

calcium signals are responsible for many physiological processes in the nervous 

system including neurotransmitter release. Excess calcium entry, which would be 

detrimental to the cell, is prevented primarily through the inactivation of VGCC’s, 

but also through other mechanisms such as calcium uptake into the mitochondria or 

other organelles, and active extrusion of calcium from the cell. Release of 

neurotransmitter is the primary form of communication in the nervous system and is 

highly controlled. The mechanism of stimulus-coupled exocytosis is not confined to 

neurones and the same basic machinery is also used to regulate release of 

neurotransmitters, hormones and peptides from a variety of neuroendocrine and 

exocrine cells.

1.1 Chromaffin cells as a model to study the molecular mechanisms of 

neurotransmitter release.

Chromaffin cells are a useful model to study the cellular and molecular mechanisms 

involved in neurotransmitter release. They are embryonically derived from the neural 

crest, the same precursor of sympathetic neurons (Unsicker et al. 1997). The majority 

of fusion proteins implicated in neuronal calcium-dependent exocytosis are also 

expressed in chromaffin cells (Morgan and Burgoyne 1997), although the expression 

levels and isoforms of some exocytotic proteins can differ. Chromaffin cells also 

express the high voltage activated (HVA), calcium channels found in neurones 

(Artalejo et al. 1994). Many mammalian nerve terminals are small and inaccessible 

making direct investigations of stimulus-coupled exocytosis difficult. Due to the 

large spherical size of chromaffin cells and their release of an oxidisable 

neurotransmitter (catecholamine) it is possible to apply high time resolution 

techniques like membrane capacitance measurements and amperometry (Neher
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1998), which have enabled an estimation of the kinetics of neurosecretion (Chow et 

al. 1992; Chow et al. 1996). However care should be taken when interpreting results 

from chromaffin cells, as several aspects of the secretory response are distinct from 

those of neurones, including the rate of transmitter release (Martin 2003).

1.1.1 Images of chromaffin cells from a bovine cell culture and a rat slice.

B

Images of individual chromaffin cells, scale bar represents 10pm in each picture.
A. Image of bovine chromaffin captured 72 hrs after culture.
B. Image of an individual chromaffin cell on the surface of a rat adrenal slice, the image was taken 4 
hrs post sacrifice.

1.2 Nomenclature of calcium channels

Over the years several different terms have been used to describe the same type of 

calcium channel, table 1.2.1 is a summary of the most common nomenclature. Since 

I distinguish between different channel types on the basis of their sensitivity to 

specific pharmacological inhibitors (dihydyropyridines, co-conotoxin GVIA and co- 

agatoxin IVA), I refer in this thesis to channel subtypes primarily as L-type, N-type 

or P/Q-type channels.
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1.2.1 Nomenclature and function of different calcium channels.

Calcium
Channel

Calcium
current
type

Primary
localizations

Previous 
name of 
subunit

Specific blocker Functions

Cavl . 1 L Skeletal muscle O tis Dihydropyridines
(DHPs).

Excitation- 
contraction 
coupling, calcium 
homeostatis, gene 
regulation.

Cav1.2 L Cardiac muscle, 
endocrine cells, 
neurones

o t ic DHPs Excitation-
contraction
coupling,
hormone
secretion, gene
regulation.

Cavl.3 L Endocrine cells, 
neurones

OtiD DHPs Hormone 
secretion, gene 
regulation.

CM .4 L Retina OtiF DHPs Tonic
neurotransmitter
release.

Cav2.1 P/Q Nerve terminals, 
dendrites

OtiA (D-Agatoxin-IV A Neurotransmitter 
release, dendritic 
calcium 
transients.

Cav2.2 N Nerve terminals, 
dendrites

OtiB co-Conotoxin-
GVIA

Neurotransmitter 
release, dendritic 
calcium 
transients

Cav2.3 R Cell bodies, 
dendrites, nerve 
terminals

OtiE SNX-482 (inhibits 
some Cav2.3 
channels with 
selectivity over 
other channel 
subtypes).

Calcium
dependent action 
potentials, 
neurotransmitter 
release.

Cav3.1 T Cardiac muscle, 
skeletal muscle, 
neurones

OtiG None Repetitive ring.

Cav3.2 T Cardiac muscle, 
neurones

OtiH None Repetitive ring.

Cav3.3 T Neurones an None Repetitive ring.

Reproduced from (Catterall 2000) & (Stotz et al. 2004).

3



1.3 Subunit composition of calcium channels

At the molecular level, high voltage activated calcium channels are composed of four 

subunits, the pore-forming a i subunit and the auxiliary a28, and p subunits and in 

some cases a transmembrane y subunit (Arikkath and Campbell 2003). All cloned 

ai subunits share the same overall structural features of four highly conserved 

hydrophobic homologous transmembrane domains (Catterall 1999), (figure 1.3.1). 

However the cytoplasmic loops (1-4) linking these domains are highly divergent. 

Mutagenesis studies suggest that these intracellular linkers and the N and C terminus 

domains are the sites for the differential modulation of calcium channels leading to a 

variety of biophysical responses including inactivation kinetics. The auxiliary 

subunits modulate trafficking and the biophysical properties of the a i subunit. Ten 

ai subunits, four (X2 8  complexes, four p subunits and eight y subunits are known so 

far (Stotz et al. 2004) thereby allowing a plethora of biophysical properties to arise 

from the pairing up of different subunits. In addition most of these subunits can 

alternatively splice leading to an even greater variety in the biophysical properties of 

functional channels. In addition to the classical auxiliary subunits mentioned above, 

it has been argued that some intracellular proteins like calmodulin, syntaxin or the py 

subunits of G-proteins could also be described as calcium channel subunits (Jones

2003). The case is strongest for calmodulin, as it is constitutively associated with the 

ai subunits and interacts directly to modulate the biophysical properties of the 

channel.
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13.1 Schematic representation of the a t pore forming subunit and ancillary 

subunits.

a ,: L-type (CaJ.1-1.4)
P/Q,N,R-type (Ca.2.1-2.3) 
T-type (Ca„3.1-3.3)

IV linker

l-ll linker COOHll-lll linker

A. There are 10 known a, subunits divided into three families based on their sequence identity Cay 1- 
3. An a , subunit consists of four domains (I-IV), each containing six transmembrane segments (Sl- 
S6). The p-Ioops between S5 and S6 in each domain come together to form the ion-selective pore.
The P-subunits (1-4) are cytoplasmic proteins that associate with the domain I-EI linker region of the 
oti subunit. The a 2-5 subunits (1-4) are derived from a single gene, but are cleaved post-translationally 
into a 2 (extracellular) and 5 (membrane spanning) subunits that aFe linked via disulphide bonds. The y 
subunits (1-8) consist o f four membrane-spanning regions. There may be a case to include calmodulin 
which is constitutively associated with the C-terminal tail o f the a, subunit as a bonafide calcium 
channel auxiliary subunit
B. Representation o f an in vivo channel containing a a , subunit and a single member of each of the 
‘classical’ accessory subunits.
Taken and adapted from (Stotz et al. 2004).
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1.4 The (3-subimits.

The P subunits are important in terms of determining channel inactivation kinetics 

and trafficking of the a i subunit to the plasma membrane. This discussion will focus 

on their role in inactivation, specific trafficking functions have recently been 

reviewed (Dolphin 2003). Different p subunits contain regions of homology and 

diversity (figure 1.4.1). All contain a p-interacting domain (BID) which has been 

identified as a sequence of thirty amino acids at the N terminus of the P-subunits 

second conserved domain. This sequence binds to the a i subunit in the cytoplasmic 

loop between domains I and II, at a site termed, a  interaction domain (AID) (Walker 

and De Waard 1998). Other sites of interaction have been proposed between the a i 

subunit N and C terminus and the C terminus of the p subunit (Walker and De Waard 

1998; Canti et al. 2001). Although it is possible that several distinct binding sites are 

present, there is also the possibility of only one complex binding pocket for the P 

subunit with a high affinity to the I-II linker and a low affinity to the N and C-termini 

(Dolphin 2003). The in vitro binding affinity of the I-II linker to different p subunits 

BID differs. Five proline residues in the BID are predicted to confer a flexible 

conformation, which could explain why BIDs competence for binding is affected by 

surrounding sequences (Walker and De Waard 1998).
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1.4.1 Functional map of the (3 subunit

%  identity

BED (Voltage dependence o f  activation, 
current increase).

2% 1d conserved domain
65% I 1 %

2nd conserved domain
78%

3%

0 58 165 215 418 597

Inactivation kinetics

i

Kinetics and voltage dependence o f 
inactivation

Comparison of the (3-subunits sequences has revealed two highly conserved regions. Alternative 
splicing occurs, particularly within the three variable regions. The BID site and regions implicated in 
modulating inactivation are highlighted. Reproduced from (Walker and De Waard 1998).

Each of the four (3 subunit genes can alternatively splice yielding several isoforms 

with distinct patterns of tissue expression (Davila 1999; Catterall 2000). Pib and 0 3  

can substantially increase the speed of inactivation, whereas p2a can substantially 

slow inactivation (Stotz and Zamponi 2001). The p2 subunit contains two cysteine 

residues, which can be palmitoylated. Palmitoylation could restrict mobility of the 

Lj-2 linker as a result of the palmitoylated N terminus of the p subunit being anchored 

to the plasma membrane. Studies favour dynamic palmitoylation as a form of 

regulating calcium channels containing the p2 subunit, as prevention of 

palmitoylation using tunimycin reduces the ability of P2a to slow channel inactivation 

(Hurley et al. 2000). A link between an N-terminal membrane anchoring site (MAS) 

of the p2a subunit and the BID causing immobilisation of the channel inactivation 

gate has also been described (Restituito et al. 2000). This suggests that the subunit 

acts as an anchor for the calcium channel I-II loop preventing its movement and 

reducing inactivation. P subunits also contain a Src homology 3 domain (SH3), 

which may mediate specific protein-protein interactions involved in signal 

transduction and/or specific targeting (Davila 1999; Dolphin 2003). Although some 

aspects of p subunit function are likely to be conserved others clearly are not. For
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example a knock out of (34 leads to an epileptic phenotype, which is not compensated 

for by the other |3 subunits reviewed in (McEnery et al. 1998).

1.5 H ie y-subunits.

y subunits are also capable of mediating subtle but significant effects in channel 

activation and inactivation properties. y2 is selectively expressed in the brain and is 

associated with the ‘stargazer’ mutant phenotype (Burgess and Noebels 1999). The 

stargazer mouse has recessive inherited epilepsy and ataxia characterised by spike 

wave seizures, similar to petit mal or absence epilepsy (Chen et al. 1999). The 

functional roles of y2, j 3 and y4 , have been examined by expression with the P/Q type 

channel and different (3 subunit combinations in Xenopus oocytes (Rousset et al. 

2001). They found that in the absence of p subunits, y2 and y3 subunits 

hyperpolarised channel activation and increased inactivation. However these effects 

were differentially affected upon co-expression with the various types of p subunits. 

The results imply that the effects of the y subunits on channel properties are sensitive 

to the a  and P subunits present. The loss of the y subunit function could explain some 

pathological conditions, as calcium channels could inactivate more slowly and at 

more depolarised potentials leading to an increase in calcium influx, neurotransmitter 

release and neuronal excitability (Rousset et al. 2001).

1.6 Mechanisms and molecular determinants of calcium channel inactivation

There are three different conformational changes in which calcium channels can 

inactivate: a fast, and slow voltage-dependent inactivation process and calcium- 

dependent inactivation (Hering et al. 2000). The intrinsic properties of the <Xi pore 

determines many aspects of the calcium current kinetics, but interactions with other 

subunits and synaptic proteins are also believed to strongly influence current kinetics 

especially inactivation (Walker and De Waard 1998; Catterall 2000; Hering et al. 

2000). The molecular mechanisms of calcium channel inactivation are not as well
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understood as some potassium or sodium channels. Evidence regarding the 

molecular mechanisms of calcium channel inactivation has come from recombinant 

and mutagenesis studies of the a i subunit, studying gain-of-function chimeras, 

channel splice variants and studies investigating regulation by other calcium channel 

subunits, such as the p subunit and intracellular proteins like syntaxin or calmodulin. 

Heterologous experiments are useful in identifying components of inactivation but 

care should be taken when interpreting the results as the native phenotype is 

dependent on a complete intracellular environment, which may be missing in these 

expression systems. Cell specific posttranslational modifications, the complement of 

different subunit isoforms present, the calcium buffering capabilities of the cell, or 

the expression of G-protein-coupled receptors (GPCR’s) on the cell surface and their 

ability to release G protein subunits which can interact with the calcium channel can 

all affect inactivation rates. Many experiments use barium as the charge carrier to 

maximize current amplitudes, an important point to take into consideration when 

interpreting these results is that calcium dependent inactivation will be masked.

1.7 Mechanisms of fast voltage dependent inactivation.

In response to prolonged membrane depolarisation calcium channels enter a non

conducting inactivated state. When expressed in the absence of auxiliary subunits it 

is observed that barium currents through various HVA calcium channels display 

pronounced voltage-dependent inactivation, suggesting that structural determinants 

on the a i subunit itself can mediate voltage-dependent inactivation. Experiments 

performed using chimeras, mutatgenesis, over-expression of peptide fragments 

resembling parts of the channels and analysis of naturally occurring splice variants 

concluded that two regions on the a i pore were vitally important in this process 

(reviewed in Stolz et al 2003). These were the S6  segments from all four domains 

and the cytoplasmic domain I-II linker. Other regions including the domain III-IV 

linker and the C and N terminus have also been implicated in regulating this process. 

By combining the information provided by structure-function studies the following 

model has been proposed to account for fast voltage-dependent inactivation of HVA
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calcium channels. In response to membrane depolarisation, the S6  segments undergo 

a conformational change allowing the domain I-II linker to physically occlude the 

pore by docking to the cytoplasmic end of the S6  segments. (3-subunits can 

differentially modulate inactivation kinetics by binding to and regulating mobility of 

the I-II linker. The C and N-termini and the domain III-IV linker regions of the 

channel can modulate inactivation rates through interactions with the I-II linker 

region either directly or indirectly through interactions with (3 subunits (Stotz et al.

2004).

1.7.1 Regions implicated in mediating fast voltage-dependent inactivation.

'  I I I - IV  lin k e r

COOHI-II linker

11-111 linker

The regions o f the a, subunit that have been implicated in fast voltage-dependent inactivation are 
shown in blue. Taken from (Stotz et al. 2004).

1.8 Slow voltage^dependent inactivation.

Calcium channels are thought to undergo more than one conformational change 

during inactivation. Experiments which exclude calcium-dependent inactivation by 

substituting extracellular calcium with barium commonly observe a biexponential 

decay of currents, (Hering et al. 2000). This biexponential timecourse has been 

interpreted as resulting from two mechanisms of inactivation, fast and slow. Fast 

inactivation occurs over several tens to hundreds of milliseconds, whereas slow
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inactivation requires much more prolonged membrane depolarisation (seconds to 

minutes), (Stotz et al. 2004). The mechanisms underlying slow inactivation remain a 

poorly understood process. Hering and co-workers suggest that P/Q type channels 

can proceed to the slow inactivated state from the fast inactivated state as well as 

directly from the open state (Hering et al. 2000). However the channels enter the 

slow inactivation state more willingly from the open than from the fast inactivated 

state and the expression of different p isoforms can indirectly affect the rate of 

inactivation (Sokolov et al. 2000). Fast and slow inactivation has also been reported 

for N type channels, below in table 1.5.1 are some of the published findings.

1.8.1 Contrasting properties of fast and slow inactivation of N type calcium 

channels.

Fast Inactivation Slow inactivation
Rapidly developing, rapidly 

recovering

Slowly developing, slowly recovering

Less negative voltage midpoint More negative voltage midpoint

Rate voltage-dependence over wide 

range of membrane potentials

Rate voltage-independent beyond levels 

where fast inactivation is saturated

Temperature-dependent Onset not intrinsically temperature- 

dependent; recovery strongly temperature- 

dependent

Onset accelerated by repetitive pulsing Onset accelerated by repetitive pulsing

Unaffected by syntaxin. Strongly promoted by syntaxin.

Reproduced from (Degtiar et al. 2000).

1.9 Calcium-dependent inactivation.

Several criteria are commonly used to describe calcium dependent inactivation. 

Inactivation is faster when the charge carrier is calcium vs barium or any other cation. 

High extracellular calcium concentrations speed the rate of inactivation and the
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voltage dependence o f inactivation is U shaped and parallels calcium entry by 

decreasing at strongly depolarised voltages (Jones 1999). Buffering o f intracellular 

calcium can also reduce inactivation and is sometimes used as evidence for calcium 

dependent inactivation but is highly dependent on the preparation and 

concentration/type o f buffer used and will be discussed in more detail latter. It was 

first proposed that calcium channel inactivation results from calcium entry through 

the open channels in the late 1970’s (Brehm and Erkert 1978). A number o f different 

groups using a variety o f preparations reported similar observations. For a review on 

this early work see (Eckert and Chad 1984). However the molecular mechanism o f 

this calcium-dependent inactivation could not be thoroughly investigated until the 

advent o f patch clamp, gene cloning and other recombinant-based molecular 

techniques. L type calcium channels are generally accepted as inactivating primarily 

by a calcium-dependent process, consequently the molecular mechanisms underlying 

this process have been mostly studied in L-type channels. Several groups suggested 

that calmodulin was the calcium sensor for inactivation o f L type channels (Peterson 

et al. 1999; Zuhlke et al. 1999).

1.9.1 Molecular determinants of calcium-dependent inactivation of L-type 

channels.

Inspection o f the C-terminal tail o f the channel revealed two sites potentially 

important in mediating calcium-dependent inactivation. An IQ m otif (small structural 

domain that mediates interactions with calmodulin), and an EF hand (a calcium- 

binding domain), (Budde et al. 2002). Initial studies investigating the role of 

calmodulin in mediating calcium-dependent inactivation o f L-type (aic) channels 

determined that, the IQ motif in the C terminus of the channel acts as a 

Ca2+/calmodulin effector site (Peterson et al. 1999; Zuhlke et al. 1999), with the C 

terminal channel EF hand site contributing to the downstream signal transduction 

(Peterson et al. 2000). These studies employed mutants o f calmodulin incapable of 

binding calcium as a dominant negative mutant to determine a role for 

Ca2+/calmodulin and showed that mutated calmodulin was capable o f binding to the
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channel, which implies that L-type channels harbour an apoCalmodulin (ie calcium- 

independent) binding site. A variety o f biochemical (Pate et al. 2000; Romanin et al. 

2000; Mouton et al. 2001 and Pitt et al. 2001) and imaging (Erickson et al. 2003) 

techniques have determined a region o f ~ 110 amino acids between the EF and IQ 

regions as the apoCalmodulin interaction site although the exact region remains 

controversial. Two models o f how Ca /calmodulin can mediate channel inactivation 

have recently been proposed and are now discussed. It is believed that the signal 

transduction mechanisms underlying both calcium and voltage-dependent 

inactivation converge to utilize the same molecular machinery to actually induce 

inactivation (Cens et al. 1999). The first model proposed by (Kim et al. 2004) 

predicts that the EF hand sits between the calmodulin binding domain and the I-II 

loop and prevents the I-II loop, either directly or indirectly from blocking the 

channel. This interaction is stabilized by hydrophobic contacts formed by I1654 (the I 

in the IQ motif) (figure 1.9.1.1). In the absence o f calcium, membrane depolarisation 

induces a conformational change in the transmembrane segments which is translated 

to the EF hand, allowing the I-II loop to slowly move and initiate inactivation.
 ̂1

Calcium accelerates this process by inducing a Ca /calmodulin conformational 

change which removes inhibition o f the I-II loop movement by I1654 and allows the 

calcium sensing apparatus to interact directly with the I-II loop to facilitate pore 

block (figure 1.9.1.1).
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1.9.1.1 Model 1 for voltage and calcium-dependent inactivation of L-type 

channels.

Inactivation 
in calcium *

Inactivation 
in barium Open channel

Slow,
3 Fa*t H

2- Signal '  
transduction1. Ca Sensing

Model depicted for a normal (WT) channel. The open channel is shown in the middle box. In the 
absence o f calcium, voltage induces a slow conformational change that allows the I-II loop to interact 
with the pore (left). Calcium influx induces a Ca2+/calmodulin-induced conformational change that 
relieves EF-mediated inhibition of the I-II loop, allowing an accelerated interaction o f the I-II loop 
with the pore (right). Taken from (Kim et al. 2004). The A and C domains are regions on the channel 
C-teiminus thought to harbour apoCalmodulin binding. The highlighted I represents Ii654 in the IQ 
motif which is thought to stabilize the EF-mediated inhibition o f loop I-II movement.

The second model proposed by Nikolai Soldatov suggests that Ca2+/calmodulin 

mediated calcium-dependent inactivation is also connected to the mechanism which 

induces voltage-dependent inactivation, however the process is fundamentally 

different. In this model, voltage-dependent inactivation is proposed to arise primarily 

from a constriction of the pore by movement of the S6 segments and does not account 

for pore block by movement of the I-II loop. In this model apoCalmodulin is bound 

to the C-terminus which is folded back so that calmodulin sits within the channel 

pore. The presence of calmodulin therefore prevents full pore constriction after 

membrane depolarisation keeping the channel open. By binding calcium, calmodulin 

is able to leave its resting binding site and bind to the IQ motif (outside the pore), 

thereby no longer preventing full pore block and allowing inactivation to proceed 

(Soldatov 2003). Both models are working hypothesis which require further rigorous 

testing, however at present I favour the first model as it accounts for a role of the I-II 

loop in mediating inactivation, which supports previous studies investigating voltage- 

dependent inactivation (section 1.4). Further information to take into account when 

modelling calcium-dependent inactivation of L-type channels should include the 

basal phosphorylation state of the channel. PKA phosphorylation of the channel is
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believed to enhance calcium-dependent inactivation whereas dephosphorylation is 

believed to result in purely voltage-dependent inactivation (Findlay 2004). When I 

started this project calcium-dependent inactivation o f non-L-type channels was a 

poorly understood process. Calcium-dependent inactivation o f N and P/Q-type 

channels are discussed in chapter 6.

1.10. Molecular mechanisms of stimulus-coupled secretion.

Calcium-dependent exocytosis occurs via a regulated, but modulatable complex 

pathway o f multiple protein-protein interactions. Using a combination o f genetic, 

biochemical and biophysical techniques the role(s) and importance o f individual 

proteins in this pathway can be investigated. A considerable amount o f knowledge, 

particularly in the last decade has been obtained, and while a thorough understanding 

of this process is far from complete the molecular mechanisms underlying distinct 

stages in this pathway have been described and comprehensively reviewed (recent 

reviews include; Bennett 1997; Zheng and Bobich 1998; Turner et al. 1999; Bajjalieh 

1999; Benfenati et al. 1999; von Gersdorff and Matthews 1999; Brunger 2000; 

Klenchin and Martin 2000; Cousin 2000; Lin and Scheller 2000; Valtorta et al. 2001; 

Richmond and Broadie 2002; Gundelfinger et al. 2003; Rosenmund et al. 2003; Gerst 

1999; Li and Chin 2003, Sudhof 2004 and Sorensen, 2004).

1.11 Overview of the vesicle exo/endocytosis cycle.

Synaptic transmission is initiated when an action potential triggers calcium influx, 

fusion o f synaptic vesicles and release o f neurotransmitter from a presynaptic nerve 

terminal (Katz 1969). There are numerous types of vesicle found within cells, some 

are important in intracellular trafficking, some in constitutative exocytosis, some in 

receptor-mediated endocytosis and others in protein sorting. In this thesis I use the 

term vesicle to describe solely vesicles involved in calcium-dependent exocytosis of 

neurotransmitters, peptides or hormones. Several sequential stages in the secretory 

vesicle cycle have been described. Firstly neurotransmitter is loaded into synaptic 

vesicles in neurones or into dense core vesicles in neuroendocrine cells, then vesicles
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translocate from an intracellular reserve pool and dock at the plasma membrane.

They then undergo maturation or priming to obtain a fusion competent state. Upon 

membrane depolarisation and calcium entry through voltage-gated calcium channels, 

primed vesicles fuse with the membrane and release their contents. After fusion pore 

dilation and neurotransmitter release, vesicles are endocytosed via one o f three 

alternative endocytotic pathways. The first is colloquially termed ‘kiss and stay’, 

where vesicles stay at the site o f release, reacidify and refill neurotransmitter without 

undocking from die plasma membrane. The second pathway termed ‘kiss and run’, is 

similar to ‘kiss and stay’ except that vesicles undock and recycle locally to be refilled 

with neurotransmitter. The third pathway involves endocytosis through clathin 

coated pits, with reacidification and refilling occurring either directly or through an 

endosomal intermediate (Sudhof2004). Fast vesicle recycling (kiss and stay or kiss 

and run) will probably involve a transient fusion pore without complete trans-bilayer 

mixing, whereas slow recycling (clathrin-dependent) is likely to occur after the full 

collapse o f the vesicle into the plasma membrane.
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1.11.1 The synaptic vesicle cycle.

Presynaptic
Neurotransmitter

uptake

Neurotransmitter
uptake

OO
EndocytosisPriming Ca2+ 0  Fusion

.*• • • .
Docking

Postsynaptic

Vesicles are filled with neurotransmitter (step 1), and then translocate from a reserve pool (step 2) to 
the plasma membrane and dock (step 3). After docking they undergo priming reactions (step 4) to 
make them fusion-competent requiring only a rise in calcium to trigger exocytosis (step 5). After 
fusion pore closure vesicles undergo endocytosis via one o f several pathways. Either local reuse (step 
6), fast recycling without an endosomal intermediate (step 7), or clathrin-mediated endocytosis (step 8) 
with recycling via an endosome (step 9). Steps in exocytosis are shown by red arrows and steps in 
endocytosis and recycling are shown by yellow arrows. Taken from (Sudhof2004). Although this 
picture illustrates synaptic vesicle cycling in neurones, the same processes shown are believed to occur 
in neuroendocrine cells such as chromaffin cells.

1.12 The SNARE hypothesis.

Three small membrane proteins are believed to play a central role in exocytosis, 

synaptobrevin, syntaxin and SNAP-25, commonly called SNARE proteins (acronym 

for soluble NSF attachment protein receptors), (Rothman and Warren 1994). The use 

of clostridial and botulinum neurotoxins, which specifically cleave these proteins 

have shown SNAREs to be essential for exocytosis (Schiavo et al. 1992; Blasi et al. 

1993; Lawrence et al. 1994; Graham et al. 2000). According to the SNARE 

hypothesis, synaptobrevin on vesicles acts as a v-SNARE and SNAP-25 and syntaxin
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on the presynaptic plasma membrane serve as t-SNARES (Jahn and Sudhof 1999). 

The vesicle and target membranes interact when these proteins form a trans-SNARE 

‘core’ complex. Originally SNAREs were believed to mediate vesicle docking to 

release sites on the plasma membrane (Sollner et al. 1993). However experimental 

evidence does not support this hypothesis. Firstly proteolytic cleavage of SNARE 

proteins does not prevent vesicle docking (O'Connor et al. 1996), and secondly 

genetic studies in drosphophila have shown normal numbers of vesicles docked to the 

plasma membrane in syntaxin-deficient mutants (Broadie et al. 1995). The current 

hypothesis places the formation of the SNARE core complex as a direct precursor of 

the fusion event, requiring just a rise in intracellular calcium to trigger full fusion 

(Sudhof 2004). These proteins bind to each other via the interaction of SNARE 

motifs (Jahn and Sudhof 1999). The SNARE motifs display a strong disposition to 

form a-helices (Calakos and Scheller 1996) and its believed that the association of 

these domains functions in a manner similar to leucine zippers. Analysis of the 

crystal structure of the core complex (Sutton et al. 1998), suggests that the a-helices 

wrap around each other to form a coiled-coil structure which zippers up and pulls the 

vesicle membrane towards the plasma membrane, allowing partial fusion 

(hemifusion) of the two membranes (figure 1.12.1)

1.12.1 Formation of a trans-SNARE core complex

Presynaptic
terminal

Presynaptic
terminal

Synapto- 
tagmin 1/2

Synaptic
vesicle

Synaptic
vesicle

Synaptic
vesicle

Synapto
brevin 1/2 Synapto

brevin 1/2 Synapto
brevin 1/2 
« V.N

Synapto
brevin 1/2SNAP-25 SNAP-25

Syntaxin
1A/B Syntaxin

1A/BSyntaxin
1A/B

Synaptic cleft Synaptic cleftSynaptic cleft

Presynaptic
terminal

This scheme represents the minimal fusion machinery required for exocytosis. A. The vesicle is 
docked to the plasma membrane but SNAREs are not engaged. B Synaptobrevin on the vesicle 
interacts with syntaxin and SNAP-25 in the plasma membrane. The formation of the core SNARE 
complex pulls the vesicle and plasma membranes close together and may induce hemifusion. C 
Activation o f calcium channels and subsequent calcium binding to synaptotagmin triggers fusion. 
Taken from (Sudhof 2004).
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1.13 Definition of different functional pools of vesicles.

Morphological and fluorescent microscopy studies on bovine chromaffin cells 

suggest that around 450-1000 dense core vesicles are located near the plasma 

membrane, (Vitale et al. 1995; Steyer et al. 1997; Oheim et al. 1998), however 

electrophysiological measurements show that upon stimulation only a small fraction 

of these vesicles are rapidly released (Neher and Zucker 1993). This suggests that 

docked vesicles undergo maturation or priming to become fusion competent. The 

priming o f vesicles is ATP-dependent and many factors including the synthesis of 

phoshoinositides, NSF-mediated priming o f SNARE complexes and protein kinase- 

mediated protein phosphorylations have been suggested as being important for 

priming in neuroendocrine cells, (Klenchin and Martin 2000). Other proteins like 

munc-13 (discussed section 1.15) have also been shown to be essential for vesicle 

priming in neurones (Brose et al. 2000). Priming of docked vesicles is believed to be 

the rate-limiting step in regulated exocytosis in neurones and neuroendocrine cells. 

Membrane capacitance measurements o f regulated exocytosis have revealed several 

distinct kinetic phases o f vesicle fusion. This has been interpreted as populations of 

vesicles in different fusion competent stages. The first phase, (the exocytotic burst in 

flash photolysis o f caged calcium experiments), occurs within milliseconds, and is 

thought to represent the fusion o f primed vesicles from a readily releasable pool 

(RRP). The second phase representing fusion from the docked but not fully primed 

vesicles occurs in seconds (Klenchin and Martin 2000). This has been termed the 

‘slowly releasable pool* SRP by some authors. It is not thought that this second 

phase represents movement from the reserve pool to the release site, as optical studies 

indicate that this is a relatively slow process taking around 6-7 minutes to occur 

(Steyer et al. 1997). Measurements o f release kinetics from flash photolysis o f caged 

calcium experiments has revealed that release from the RRP has a time constant o f 

20-40ms at 20pM calcium and release from the SRP has a time constant o f -  200ms 

at 20pM calcium (Heinemann et al. 1994; Xu et al. 1999; Voets et al. 1999; Voets 

2000). A picture has emerged in which it is envisaged that once a vesicle docks a 

series o f biochemical modifications occur to prime the vesicle for fusion competence.
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The scheme suggests that as the RRP depletes the SRP matures and becomes readily 

releasable. In chromaffin cells the transition from the RRP to the SRP takes around 4 

seconds and has been inferred as the conversion between a loose and tight state of the 

trans-SNARE complex (Voets 2000). Although it can be considered that the RRP and 

SRP are molecularly distinct pools o f vesicles and the RRP may not be refilled from 

vesicles in the SRP, but by direct maturation o f other docked vesicles. Within the 

RRP there is a subset o f vesicles located in the immediate proximity o f the calcium 

channels. This group o f vesicles referred to as the ‘immediately releasable pool’ IRP 

respond the quickest to voltage stimulation (figure 1.13.1). In chromaffin cells the 

IRP is believed to represent -25% of the RRP size (Voets et al 1999). Recently flash 

photolysis experiments have defined a small pool o f vesicles with even faster release 

kinetics at low [Ca2+]j than the rest o f the RRP, termed the highly calcium sensitive 

pool (HCSP), (Yang et al. 2002). The size o f this pool can be greatly increased by 

PKC (more so than the RRP) and has the highest release rates during small global 

increases in [Ca2+]j, which are likely to occur after release o f calcium from 

intracellular stores. Therefore this pool has a large potential for physiological 

regulation. This small pool has only been defined by flash photolysis experiments at a 

controlled and low [Ca2+]*., and at present the relationship between the HCSP and 

other pools o f vesicles (IRP/RRP/SRP) is not known. With this in mind I have 

limited the interpretation and discussion o f my results regarding different vesicle 

pools to the well defined IRP, RRP and SRP.
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1.13.1 Different pools of vesicles exist, with distinct release kinetics.

DOCKED DOCKED
O O O O Q

SRP

IRP
RRP

VDCCs

Several defined pools of vesicles exist. The majority of vesicles are kept away from the plasma 
membrane (the reserve pool). Translocation of vesicles from the reserve pool to the membrane results 
in docked vesicles incapable of fusion. A series o f maturation or priming reactions converts these 
vesicles into a slowly fusible state (the SRP). To obtain the kinetics of fast stimulus-coupled release, 
further priming steps are required to create highly fusion-competent vesicles, awaiting only a rise in 
calcium to trigger fusion. Such a pool or vesicles is called the RRP (a subset o f vesicles from this 
pool, the IRP are located immediately next to the source o f calcium entry and are the first to fuse). It 
has been proposed that additional maturation converts a SRP vesicle into a RRP vesicle however it is 
feasible that the two pools contain molecularly distinct vesicles and a separate pool of docked vesicles 
are primed directly into the RRP. Blue arrows represent reversible priming reactions.

The RRP is believed to be in dynamic equilibrium with less fusion-competent 

intermediates. Various proteins (ie compiexin) and signaling molecules are believed 

to influence the forward and backward priming rates (Sudhof2004). For fast 

calcium-triggered exocytosis the overall forward and backward priming rates are 

required to be adjusted so that a RRP of significant size can form in the absence of 

release. It also requires that the fusion rate is very low at basal [Ca2+]i and very high 

at stimulated [Ca2+]i. This necessitates that the fusion rate has a steep dependence on 

calcium (Sorensen 2004). As the kinetics of fusion are different between the two 

releasable pools at a defined concentration of calcium, this indicates that the calcium 

sensor(s) in the RRP has a different binding affinity than the calcium sensor(s) in the 

SRP, (Seward et al. 1996; Voets 2000). This may reflect different isoforms of the 

calcium sensor(s), different protein folding/interactions or phosphorylation states
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between the two pools. Alternatively there could be two molecularly distinct calcium 

sensors, one for the SRP and the other for the RRP. Whatever the mechanism it 

would appear that during a prolonged stimulus the vesicles in the SRP become fusion 

competent and fuse (albeit at a slower rate) via a pathway that does not involve the 

transition to the RRP (Voets 2000).

With brief stimulation release is thought to be mediated solely by the RRP, despite 

the calcium sensor for the SRP having a higher affinity for calcium than the calcium 

sensor for the RRP (Voets 2000). This is believed to occur because under conditions 

of rapidly changing [Ca2+]i, the calcium signal will decay and calcium will dissociate 

from the SRP calcium sensor before fusion can proceed. When [Ca2+]i is raised for a 

sustained period o f time, (ie with a long depolarisation or robust train o f brief 

depolarisations), then the RRP will rapidly deplete and fusion from the SRP will 

ensue.

1.14. Synaptotagmin I as a calcium sensor for fast calcium-dependent exocytosis.

Synaptotamin is an abundant vesicle associated protein that is capable o f binding 

calcium ions. This protein contains a short intravesicular N-terminus, a 

transmembrane region, followed by a short linker sequence and two cytoplasmic C2 

domains (C2A and C2B), (Perin 1996). The intrinsic calcium affinities o f the C2 

domains are very low (0.5-5mM) as the coordination o f the binding site is 

incomplete. However the apparent calcium affinity o f the C2 domains increases 

dramatically (1000-fold) when the C2 domains bind phospholipids, which provides 

additional coordination sites for bound calcium (Femandez-Chacon et al. 2001). This 

protein has received considerable attention and there is now good evidence to support 

synaptotagmin I as the calcium sensor for fast calcium-dependent exocytosis. I 

discuss here a few o f the salient experiments which have led to this conclusion. For 

more detailed reviews o f this protein see (Yoshihara et al. 2003; Koh and Bellen 

2003; Bai and Chapman 2004; Sudhof2004). Defects in neurotransmitter release are 

observed in worms, flies and mice after knockout o f synaptotagmin I. In mice this is 

lethal with studies in hippocampal neurones (Geppert et al. 1994) and chromaffin
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cells (Voets et al. 2001) reporting a selective loss o f fast, but not slow calcium- 

dependent exocytosis. A concern with genetic experiments is the ability o f the 

organism to compensate or adapt, masking the true function o f a protein in vivo. In a 

beautiful study an inducible deletion o f synaptotagmin I was investigated. Graeme 

Davis’s laboratory constructed a C-terminal-tagged synaptotagmin I which can be 

inactivated by fluorophore-assisted light inactivation (Marek and Davis 2002). The 

tetracysteine-tagged synaptotagmin I (Syt 14C), was able to rescue drosphophila null 

mutants, demonstrating that it is functionally equivalent to wild type protein. After a 

10 second photo-inactivation which cleaves the protein the calcium cooperativity o f 

exocytosis was reduced from a pre-inactivation value n = 3.4 to n = 0.9. This elegant 

study supports the knockout data that synaptotagmin I is critically involved in 

calcium sensing and fusion. Further studies determined that a point mutation in the 

C2A domain which alters the overall apparent calcium affinity o f synaptotagmin I 

induced an identical shift in the calcium cooperativity o f exocytosis (Femandez- 

Chacon et al. 2001). Experiments in chromaffin cells using flash photolysis show 

that this mutant shifts the apparent calcium affinity o f fast (but not slow) exocytosis 

in exactly the same manner (Sorenson et al 2003). Amperometric studies in PC 12 

cells show that over-expression o f synaptotagmin I extends the transition between 

fusion-pore opening and dilation (Wang and Zucker 1998). The current hypothesis is 

that oligomerization o f synaptotagmin I and the SNARE complex temporally 

stabilizes the fusion pore and possibly drives the fusion o f the vesicle into the plasma 

membrane. Recent studies have determined that the length o f the linker between to 

the two C2 domains is critical in controlling the stability o f the fusion pore (Bai and 

Chapman 2004). Synaptotagmin I is not only thought to trigger fast calcium- 

dependent exocytosis, but is also a critical protein required for a compensatory 

endocytosis pathway (Jorgensen et al. 1995; Poskanzer et al. 2003). Therefore it 

plays a crucial and central role in the secretory vesicle cycle.
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1.15 Regulators of trans-SNARE complex formation.

During the process of targeting, docking, and priming vesicles, numerous proteins 

interact. These interactions often involve binding of relatively large domains of 

protein partners (Benfenati et al. 1999), multiple partners often compete for the same 

binding site and the formation of multimeric protein complexes may uncover new 

binding sites for other protein partners (Benfenati et al. 1999). In this way protein 

interactions can be directed along the pathway leading to exocytosis. More than a 

thousand proteins function in the presynaptic nerve terminal, and hundreds are 

thought to participate in exocytosis (Sudhof 2004). In this section I will introduce 

four key proteins implicated in either vesicle docking to the plasma membrane, 

facilitation, stabilization or inhibition of SNARE complex assembly, and thereby 

determine the number of fusion competent vesicles and the size of the RRP and SRP. 

There are several published reviews, which comprehensively discuss the roles of 

other SNARE protein regulators (Jahn and Sudhof 1999; Jahn et al. 2003; Sudhof 

2004).

1.15.1 Munc-18

Genetic studies in mice have identified an essential role for munc-18-1 (Verhage et 

al. 2000; Voets et al. 2001) in mammals and its homologues (unc-18 and Rop) for 

synaptic transmission in worms and flies (Weimer et al. 2003; Harrison et al. 1994). 

Munc-18 has been suggested to assist in the formation of SNARE complexes, and the 

roles of other important exocytotic proteins are primarily thought to revolve around 

their interactions with SNAREs and/or munc-18 (Rizo and Sudhof 2002). Initially it 

was believed that munc-18’s main function was to prevent SNARE complex 

formation, by binding to syntaxin (Fujita et al. 1996; Haynes et al. 1999). Syntaxin 

can adopt two formations, an open conformation amenable to binding other SNARE 

proteins and a closed formation incapable of interactions with SNARE proteins 

(Dulubova et al. 1999). Munc-18 is proposed to bind to the closed conformation, 

preventing transition to the open conformation. Indeed the crystal structure of the
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munc-18-l-synatxin-l complex shows that munc-18-1 wraps around syntaxin in its 

closed conformation (Misura et al. 2000). This suggests that munc-18 is a negative 

regulator of SNARE complex formation and exocytosis. Biochemical in vitro studies 

have determined that the phosphorylation state of munc-18 can influence its binding 

to syntaxin, perhaps explaining a component of either PKC (de Vries et al. 2000) or 

cdk5 (Fletcher et al. 1999), facilitation of neurotransmitter release. It is thought that 

other proteins binding to munc-18 may interrupt its binding to syntaxin and therefore 

facilitate exocytosis. Proteins such as Doc2 (Duncan et al. 2000), Mints (Okamoto 

and Sudhof 1997), Tomosyn (Fujita et al. 1998) and munc-13 (Gamer et al. 2000) 

have been implicated in this way. Although the interaction between syntaxin and 

munc-18 is thought to be stronger than the interaction of these other proteins, the 

equilibrium may be shifted in favour of say the Doc2-munc-18 interaction by other 

vesicle and core complex proteins modulating the affinity of the syntaxin-munc-18 

interaction (Verhage et al. 1997). As munc-18 can interact with many proteins it is 

ideally suited to play a role in regulating the superstructure required for fusion (Jahn 

2000). However these proposals do not reconcile with functional studies from 

knockouts, which indicate that secretion is dramatically inhibited, and over

expression of munc-18 can facilitate exocytosis by increasing both the size of 

releasable pools and the priming rate (Voets et al. 2001). This observation therefore is 

inconsistent with a role of munc-18 as a negative regulator of exocytosis and suggests 

that munc-18 is in involved directly in vesicle priming or indirectly by increasing the 

number of docked vesicles. The increase in the size of the RRP and SRP after over

expression of munc-18 could occur indirectly of a specific priming role. A larger pool 

of docked, but un-primed vesicles, will in a reversible priming reaction scheme 

(section 1.13), result in an increase in the size of the RRP and SRP. In fact a recent 

and thorough examination of unc-18 knockouts in C.elegans concludes that although 

unc-18 may play a secondary role in SNARE complex formation, the primary and 

essential role of unc-18 is in vesicle docking (Weimer et al. 2003).
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1.15.2 Munc-13

Munc-13 is a homologue of the C. elegans unc-13 and is a target of the diacyl glycerol 

second messenger pathway that acts in parallel with PKC to regulate 

neurotransmission (Betz et al. 1998). Munc-13 was identified as a priming protein 

originally based on the observation that synaptic exocytosis in knock-out mice is 

inhibited without impairment of vesicle docking (Augustin et al. 1999). Therefore all 

docked vesicles are in an unprimed state. Syntaxin is thought to be the molecular 

target of munc-13 mediated priming (Brose et al. 2000). The hypothesis follows that 

munc-13 binding to syntaxin results in a conformational change in syntaxin from the 

closed to open state, where its SNARE motif becomes accessible for binding to other 

SNARES and the subsequent formation of the core complex. This hypothesis was 

elegantly investigated in C. elegans where inhibition of exocytosis induced by knock

out of unc-13 was abolished in a strain that carried a permanently open mutant 

syntaxin (Richmond et al. 2001). Over-expression of munc-13 in chromaffin cells 

causes a greater than three-fold increase in the size of the releasable pools without 

changing the time constant for fusion, suggesting that munc-13 accelerates the vesicle 

transfer of docked, but unprimed vesicles to a release-competent primed state (Ashery 

et al. 2000). Knockout mice have provided evidence to suggest that munc-13 is an 

essential protein for vesicle maturation in some neurones (Augustin et al. 1999), as 

have studies looking at unc-13 mutants in C.elegans (Betz et al. 1997). However 

secretion from chromaffin cells was found to be normal in munc-13 knockout mice 

(Voets 2000). The expression levels of munc-13-1 and munc-13-3 in bovine 

chromaffin cells are very low, but in bovine brain synaptosomes the levels are much 

higher, at least ten times higher than those found in chromaffin cells (Ashery et al.

2000). Others isoforms however may be important in chromaffin cells, but these 

have so far not been directly tested. In hippocampal glutamatergic neurones munc-13 

has been shown to be an essential priming protein (Augustin et al. 1999). Further 

studies in hippocampal neurones indicate that the facilitation of neurotransmitter 

release observed after application of phorbol esters is mediated solely by the C1 

domain of munc-13 and not by PKC (Rhee et al. 2002). This is different from the
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effect observed in chromaffin cells, where phorbel ester induced potentiation can be 

blocked by inhibitors of PKC (Vitale et al. 1995; Gillis et al. 1996). It is probable that 

although munc-13 can enhance secretion in chromaffin cells in over-expression 

studies, it is not a required priming protein in this cell type.

1.15.3 Complexin

Pulling synaptic and plasma membranes together will create an unstable intermediate 

and vesicles may regress via less fusion competent states to a docked state which 

does not engage plasma membrane SNAREs. Indeed this is believed to happen as 

pools of vesicles in different fusion-competent states are in equilibrium with each 

other. To maintain a pool of highly fusion-competent vesicles, nature has evolved 

proteins which can stabilize the SNARE complex once it has formed. One such 

protein is complexin, which has been shown to bind to assembled SNARE complexes 

including synaptotagmin (McMahon et al. 1995). Complexin binds to the 

synaptobrevin-syntaxin groove of the SNARE complex in an anti-parallel fashion, 

which is thought to help overcome the strong repulsive forces between vesicle and 

plasma membranes (Chen et al. 2002; Pabst et al. 2002), (figure 1.15.3.1). This is 

believed to stabilize the assembled SNARE complex in the fully primed, or ‘tight’ 

state, maintaining a highly fusion-competent pool of vesicles. Evidence for a post

priming role for complexin comes from studies on knock-out mice which display a 

reduction in the calcium-sensitivity of release, but have a normal sized pool of primed 

vesicles (Reim et al. 2001).
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1.15.3.1 Model of complexin function.

Ccmplexiri

•  •

Prim ing s ta g e  I
Prim ing s ta g e  II

Complexins are thought to bind after trans-SNARE formation to maintain the stability of the 
RRP. Picture adapted from (Rizo and Sudhof 2002).

1.15.4 Tomosyn

So far I have described proteins essential for the formation or stabilization of the 

RRP. There are also proteins which regulate exocytosis in an inhibitory manner. 

Tomosyn is a protein thought to regulate SNARE complex formation via a C-terminal 

SNARE motif that can substitute for synaptobrevin in the SNARE complex (Fujita et 

al. 1998). Tomosyn is able to displace Munc-18 from syntaxin, and its affinity for 

syntaxin binding is increased after phosphorylation by Rho-associated 

serine/threonine kinase (ROCK), (Sakisaka et al. 2004). Syntaxin phosphorylated by 

ROCK forms a stable tomosyn complex reducing the availability of syntaxin for the 

formation of the SNARE complex, and subsequently inhibiting exocytosis. Extension 

of neurites requires the SNARE-dependent fusion of plasmalemmal precursor 

vesicles with the plasma membrane in growth cones. Regulation of the subcellular 

localization of tomosyn is used by the neurone as a mechanism to determine neurite 

extension and retraction (Sakisaka et al. 2004). In chromaffin cells over-expression 

of tomosyn decreased release probability and reduced the number of fusion- 

competent vesicles (mainly those residing in the RRP) by 50% (Yizhar et al. 2004). 

The number of docked vesicles and the fusion kinetics of vesicles were not altered 

suggesting that tomosyn inhibits a priming step. This inhibition was relieved at 

elevated calcium concentrations and calcium ramp experiments conclude that 

inhibition results from a shift in the calcium-dependence of secretion (Yizhar et al.
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2004). The mechanisms underlying this calcium-dependency are not known, 

tomosyn does not possess a calcium-binding motif, but does interact with proteins 

known to be regulated by calcium (synaptotagmin, SNAP-25, syntaxin). Expression 

and localization of tomosyn would appear to be a cellular mechanism to down- 

regulate exocytosis. In this respect it is interesting to note that another protein, 

amysin also contains a C-terminal SNARE motif that can substitute for synaptobrevin 

in the synaptic SNARE complex and has been shown to inhibit exocytosis (Scales et 

al. 2 0 0 2 ).

Therefore, there are numerous proteins which facilitate, stabilize or inhibit the 

formation of the trans-SNARE complex. The expression levels, subcellular 

localization and regulation by signalling pathways of these proteins will determine 

the size of the releasable pools and subsequently the exocytotic response. Activation 

of signalling pathways via membrane receptors has evolved as an additional 

mechanism to modulate the secretory machinery.

1.16 Interactions of calcium channels with SNARE proteins.

The cytoplasmic loop between domains II and III of N and P/Q type channels (L2.3) 

can bind to SNARE proteins. This ‘synprint’ site, (synaptic protein interaction) is 

found between residues 718-963 and can bind syntaxin 1A and SNAP-25 as well as 

synaptotagmin (reviewed in Sheng, Westenbroek et al. 1998; Catterall 1998). 

Targeting of the exocytotic machinery to calcium channels is a mechanism to 

increase the efficiency of synaptic transmission. Experiments disrupting the physical 

link between N type channels and SNARE proteins can displace vesicles from the 

channels and shift the calcium dependence of neurotransmitter release to higher 

levels (Catterall 1999). As synaptic protein interactions with the synprint site are 

competitive, they may occur in series and represent steps in the pathway of docking 

and release (Walker and De Waard 1998). A hypothesis put forward by Proffesor 

William Catterall proposes that at resting calcium concentrations N type channels can 

bind to syntaxin and SNAP-25. Calcium influx can greatly increase the affinity of
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this coupling, and may therefore contribute to early priming steps of the fusion 

process. As calcium levels rise and reach threshold for release (20-50 pM), this 

binding affinity is reduced and syntaxin and SNAP-25 are displaced and allow 

synaptotagmin to bind in order for membrane fusion to proceed (Sheng et al. 1996). 

An isoform of the aiA channel, rbA is unable to bind to syntaxin, rbA and a different 

syntaxin-binding isoform B l, share an overall sequence identity of >98%, but share 

only 78% identity in the L2-3 region indicating that the synprint region is capable of 

alternative splicing (Catterall 1998). If syntaxin binding to the calcium channel is 

required for efficient coupling of calcium influx with vesicle fusion, then regulation 

of the expression of the different isoforms could modulate the efficacy of synaptic 

transmission in a particular neurone. These two isoforms are found differentially 

distributed in synapses of rat brain consistent with this idea (Sakurai et al. 1995). A 

recent study has shown that the synprint site is necessary for the proper localization 

of channels to the presynaptic terminal (Mochida et al. 2003). Deletion of the 

synprint site in P/Q-type channels reduced the efficiency of synaptic transmission and 

prevented correct localization of the channel in the presynaptic terminal. In addition, 

substitution of the P/Q-or N-type synprint site into L-type channels localized this 

chimera channel to the presynaptic terminal and was sufficient to allow this channel 

to contribute to synaptic transmission. A physical and functional interaction between 

syntaxin and specific voltage-gated potassium channels has also been shown (Fili et 

al. 2001). In this study syntaxin is able to bind the potassium channels and modulate 

their inactivation kinetics. The physical interaction occurs when syntaxin is in a 

molecular complex with SNAP-25 and synaptotagmin and can be altered by 

stimulation that induces neurotransmitter release (Fili et al. 2001). It is tempting to 

speculate that syntaxin may regulate both calcium and potassium signals to finely 

tune neurotransmission. Other modular adaptor proteins can bind to calcium 

channels and help to localise calcium channels to appropriate presynaptic sites for 

neurotransmitter release. For example the modular adaptor proteins Mintl and 

CASK have been found to bind to the cytosolic carboxyl terminus of N type channels 

(Maximov et al. 1999). The carboxyl terminal of N-type channels can bind to the 

first PDZ domain of Mintl, and a proline rich sequence just upstream of this binds to
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the SH3 domain of CASK (Maximov et al. 1999). Neurexins link the pre- and 

postsynaptic compartments of synapses by binding extracellularly to postsynaptic cell 

adhesion molecules and intracellularly to presynaptic PDZ domain proteins. Using 

triple-knockout mice, Suhof and co-workers have shown that a-neurexins are not 

required for synapse formation, but are essential for calcium triggered 

neurotransmitter release. Neurotransmitter release is impaired because synaptic 

calcium channel function is markedly reduced, although the number of cell-surface 

calcium channels appears normal. This study suggests that a-neurexins organize 

presynaptic terminals by functionally coupling calcium channels to the presynaptic 

machinery (Missler et al. 2003).

1.17 Regulation of calcium channel inactivation via interactions between G- 

proteins and SNARE proteins.

N, P/Q and L type channels differ in their ability to undergo voltage-dependent 

inhibition. This type of inhibition is slowest in the L type channel, and in chromaffin 

cells N type current inhibition sensitive to voltage is two times greater than that 

observed in the P/Q type current (Currie and Fox 1997). Voltage-dependent 

inhibition involves the activation of G-protein coupled receptors. This type of 

modulation has several typical characteristics; a slowed rate of activation, a positively 

shifted voltage-dependence of activation, and relief of inhibition by a strong 

depolarising prepulse, reviewed in (Dolphin et al. 1999). The role of G-proteins in the 

inhibition of calcium currents by GPCR activation was first demonstrated in the mid 

1980’s (Holz et al. 1986; Scott and Dolphin 1986). The role of G-protein subunits in 

mediating this process was suggested from experiments in which the response to an 

agonist could be mimicked by application of GTPyS (Dolphin et al. 1987), or by 

photoactivation of a caged GTP analogue (Dolphin et al. 1988) and agonist induced 

inhibition could be prevented by application of a GDP analog (Holz et al. 1986; 

Dolphin et al. 1987). Several groups identified the G(3y subunit and not the 

Ga subunit as the mediator of this modulation (Herlitze et al. 1996; Ikeda 1996; 

DeWaard et al. 1997), and showed that Gpy can directly bind to the ai subunit of the
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calcium channel. The Gpy subunit was originally proposed to bind to the loop 

between domain I and II (Li.2) of the a  subunit (DeWaard et al. 1997). The sequence 

motif QXXER is proposed to be involved in the interaction between G(3y subunits 

and target proteins, and this sequence is present in Li_2 of N and P/Q type calcium 

channels but not in L type channel (Herlitze et al. 1997). A single mutation, R to E in 

the fifth position of this sequence has been shown to have a large effect on voltage- 

dependent inactivation (Herlitze et al. 1997). This mutation in P/Q type channels 

slows the rate of inactivation and shifts the voltage-dependence to a more positive 

membrane potential (Herlitze et al. 1997). This creates a channel with the same type 

of inactivation properties observed in L type channels. It is of interest to note that 

this Li-2 region is the same site that p subunits interact with and the Gpy binding 

sequence overlaps this BID (Walker and De Waard 1998). This suggests a possible 

mechanism of allosteric hindrance and antagonism between GPy and p subunits. 

However the role of the I-II linker Gpy binding site in the process of G protein 

modulation is controversial (see Dolphin 2003 for a critical analysis of early 

experiments). Other studies have indicated that there may be other sites on the oti 

subunit for both Gpy and p subunit binding. Dolphin and co-workers have identified 

an eleven amino acid stretch in the N terminus N-type channel 45-55 

(YKQSIAQRART) as essential for the G protein modulation of this channel (Page et 

al. 1998; Canti et al. 1999). Likewise C terminus sequences have been implicated in 

mediating aspects of G protein modulation and inactivation (Furukawa et al. 1998; 

Furukawa et al. 1998), although other groups imply that this is not a generalized or 

important interaction site (Stephens et al. 1998). This implies that either several Gpy 

subunits can bind to an a  i subunit, or that 1 Gpy subunit binds and other regions in 

the a i subunit contribute to mediate the functional consequences of binding.

Evidence for the latter scenario comes from Zamponi and co-workers whose results 

in a recombinant system suggest that prepulse facilatition involves the complete 

dissociation of a single GPy molecule from the channel and that rebinding occurs via 

a bimolecular interaction between the channel and a single GPy (Zamponi and Snutch
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1998). It is unlikely that all three regions (L1.2 , N or C terminus) contribute equally to 

G protein inhibition of different neuronal calcium channels.

As well as mediating the formation of SNARE complexes in the immediate vicinity 

of calcium channels, syntaxin has been implicated in regulating calcium channel 

function by causing a hyperpolarising shift in the steady-state inactivation and by 

mediating a tonic inhibition of the channels by Gpy subunits (Jarvis and Zamponi

2001). It has been proposed that syntaxin 1A can simultaneously bind to both Gpy 

subunits and the synprint motif in L2-3 of N type channels (Jarvis et al. 2000). Tonic 

inhibition of the channels by Gpy is dramatically reversed upon application of 

botulinum toxin C, indicating that syntaxin 1A is involved in mediating the effects of 

Gpy (Jarvis et al. 2000). However exogenous application of GPy subunits or 

activation of G protein receptors rescued their effect suggesting that syntaxin 1A 

optimises Gpy inhibition rather than being essential for it. They suggest a mechanism 

by which syntaxin 1A induces a more efficient G protein coupling by mediating the 

co-localisation of Gpy subunits and the N type channels. The importance of syntaxin 

1A in mediating the effects of Gpy were shown in experiments in chick dorsal root 

ganglia (Lu et al. 2001). These neurones do not express syntaxin 1A and addition of 

purified Gpy is not able to produce voltage-dependent inhibition of the N type 

currents in these cells (Lu et al. 2001). Likewise syntaxin IB which retains the 

ability to induce a negative shift in half-inactivation potential is unable to transduce 

the Gpy inhibition signal to N type channels (Jarvis and Zamponi 2001). It is 

interesting to note that P/Q type channels can mediate calcium-dependent gene 

transcription of syntaxin 1A (Sutton et al 1999), therefore one type of calcium 

channel is capable of regulating the function of a different calcium channel. Syntaxin 

binding to the synprint region of N type channels can cause a -15-20mV negative 

shift in the half-inactivation potential (Bezprozvanny et al 1995, Jarvis et al. 2000), as 

well as an enhanced slow inactivation (Degtiar et al. 2000), again botulinum toxin C 

can sharply attenuate these observations on channel gating. Co-expression of either 

SNAP-25 or munc-18 can antagonise the ability of syntaxin 1A to inactivate calcium 

channels, whereas the ability of syntaxin 1A to enhance G protein inhibition is 

retained in the presence of SNAP-25 or munc-18 (Wiser et al. 1996, Jarvis and
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Zamponi 2001). This suggests that the molecular mechanisms determining 

inactivation and G protein inhibition are separate. An interesting finding was that 

munc-18 on its own could enhance G-protein inhibition of the channel (Jarvis and 

Zamponi 2001). The authors tentatively suggest that munc-18 may act by creating a 

Ga ‘sink’ allowing endogenous Gpy to modulate the channel, rather than munc-18 

itself mediating the co-localisation of channels and Gpy, but more biochemical work 

is required to substantiate this hypothesis.

To flip the earlier argument around, as well as the calcium channels acting as anchors 

for the successive protein-protein interactions in the pathway for fusion, these 

proteins can determine the temporal amount of calcium entry through these channels 

by their differential effects on channel gating and inhibition. For example in the 

presence of only syntaxin 1 A, vesicles are not docked close to the channel and this 

channel is unlikely to participate in neurotransmitter release. Tonic G protein 

inhibition and a negative shift in inactivation would prevent unnecessary calcium 

entry through this channel (Jarvis and Zamponi 2001). Upon binding of SNAP-25 

and the creation of the SNARE complex leading to fusion competence the level of G 

protein inhibition and inactivation will reduce allowing the calcium channel to 

become maximally responsive. Cysteine string proteins (CSPs), found on vesicles 

have also been proposed to play a role in G protein modulation of N-type calcium 

channels (Seagar et al. 1999; Magga et al. 2000). Deletion of the CSP gene in 

Drosophila severely impairs presynaptic neuromuscular transmission indicating that 

CSP’s function is critical for neurotransmission (Zinsmaier et al. 1994). Other 

studies have suggested that the default involves an inability for calcium to trigger 

exocytosis or a deficit in calcium entry (Umbach and Gundersen 1997). Recent 

studies by Zamponi’s group show that CSP can physically interact with both the N 

type L2-3 region and Gpy proteins (Magga et al. 2000). They hypothesize that CSP 

may chaperone interactions between the synprint site of presynaptic calcium channels 

and SNARE proteins regulating the sequential protein-protein interactions necessary 

for fusion. CSP can bind Gpy proteins and by also binding to the N type calcium 

channel may therefore help target GPy to its site of action at the calcium channel, the 

L1-2 region. By interacting with synprint binding proteins and Gpy proteins, CSP’s
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are in a position to regulate the steady state inactivation and level of G protein 

inhibition of presynapic calcium channels. A dynamic series of protein-protein 

interactions may not only help in the formation of the exocytotic machinery, but 

could also optimise calcium influx for each step of the cycle. As both N and P/Q- 

type calcium channels mediate neurotransmitter release, their differential modulation 

by G proteins suggests that these channels can be selected to fine tune 

neurotransmission. The patchwork distribution of calcium channel subtypes might 

enable terminal specific modulation of transmitter release, enhancing the power of 

synaptic processing (Zamponi and Snutch 1998).

1.18 Calmodulin regulation of exocytosis.

Previous studies (mainly biochemical assays), have shown an inhibition of calcium- 

dependent exocytosis after addition of calmodulin inhibitors (Burgoyne and Geisow 

1982; Ganguly et al. 1992), anti-calmodulin antibodies (Steinhardt and Alderton 

1981; Kenigsberg and Trifaro 1985; Brailoiu et al. 2002), or calmodulin inhibitory 

peptides (Birch et al. 1992; Matsumura et al. 1999). However other studies suggest 

that calmodulin-binding peptides and anti-calmodulin antibodies do not affect 

exocytosis directly, concluding that calmodulin is only involved in the regulation of 

endocytosis (Artalejo et al. 1996). A role for calmodulin enhancing exocytosis is also 

implied from studies on permeablised (cracked) cell assays of PC 12 or adrenal 

chromaffin cells (Okabe et al. 1992; Chamberlain et al. 1995; Chen et al. 1999), 

based on the stimulatory effect of added calmodulin. Since docking of new vesicles 

is unlikely to happen during infusion experiments of cracked cells (Martin and 

Kowalchyk 1997), the calmodulin affect is likely to act at either priming or calcium- 

dependent fusion. Stage-specific assays reveal that calmodulin stimulates exocytosis 

when added at the calcium triggering step but not before MgATP-dependent priming 

(Chamberlain et al. 1995; Chen et al. 1999). In addition, experiments in which a 

mutated calmodulin (incapable of binding calcium) was added, show that 

Ca2+/calmodulin is required (Chen et al. 2001). These studies indicate that calmodulin 

interacts with membrane associated proteins (that are not washed out during
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permeabilasation) and regulates a late stage in exocytosis. However studies 

conducted in cracked cells cannot determine whether the RRP is specifically affected. 

When secretion is assayed by slow techniques, fusion from the SRP is likely to 

dominate the exocytotic response. Some of these studies were conducted in PC 12 

cells which have fusion rates considerably slower than chromaffin cells or neurones 

thereby limiting interpretation. Even when temporal resolution is improved by the 

use of fast rotating-disc-electrode voltammetry to detect catecholamine release, 

secretion is still detected on a timescale of seconds (Earles et al. 2001), suggesting 

that the equivalent of a chromaffin cell RRP (or even an SRP) is not found in PC 12 

cells (Sorensen 2004). To evaluate a role for calmodulin in mediating release from 

specific pools of vesicles a faster measurement of exocytosis is required. By 

measuring quantal release rates at the Calyx of Held a role for calmodulin was 

described in mediating refilling of vesicle pools as introduction of calmodulin 

inhibitory peptides reduces vesicle pool refilling (Sakaba and Neher 2001). 

Monitoring cell membrane capacitance in combination with the patch clamp 

technique also offers good temporal resolution. Basic capacitance experiments have 

shown that calmodulin application via the patch pipette can increase the initial rate of 

exocytosis (Kibble and Burgoyne 1996). In this study cells were dialysed for ten 

minutes with internal solution with or without 250pg/ml of purified calmodulin.

After 10 minutes a 1 second depolarisation was evoked and changes in capacitance 

monitored. The size of the capacitance jump was not significantly different, but the 

initial rate was increased after application of calmodulin, suggesting that calmodulin 

could promote the kinetics of release.
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1.19 Calmodulin diversity in target recognition.

2+
Ca /calmodulin can activate a multitude of different target systems, including, 

protein kinases and phosphatases, nitric oxide synthases and calcium-extruding 

pumps (Vogel 1994). I have presented evidence suggesting that calmodulin can 

regulate both calcium channels and the secretory machinery. An intriguing question 

to structural biologists and biochemists is how calmodulin, a small (16.7 kDa) protein 

is able to form complexes with so many different proteins and lead to target 

activation in response to elevations in cytoplasmic calcium. Raising intracellular 

calcium can regulate calmodulin in several ways. It can target calmodulin to specific 

subcellular regions, promote different modes of association with target proteins and 

mediate different conformational states, allowing target specific activation (Chin and
• • 2 1Means 2000). Activation of Ca /calmodulin kinases, generates an additional mode 

and specificity to target activation. A high content of methionine residues (9 out of 

148 residues) in calmodulin are believed to be responsible for its ability to bind 

numerous target proteins. Indeed, 8 of the 9 methionines are directly involved in 

binding to all target peptides studied so far by x-ray and NMR. Calcium-dependent 

interactions occur after calcium binding to calmodulin induces a conformational 

change that exposes binding sites for both hydrophobic and basic amino acids. 

Investigations into calmodulin interactions with calmodulin-dependent kinases 

revealed that calmodulin can assume at least three different conformations by virtue 

of a flexible linker connecting the N and C lobes, (reviewed in Chin and Means

2000). From these studies putative calmodulin recruitment motifs were derived and 

fall into three classes, 1-10, 1-14 and 1-16. 1-14 was the first family described 

(Rhoads and Friedberg 1997), the main feature of this family is the spacing between 

two bulky hydrophobic residues. Ideally, two bulky hydrophobic residues are spaced 

by 12 amino acid residues in an amphipathic helice. Some have additional anchoring 

residues in the middle. It is not known whether binding affinities vary with having 

more bulky hydrophobic residues in the middle. These sequences primarily bind 

calmodulin in the presence of calcium. Another calmodulin binding motif is the ‘IQ’ 

motif, which corresponds to an IQxxxRGxxxR consensus sequence and is known to
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bind numerous proteins in a predominantly calcium-independent manner, as such this

motif is thought to be responsible primarily for constitutative binding of calmodulin

to target proteins, however it can also be important in mediating specific 
2+

Ca /calmodulin affects (Hoeflich and Ikura 2002). Additionally calmodulin has 

been shown to induce dimerization of membrane proteins and in the case of small 

conductance potassium channels this is responsible for their gating (Schumacher et al.

2001). In this case, the C lobe EF hands mediate tethering to the channel and the N- 

lobe EF hands are responsible for calcium-induced dimerisation, leading to channel 

gating. A working hypothesis is that various calmodulin binding partners can control 

the 3D structure of calmodulin by changing the orientation of the N and C lobes 

(Hoeflich and Ikura 2002). Indeed recent crystallographic studies indicate significant 

rearrangement of EF-hand helices within each calmodulin lobe to adjust its 

conformation for optimal binding with target proteins (Kurokawa et al. 2001). A 

comprehensive calmodulin target recognition data base is available on the internet at 

http: //calcium .uhnres. utoronto. ca.

1.20 Modulation of neurotransmitter release via activation of GPCRs

The process of calcium-regulated exocytosis can be modulated by a variety of 

mechanisms. Modulation to the exocytotic pathway is important for numerous neural 

functions, such as spinal reflexes, learning and memory. Modulating mechanisms 

have also been implicated in several mental illnesses and in acquired diseases like 

drug addiction (Zheng and Bobich 1998; MacDermott et al. 1999). A thorough 

understanding of the mechanisms controlling and modulating neurotransmitter release 

will have wide-ranging and important pharmacological implications. G protein- 

coupled receptors are capable of modulating neurotransmitter release and hence 

synaptic strength. Their mode of action can be either inhibitory or facilatory. The 

inhibitory pathway, usually resulting from Gi/o receptor activation, leads to an 

inhibition of calcium currents either directly, or indirectly by altering the function of 

potassium channels (Majewski et al. 1997). However presynaptic inhibition can also 

be mediated via effects on the secretory machinery. A facilatory pathway can result
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in a cascade of second messenger-mediated changes in the activity of the proteins 

controlling exocytosis (Teschemacher and Seward 2000) or have an effect on 

membrane excitability (ie phosphorylation of ion channels). Gq receptors typically 

stimulate phospholipase C (PLC) activity. PLC can cleave PIP2 into IP3 which 

releases calcium from internal stores and diacylglycerol (DAG) which can recruit 

PKC to the plasma membrane. DAG production has additional neuromodulatory 

functions such as translocating munc-13 to neurotransmitter release sites at the 

plasma membrane (Brose et al 2000). This pathway of G protein-mediated 

production of IP3 and DAG has been observed in response to several different 

secretogogues like Angiotensin 2 (Teschemacher and Seward 2000) and histamine 

(Trifaro et al. 2000). Some substrate receptors such as Ang2 typel receptors can 

couple to several types of G protein (Teschemacher and Seward 2000). This means 

that a single neuromodulator acting through one receptor can either inhibit or 

facilitate exocytosis. The resulting effect may depend on the concentration of agonist 

used, the rate of desensitisation of the receptor or the cellular compartmentalisation of 

the receptors (Teschemacher and Seward 2000). Alternatively different 

secretagogues such as Ach and 5-HT acting on the same cell can oppose each other at 

the second messenger level (Brose et al. 2000). Some types of muscarinic receptors 

are positively coupled to PLC via Gq receptors and activation leads to the production 

of DAG. 5-HT receptors couple to Go receptors and can activate diacyglycerol 

kinase (DGK-1), or inhibit Gq receptors (Lackner et al. 1999). Therefore competing 

pathways can simultaneously modulate neurotransmitter release (figure 1 .2 0 .1 ).
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1.20.1. GPCRs can enhance or inhibit neurotransmitter release.
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Ach and 5-HT.

A model for the modulation of the C.elegans neuromuscular junction, reproduced from (Lackner et al. 
1999)

Phosphorylation of the proteins involved in exocytosis is a probable cause of 

presynaptic plasticity. The SNARE proteins syntaxin, SNAP-25 and VAMP as well 

as calcium sensing proteins and SNARE complex regulating proteins like munc-18 

have all shown to be in vitro substrates for protein kinases, reviewed in (Klenchin and 

Martin 2000, Lin and Scheller 2000). Various protein kinases can antagonize 

inhibitory effects on the calcium channels. Both the a i and |3 subunits are substrates 

for phosphorylation, suggesting that kinase activation is another route in which to 

dynamically regulate channel function. The a l  L1.2 region appears to mediate 

‘crosstalk’ between protein kinase C (PKC) and Gpy proteins (Zamponi et al. 1997). 

The attenuation of the Gpy response is mediated by the PKC-dependent 

phosphorylation of residues covered in N-type (410-428) and P/Q-type (416-434) 

channels (Zamponi et al. 1997). In N-type channels, phosphorylation of threonine 

422 appears to play a central role in this antagonistic effect on Gpy channel inhibition
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(Cooper et al. 2000). Studies showed that the degree of PKC antagonism varied 

depending on which GPCR had been activated to produce the Gpy mediated channel 

inhibition (Cooper et al. 2000). Investigation of threonine 422 phosphorylation in the 

presence of different Gpy isoforms, found that channel inhibition by Gpyl was 

antagonised by PKC, but was not inhibited by Gpy2, GPy3, Gpy4 (Cooper et al.

2000). Therefore neuromodulators which activate receptors exclusively coupled to 

Gpyl are susceptible to cross-modulation by PKC signals, whereas those which 

couple to the other isoforms are not, and those which couple to Gpyl and to the 

others isoforms will show an intermediate response to PKC. In Vitro biochemical 

studies show PKC and CaMKII to phosphorylate the synprint region, and by doing so 

inhibit the binding of recombinant syntaxin and SNAP-25, providing yet another 

avenue for modulating channel steady-state kinetics (Catterall, 1999; Degtiar et al. 

2000). In addition it would appear that alternatively spliced isoforms of N and P/Q- 

type channels have different sensitivities to phosphorylation, again adding specificity 

to intracellular signals and to the tuning of transmitter release (Davila 1999). 

Activation of CaMKII is important in determining calcium-dependent facilitation of 

L-type channels (Dzhura et al. 2000). Cdk5 phosphoryation of P/Q-type channels has 

also been reported (Tomizawa et al. 2002). In this study Cdk5 phosphorylation of the 

II-III linker region reduced calcium influx and prevented interactions with SNAP-25 

and synaptotagmin, the physiological outcome of which was to reduce 

neurotransmitter release.

1.21 Summary

It is clear that there are many structural determinants of the oti subunits that are 

essential for inactivation of calcium channels. Temporal, compartmental and tissue 

specific expression of different isoforms and splice variants create channels with 

unique biophysical properties. Other channel subunits, G proteins, calmodulin, 

SNARE proteins, protein kinases and other modifiers of channel function interact to 

specify gating kinetics. Divergent second messenger signals can converge at the
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level of the calcium channel to highly regulate calcium entry, thereby fine tuning 

neurotransmitter release (figure 1 .2 1 .1).

1.21.1 Sites of regulation of Cav2 channels.
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Schematic representation of the proposed binding sites on the a, subunit of Cs^2 family calcium 
channels for regulators of inactivation.

In addition to the regulation of calcium entry, the release site of the presynaptic nerve 

terminal is a highly organised specialised macromolecular complex, and there is 

reasonable evidence to suggest that neuroendocrine cells also contain discrete 

exocytotic sites (Robinson et al. 1995; Salaun et al. 2004). Proper localisation of 

synaptic compartments is maintained via a complex network of protein-protein 

interactions, usually mediated by modular adaptor proteins to ensure a highly 

efficient temporal and spatial control of neurotransmitter release. At every stage of 

the vesicle cycle there are numerous protein targets for the modulation of 

neurotransmitter release. A detailed understanding of the function and modulatory 

effects of these proteins is a challenge for the future.
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1.22 Aims of thesis.

An interesting question to physiologists is why neurones and specialised secretory 

cells, like chromaffin cells possess several types of high voltage calcium channels? 

The physiological relevance appears to be that specific calcium-dependent processes 

can be preferentially coupled to individual subtypes. The initial aim of my thesis was 

to determine whether exocytosis was preferentially coupled to a particular channel 

subtype in chromaffin cells. The second aim was to investigate the molecular basis 

for differential regulation of calcium channel inactivation between endogenously 

expressed channels. The third aim of my thesis was to examine the stage(s) in the 

secretory vesicle cycle which are controlled by Ca2+/calmodulin and define whether 

specific pools of vesicles are targeted for regulation by this molecule.
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Chapter 2: Materials and Methods

2.1 Preparation and maintenance of chromaffin cells.

At a local abattoir, adult bovine adrenal glands were cut out of the animal’s carcass 

immediately after slaughter. Excess fat was removed and the glands placed in ice 

cold Locke’s buffer containing (in mM), NaCl 154; KC1 2.6; K2HPO4 2.2; KH2PO4 

0.85; glucose 1 ; HEPES 0.5; phenol red 1. Saturated with CO2/O2 (5%/95%), pH 

adjusted to 7.2 with NaOH with 0.2 mg/ml penicillin, 0.05mg/ml streptomycin and

0.05mg/ml gentamycin. In the laboratory the adrenal vein was canulated and the 

gland was superfused with the same buffer. The outer capsule and cortex were 

dissected from the gland taking care not to puncture the medulla. The gland was then 

perfused ~ lOml/min with 35ml of Locke’s buffer with reduced antibiotic 

concentration (O.lmg/ml penicillin and streptomycin, 0.05 mg/ml gentamycin) and, 

supplemented with lOmg of collagenase (type II, Worthington Biochmical 

corporation) and 0.5 mg of DNAse I (Sigma) at 37°C for ~ 30 minutes. Residual 

cortex was scraped off using a scalpel blade and the medulla minced and placed in a 

trypsinisation jar containing 25ml of the perfusion buffer (plus enzymes) and stirred 

for 25-30 minutes at 37°C. This suspension of cells was filtered through a 40pm 

nylon mesh and diluted 2x with enzyme free Locke’s buffer. The cells were pelleted 

by centrifugion at 600g for 5 minutes at room temperature. A further 25 mis of 

enzyme free Locke’s buffer was used to gently resuspend the cells. A sample was 

taken for counting and the solution accordingly diluted to 2xl05 cells/ml. Cells were 

then plated onto 13 or 16mm collagen-coated coverslips in 24 or 12 well plates at 

either 1 0 0 , 0 0 0  or 2 0 0 , 0 0 0  cells/well and covered with 1 or 2  mis of feeding media 

(10% foetal calf serum, 90% DMEM supplemented with 44mM NaHCC>3, 15mM 

HEPES, 0.1 mg/ml penicillin/streptomycin solution, gentamycin 0.05 mg/ml, 5’- 

fluorodeoxyuridine 2.5 mg/ml, cytosine-p-y-Arabino-Furanoside 0.5mg/ml and 1% 

glutamine). Cells were kept in a humidified incubator (5% CO2 at 37°C). 24 hrs post 

preparation ~ 70-80% of the feeding media was exchanged with fresh media. Cells
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were typically used 48 -  120hrs post preparation. Adenoviral infection of cells was 

performed 24 hrs after plating by adding 3 pi of the concentrated viral stock per well 

directly onto the cells after the feeding media was exchanged. Infected cells were 

used 24-72hrs later.

2.1.1 Collagen coating of coverslips

A lOmg vial of rat tail collagen, type VII (Sigma) was dissolved in 2ml of 0.1% 

acetic acid and mixed at room temperature for lhr. 0 .2 ml aliquots were placed in 15 

ml tubes and kept at -20°C until required. On the day of cell preparation an aliquot 

was diluted with 8 mls of 60% ethanol and 1 0 0 pi added to a 13mm coverslip or 150pl 

added to a 16mm coverslip. Coverslips were allowed to dry under sterile conditions 

before use. Diluted aliquots were kept at 4°C for up to 2 weeks.

2.1.2 Rat/Mouse chromaffin cell slice preparation

9-14 day-old rats/mice were decapitated and the chest cavity opened to reveal the 

kidneys. With fine forceps the adrenal glands were teased away and placed in 

external solution. Under a dissecting microscope the outer capsule and fat were 

removed leaving behind a small ball of cortical and medulla cells. The bolus was 

then placed in liquid agar (2.5% made with PBS without calcium) at 37°C and the 

agar encouraged to set quickly by placing on ice. A square section of agar containing 

the gland was fixed to a DSK microslicer (DSK 1000) and 150pm slices cut into a 

solution of ice cold PBS without calcium. Slices were then quickly transferred to 

external solution (see section 2.1.4 for composition) and bubbled at room temp with 

95% 0 2 /5 % CO2 . The slices were given 1-2 hrs to recover and experiments were 

performed for the next 4-8 hrs.
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2.1.3 Solutions for cultured bovine adrenal chromaffin cells

External: (in mM); NaCl 150; KC1 2; NaHCCh 5; MgCb 1; CaCb 2.5; glucose 10; 

HEPES 10; pH adjusted to 7.3 with NaOH; osmolarity ~ 300 mOsm. After voltage 

clamp was obtained the external solution was exchanged for one in which the [NaCl] 

was reduced by l OmM and replaced with lOmM TEA-C1. This was necessary to 

prevent activation of a calcium-dependent outward current which could contaminate 

calcium current traces during long depolarisations (see appendix 1). This solution 

was only exchanged after establishing voltage clamp as we did not want the cell to 

depolarize (due to block of potassium channels by TEA-C1) and secrete before 

applying our voltage protocols. Tetrodotoxin (lpM) was added to the external 

solution in initial experiments to determine the degree of sodium current 

contamination of calcium current recordings. After this information was obtained, 

(chapter 3, section 3.1) tetrodotoxin was omitted from the external solution as it 

slows sodium channel gating 10 fold resulting in non-exocytotic changes in Cm 

measurements (Horrigan and Bookman 1994). Measurements of calcium currents in 

TTX-free solutions were determined 3 ms after the start of the depolarization to avoid 

contamination by sodium currents.

Internal: (in mM); Cs- D-glutamate 145; HEPES 10; NaCl 8.5; BAPTA 0.3-10, 

adjusted to pH 7.3 with CsOH; osmolarity -290-300 mOsm. The internal solution 

was made fresh every 1-2 weeks and kept at 4°C. Mg-ATP was added at a 

concentration of 2mM on the day of recording, solution pH was readjusted using 

CsOH and internal solution was kept on ice for the duration of the experiment. In 

perforated patch experiments gramicidin D (Sigma) at a final concentration of 

~50pg/ml was added. Gramacidin D was made up as a 1 mg/ml stock in DMSO on 

the day of use, vortexed for ~ 30 seconds, and 2.5 pi added to 0.5mls of internal. The 

electrode tip was dipped for a few seconds into gramicidin free internal and then 

backfilled with internal containing gramicidin. Internal solution was briefly vortexed 

before pipette filling. Osmolarity of solutions was measured using a Vapro 

osmometer (model # 5520).
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2.1.4 Solutions for rat/mouse chromaffin slice preparation.

External: (in mM); NaCl 125; KC1 2.5; glucose 10; NaH2P0 4  1.25; Na Pyruvate 2; 

myo-inositol 3; ascorbic acid 0.5; NaHCC>3 0.5; saturated with CO2/O2 (5%/95%) 

before addition of CaCl2 2 ; MgCl2 1; osmolarity -290 mOsm.

Internal: (in mM); Cs- D-glutamate 145; NaCl 8 ; MgCl2 1; Mg-ATP 2; Cs-HEPES 

10; BAPTA 0.1-3; adjusted to pH to 7.4 ; osmolarity -280 mOsm.

2.2 Electrophysiology apparatus.

2.2.1 Fabrication of patch pipettes.

Custom made capillary borosilicate glass microelectrodes with external and internal 

diameters of 1.65 and 1.3 mm respectively (Drummond Scientific Company) were 

pulled on a Narashige 2-stage vertical puller (model # PP-83). The heat of the second 

pull was altered according to recording configuration with electrodes after fire 

polishing producing resistances of 1.5-2.2 mfi for perforated patch or 2-4 mH for 

whole cell recordings.

2.2.2 Reducing stray capacitance.

It is essential when making capacitance recordings that there are minimal stray 

capacitance changes associated with the pipette. Most stray capacitance arises across 

the pipette wall between the pipette and bath (Ogden and Stanfield 1994). Pipette 

capacitance can be reduced using the pipette capacitance cancellation circuitry on the 

patch clamp amplifier. It is possible (and necessary) to reduce stray capacitance 

further by using a small perfusion chamber, keeping the depth of the bathing solution 

to a minimum and only filling the electrode with enough internal solution so as to 

make contact with the silver wire (Ag/AgCb). Stray capacitance was attenuated 

further by coating the shank of the pipette up to the tip with a hydrophobic substance 

to prevent liquid from ‘climbing’ up and wetting the pipette due to surface tension.

To achieve this we coat our electrodes with Sylguard (Dow Coming), which also has
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the advantage of thickening the wall of the pipette reducing capacitive coupling 

between the bath and pipette solutions.

2.2.3 Sylguard

Sylguard was prepared by mixing nine parts resin to one part catalyst oil. This 

mixture was then aliquoted into 2 0 0 pl tubes or placed into a 1 ml syringe, which were 

stored at -20°C until needed. Sylguard was applied around the shank of the electrode 

up to the tip using a 200pi Gilson tip pipette dipped into an aliquot. Alternatively a 

needle was attached to the 1ml syringe and a small amount of Sylguard was ‘painted’ 

around the shank up to the tip of the pipette. The sylguard was cured quickly by 

placing the electrode between the coils of a fine wire heater for ~30 seconds.

2.2.4 Fire Polishing

Fire polishing removes any contaminants and smoothes the edges of the pipette to aid 

‘giga seal’ formation with the membrane. A Narishige microforge (MF-83), was 

used to fire polish the electrodes, with a platinum filament lightly coated with melted 

electrode glass providing the heat source. A reduction in pipette tip diameter and a 

faint darkening of the tip indicated that polishing had occurred.

2.2.5 Pipette Filling

Pipette tips were dipped into filtered internal solution for a few seconds to induce 

uptake by capillary action, they were then backfilled using a MicroFil™ non-metallic 

syringe needle. Gentle shaking and flicking of the pipette removed any air bubbles.

In perforated patch recordings, the same procedure was applied although the tips 

were dipped in gramicidin-free internal for roughly 1 0  seconds prior to backfilling 

with internal containing gramicidin.
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2.2.6 Microscopes

Isolated bovine adrenal chromaffin cells plated on collagen-coated coverslips were 

transferred to a superfusion chamber (Warner instruments, model P3/P4), placed on 

the stage on an inverted microscope (axivert-25, Zeiss) and viewed under phase 

contrast optics at 320 or 400x magnification. For experiments in which cells had 

been loaded with fura-2 , cells were viewed at 600x magnification (60 x oil immersion 

lens with a numerical aperture of 1.3 (Zeiss) and 10 x eye piece) and alternatively 

illuminated at 340 and 380 nm using a monochromator (TILL Photonics), controlled 

by the Cm data acquisition software. Emission > 430nm was collected with a 

photomultiple tube (TILL Photonics) and sampled every 12 ms. For identification of 

GFP positive cells, a 50W mercury arc lamp (Zeiss) was used to excite the 

fluorophore at 488nm, green emission was viewed at > 540 nm. Rat/mouse slices 

were viewed with an upright microscope (Axioskop, Ziess) at 400x magnification. 

Slices embedded in agar were transferred to a superfusion chamber and held in place 

using a platinum harp (U-shaped piece of platinum with very fine strands of nylon 

glued across). By placing this harp over the slice the cells stay in the same position 

and the slice does not move upon fluid superfusion.

2.2.7 Superfusion

Cells were continually superfused (~l-2ml/min) with external solution to remove 

effects of released endogenous modulators (Carabelli et al. 1998). All solutions were 

kept at room temperature which varied from 19-26°C. Superfusion was obtained by 

use of gravity flow from a 1 litre reservoir bottle. Solutions containing drugs or 

altered external composition were stored in 10, or 50ml syringes connected in series 

with the main reservoir bottle. The solutions could be changed by switching a three 

way tap connected to the bottom of the syringes. The height of the syringes was 

adjusted so that the flow rate from them would match the rate from the reservoir 

bottle. Additionally stoppers containing a fixed length of plastic tubing were placed 

into the syringes to insure a constant flow rate (figure 2.2.7.1). The outflow was
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controlled by a peristaltic pump (Gilson, minipuls 3). A narrow bore metal tube, bent 

at 45 degrees and beveled at one end was attached to the outflow tubing. This metal 

tube was placed in the superfusion chamber and held in place by either a small 

magnet or a piece of blue-tac™. The tip of this metal tube was placed just below the 

meniscus of the desired bath volume. The outflow tube contained a small piece of 

silver wire and was passed through a bubble trap to reduce noise. A steady rate 

(inflow matching outflow) was achieved by optimizing the diameter of tubing 

flowing in and out of the system.

2.2.7.1 The perfusion system.

Peristaltic
pump

1 litre resevoir 
bottle

3-way 
f  tap

Perfusion chamber

Inflow

Microscope
staging

Microscope
objective

A schematic representation of the perfusion system used, taken and adapted from (Powell 2000).

After drug application (or the ionic composition of the external changed ie to ones 

containing barium or TEA-C1) the inflow/outflow tubes were washed with copious 

amounts of external solution or distilled water before subsequent experiments were 

performed.
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2.2.8 Amplifier, filter and acquisition equipment.

Whole cell and perforated patch recordings were performed using an Axopatch 200B 

patch clamp amplifier (Axon Instruments). Voltage protocol generation and data 

acquisition were performed using custom data acquisition software (written by Dr AP 

Fox, University of Chicago and updated by Dr EP Seward, University of Sheffield) 

running on a Pentium computer equipped with a Digidata 1200 acquisition board 

(Axon Instruments). Occasionally, when capacitance information was not required 

voltage protocol generation and data acquisition were performed using pClamp 

(Clampex version 6.0 program). Current traces were low pass filtered at 5 kHZ using 

the four-pole Bessel filter supplied with the amplifier and digitized at 10kHz.

Currents were not corrected for leak. The typical linear leakage current at the holding 

potential of -80m V was <10pA. Capacitance measurements were recorded using a 

software based phase tracking technique (Joshi and Fernandez 1988; Filder and 

Fernandez 1989) this method is described in detail in section 2.4.2.6. Data was stored 

on the computer hard drive and analysed off-line using self-written analysis software 

(Axobasic, Axon Intruments), or Clampfit. Analysed files were exported and 

analysed further using Origin version 6  (Microcal).

2.3 The voltage clamp technique

Much of what is known about the properties of ion channels in cell membranes has 

come from experiments using voltage clamp. This technique allows ion flow across a 

cell membrane to be measured as electrical current, whilst the membrane voltage is 

held under experimental control with a feedback amplifier (Halliwell et al. 1994).

2.3.1 Forming a ‘giga’seal.

The filled pipette was attached to the headstage of the amplifier and lowered into the 

bath solution with positive pressure applied to prevent the tip being clogged before it 

reached the cell membrane. Much less positive pressure was applied in perforated
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patch experiments as the aim is to achieve giga seal formation before the perforant 

(gramacicidin D) reaches the tip and perforation commences. Junction potential 

differences were cancelled using the pipette offset dial after the pipette entered the 

bath solution. The pipette was manipulated until its shadow could be seen under high 

magnification and then placed directly above a target cell. The pipette was slowly 

lowered onto the cell using the fine control on the micromanipulator (Burleigh PLS- 

P560). Before going whole cell, or obtaining electrical assess with the perforated 

patch method it is necessary to obtain a giga seal (a seal whose electrical resistance is 

> 1GO) between the electrode tip and cell. Once achieved this is called the cell 

attached configuration. A seal test was applied using the patch amplifier. This 

consists of sending a 5-10mV test pulse of 5ms duration run continuously at 10Hz. 

The amplitude and duration of the resultant current can be seen on the computer 

screen or oscilloscope. With the dissociated cells a 50% decrease in the seal test 

amplitude was normally observed as the pipette touched the cell membrane, at this 

point negative pressure was applied by sucking on a tube connected to the back of the 

pipette to encourage an increase in seal resistance. With the slice cells the pipette 

was lowered until a ‘bleb’ appeared on the surface of the cell, at this point the 

positive pressure was released and negative pressure applied. After the pipette 

touched the cell the holding potential was dropped from OmV to -80mV, as this aided 

in giga seal formation and was the potential at which the cells were experimentally 

held. A giga seal was usually obtained within seconds of touching a cell. The only 

differences between obtaining a giga seal from the two preparations were that more 

positive pressure was applied in the slice preparation before the pipette reached the 

cell membrane, this was to try and blow away debris that was on the cell surface. 

Secondly the pipette was lowered further with the positive pressure applied so that 

when it was released a seal immediately formed with gentle suction without the need 

to go down further with the micromanipulator.
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2.3.2 Whole cell recordings

After the resistance reached a giga seal, further gentle suction leads to a sudden 

increase in capacitive transients, indicative of a disruption of the membrane patch 

spanning the pipette and entering the whole-cell configuration of recording. This 

increase in current reflects the addition of the whole cell membrane to the pipette 

input capacitance. These transients at the start and end of a pulse can be zeroed by 

use of the patch amplifier correction circuitry and allows whole cell capacitance and 

series resistance values to be measured. Typically whole cell capacitance is ~ 6 pF 

(mean = 5.8 pF ± 0.1 n = 248), and series resistance <10mf2 (mean = 8.2 mft ± 0.2 n 

= 248). Occasionally the series resistance could increase during the course of an 

experiment; this was usually rectified by briefly applying more negative pressure.

2.3.3 Series resistance compensation.

In the whole cell configuration there is a resistance in series with the membrane and 

the pipette. When a current (I) flows across the membrane, series resistance will 

cause a difference between the measured membrane potential, and the actual potential 

difference across the membrane. Remembering Ohm’s law, V=IR, the size of this 

error will be proportional to the size of the current. The larger the current, the greater 

the error will be. Series resistance also poses another problem in whole cell 

recordings. In an ideal situation the time resolution for measuring membrane currents 

and changing the membrane voltage would be limited to the speed of the electronics 

(ps). Unfortunately series resistance results in rounding the voltage clamp (t=RsC), 

such that the membrane voltage potential (Vm) lags behind the voltage command 

(Vcommand)- This delay could cause problems if the change in membrane potential is 

not sufficiently rapid for capacity current transients to be completed by the time that 

fast ionic currents are measured. The problem can be reduced by use of the series 

resistance compensation circuitry on the patch clamp amplifier. This essentially 

works by increasing the V Command proportionally to the measured current output. This
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increased command potential compensates in part for the potential drop across the 

pipette caused by the access resistance of the cell. Therefore the membrane charges 

faster and the voltage drop is decreased (due to the apparent reduced Rs). There are a 

couple of limitations however to the amount of compensation achievable. The 

electronic circuit can saturate at high compensation levels, and the current feedback is 

positive, which means that the stability of the circuit can be degraded by the feedback 

at high compensation levels leading to circuit oscillations (Ogden and Stanfield

1994). Typically series compensation was set between 65-75% in my experiments. 

Additionally it is possible to minimize the size and time error in voltage due to series 

resistance by keeping Rs as small as possible by using low resistance pipettes.

2.3.4 Perforated Patch Configuration

In whole cell recordings reproducible measurements of calcium currents and 

exocytosis are not feasible over long periods due to dialysis of cytoplasmic factors up 

the patch pipette which lead to ‘rundown’. Exocytotic efficiency has been reported to 

decline with a time constant of 23 minutes in the whole cell configuration (Seward 

and Nowycky 1996). The problem can be overcome by using the perforated patch 

configuration of the whole cell technique. This method allows the intracellular 

milieu of proteins to remain intact whilst allowing electrical access to the cell. This 

results in reproducible recordings of calcium currents and exocytosis for durations of 

several hours assuming proper voltage clamp is retained (personal record is 4hrs 43 

minutes). The technique works by selectively perforating a patch of the membrane 

beneath the pipette tip by including a channel forming antibiotic in the pipette 

solution. Electrical access is possible as the channels formed are permeable to 

monovalent ions, allowing quick exchange of intracellular ions with those in the 

electrode. These channels are very selective and therefore retain intracellular proteins 

maintaining the cytoplasmic milieu. Several substances have been used to induce 

membrane perforation including the polyene antibiotics nystatin (Horn and Marty 

1988) and amphotericin B (Rae et al. 1991; Engisch and Nowycky 1998). The 

channels formed by these antibiotics permeate monovalent anions and cations. An
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alternative antibiotic gramicidin D is also commonly used. The pore formed by this 

channel is only permeable to monovalent cations and in contrast to the nystatin or 

amphotericin B will not pass anions. The channel formed by gramicidin D has been 

extensively investigated and is well characterized (for review see Busath 1993). Of 

particular advantage to electrophysiologists is the fact that the association and 

subsequent dissociation rates of the gramicidin peptide into the cell membrane is 

voltage and agonist independent. Gramacidin D is easier to prepare and keep 

compared to nystatin or amphotericin as it does not require rounds of sonication or to 

be shielded from light to prevent degradation. In my perforated patch studies I used 

gramicidin D. The method of perforated patch is essentially the same as whole cell, 

however after obtaining a giga seal further negative pressure is not applied to rupture 

the cell membrane and gain electrical access. Instead, over time gramicidin peptides 

insert into the cell membrane creating channels. As this happens the pipette 

conductance slowly increases. This process can be monitored by applying a seal test 

and observing the increase in capacitance transients at the beginning and end of 

voltage steps as the cell perforates. With my recording configurations it usually took 

around 30 mins for the access resistance and membrane capacitance of the cell to 

stabilise. Membrane capacitance and series resistance are cancelled in an identical 

manner to whole cell recordings. With this technique it was possible to achieve 

series resistance values comparable to those observed in the whole cell configuration 

~10mQ (whole cell mean = 8.2 mQ ± 0.2 n = 248, perforated mean = 11.4 mQ ± 0.3 

n = 108), series resistance was restricted to a maximum value of 17mQ by the 

limitations imposed in our ability to measure capacitance (section 2.4.2.9). There are 

several disadvantages to the perforated technique. Firstly, it is more difficult to 

obtain the initial cell-attached configuration due to using larger resistance pipettes 

(necessary for adequate diffusion of gramicidin D down the pipette) and antibiotic 

and/or DMSO in the solution. Secondly it takes a considerable time to obtain low 

resistance access to the cells (typically -30 minutes). Thirdly, it is not possible to 

introduce peptides or antibodies to the cell via the patch pipette in the manner well 

exploited in the whole cell configuration. Finally, the success of gramicidin D to 

perforate the cell membranes did appear to vary from culture to culture, suggesting
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that slight differences in membrane composition between cultures could affect the 

ability of the antibiotic to enter the membrane.

2.3.5 Liquid Junction Potentials

In patch clamp recordings, when the bath and the patch pipette contain solutions of 

different ionic composition then a liquid junction potential will exist at the pipette tip. 

This is because ions present in each solution have different ionic mobility and 

therefore diffuse at different rates. For example, in a simplified situation, if the bath 

contains 150mM NaCl and the pipette contains 150mM KC1 then the pipette would 

become negatively charged in relation to the bath. This is because Cl' has a higher 

ionic mobility than Na+ and therefore diffuses into the patch pipette more rapidly than 

Na+, this produces a net negative charge on the pipette. K+ and Cl" have similar ionic 

mobility and therefore diffuse from the pipette at similar rates producing no net 

charge. Therefore the liquid junction potential calculated in this case is +4.3mV, bath 

solution with respect to pipette (Barry and Lynch 1991). The error in membrane 

voltage measurement will arise because the liquid junction potential of the pipette tip 

is zeroed before making a seal by dialling the pipette offset knob on the patch clamp 

amplifier. This results in the amplifier applying a voltage of equal size to the liquid 

junction potential but in the opposite direction. Once a seal is formed, the liquid 

junction potential disappears because there is now a barrier between the pipette and 

bath solutions. This leaves the pipette potential displaced from true zero by the 

amount equal to the initial pipette-bath potential difference, opposite in polarity to the 

junction potential and therefore contributing to the measured membrane potential of 

the patch (Ogden and Stanfield 1994). In whole cell recordings, a new, transient 

liquid junction potential will arise between the pipette and cytosol until the cell is 

dialysed with the pipette solution, leaving just the original pipette-bath potential 

added to the holding current. Due to the channel forming properties of gramicidin A 

whether the same situation is true for perforated patch recordings is unclear. The 

voltage error induced by liquid junction potentials is fairly easy to measure. With the 

patch clamp amplifier set to current clamp, a pipette containing internal solution is
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placed into the bath, which also contains internal solution. Any tip potential should 

then be zeroed before exchanging the bath solution for external solution. A liquid 

junction potential between internal and external will be displayed on the amplifier, 

which can be noted. This potential difference can be applied to the voltage command 

when performing experiments or corrected for when analysing results if desired. In 

my experiments the liquid junction potential between standard internal and external 

solutions was ~ +15mV (bath solution with respect to pipette solution). When the 

bath solution is changed for one with a different ionic composition, a further liquid 

junction will develop between the new bath solution and the reference (ground) 

electrode. In this case an agar or salt bridge is usually employed to keep the reference 

electrode zero. This was not necessary in the course of my experiments as changes in 

external solution were subtle (ie replacement of 2.5mM CaCh with eqimolar BaCh). 

These subtle ionic substitutions did not change the liquid junction potential. Data 

presented in my thesis has not been corrected for liquid junction potentials.

2.4 Measuring Secretion

The ability to measure secretion has been an important advancement in our 

understanding of the mechanisms underlying stimulus-coupled exocytosis. 

Biochemical methods, like spectrophotometric detection (a chemical reaction 

between the released product and an extracellularly applied molecule leading to 

formation of a coloured or fluorescent signal), or radiochemical detection (radio 

labelling of the released product) have been useful but offer poor time resolution and 

report secretion from a population of cells. Biophysical methods like amperometry, 

(electrochemical detection), or membrane capacitance measurements have much 

higher temporal resolution. These techniques allow the kinetics of release to be 

studied in detail at the single cell level.
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2.4.1 Commonly used techniques to measure exocytosis.

2.4.1.1 Amperometry

The principle of this technique relies on the electrochemical detection of the secreted 

chemical. This technique can be used to measure transmitters which can readily be 

oxidized or reduced, making it ideal for studying catecholamine release from 

chromaffin cells. A carbon fibre electrode is placed very close to, or just touching the 

cell and a voltage applied across this electrode. The voltage is related to the redox 

potential for the transmitter under investigation and is usually set to exceed this 

potential to favour rapid conversion of all the molecules (Chow 1995). Oxidation of 

a transmitter, ie adrenaline, results in an amperometric current. The temporal 

resolution of amperometry is superior to capacitance, allowing fusion pore kinetics to 

be studied (Chow et al. 1992). Although usually combined with voltage clamp 

electrophysiology experiments, patch clamping is not an intrinsic part of the 

methodology and amperometric currents can be stimulated by simple depolarising 

solutions or specific secretatogues. The three main advantages of amperometry over 

capacitance is that it directly measures exocytosis (the secreted transmitter) without 

contamination from endocytosis, there is no restriction on the cell morphology to 

apply this technique (as voltage clamp is not required) and the greater time resolution 

allows studies of fusion pore kinetics. However the technique is limited to studies on 

easily oxidisable transmitters, which precludes this technique from studies on 

glutamate or GABA release. It only records secretion from part of the cell (the part 

directly next to the electrode) and there appears at present to be inconsistency in the 

way amperometric currents are analysed, resulting in conflicting results appearing in 

the literature.

2.4.1.2 Optical -  fluorescent imaging.

Optical imaging is a fairly recent but rapidly expanding method to study exocytosis 

and endocytosis. It is possible to image secretory dynamics using lipophilic styryl 

dyes, like FM1-43 (Cochilla et al. 1999). These dyes reversibly stain membranes, are
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membrane impermeable and most importantly their fluorescent intensity increases 

several hundred fold when they are partitioned in membranes. The technique works 

by stimulating cells with the dye in the extracellular solution, this leads to vesicles 

taking up the dye as the membrane is subsequently endocytosed. Wash out of dye, 

leaves the dye only inside vesicles, allowing following rounds of exocytosis to be 

studied. This technique has been well exploited to monitor synaptic vesicle dynamics 

in a wide number of preparations. Other optical techniques employ the use of 

acidtropic dyes, like acridine orange, which selectively partition into intravesicle 

compartments. A loss of fluorescence after stimulation is used as an indication of 

exocytosis (Oheim et al. 1999). More recently this technique has been extended 

using,a molecular strategy to over-express vesicle associated proteins tagged with a 

pH sensitive GFP to monitor vesicle cycling (Sankaranarayanan et al. 2000). In 

addition to the advancement in the dyes and molecular tools, the microscopy side of 

imaging has also improved dramatically. Optical imaging of exocytosis is now 

usually viewed using ‘total internal reflection microscopy’ (TIRF). This technique 

restricts illumination to within a few hundred nanometers of the plasma membrane 

(Oheim 2001a; Oheim 2001b), allowing the resolution of the moment of individual 

vesicles. This technique has also been used to study vesicle selection in response to 

different stimuli (Duncan et al. 2003). Imaging approaches offer many advantages 

over capacitance and amperometry, particularly in regard to spatial resolution, but at 

present lack the temporal resolution.

2.4.1.3 Recording postsynaptic potentials

This is one of the oldest techniques used to monitor neurotransmitter release and is 

still being used today. Many neuronal presynaptic synapses are presently too small to 

adequately patch, although there are some ‘giant’ synapses, (Forsythe et al. 1998). 

However it is sometimes possible to patch the post-synaptic cell. Therefore 

stimulation of the presynaptic cell, will lead to neurotransmitter release, diffusion 

across the synaptic cleft and stimulation of the post-synaptic cell resulting in a post

synaptic current. This offers good time resolution but lacks the advantage of being
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able to manipulate stimulus-coupled exocytosis by introduction of peptides or 

antibodies etc via a pre-synaptic patch pipette. With the advancement of molecular 

and genetic tools, these problems are being overcome (Richmond et al. 1999).

2.4.2 Secretion from single cells can be quantified by measuring membrane 

capacitance changes.

Exocytosis involves the fusion of a secretory vesicle (a membrane enclosed packet of 

neurotransmitter) with the cell plasma membrane, to release its contents to the 

outside. The mixing of vesicle and cell membranes leads to an increase in the surface 

area of the plasma membrane. This increase in cell surface area can be measured by 

determining the cell membrane capacitance Cm, since the value of a capacitor is 

directly proportional to its surface area.

The specific membrane capacitance of almost all biological membranes can be 

calculated (and experimentally measured using a modified Wheatstone bridge current 

balance) to be roughly lpF/cm2 (Cole, 1968).

Cm = (seo/d)A

(s = dielectric constant, £o = polarizability of free space, d = membrane thickness, A = 

area)

Therefore a cell of 13jxm diameter will have a Cm of about 5.0pF (Gillis 1995).

If the size of the vesicle can be calculated and a change in capacitance is measured 

then it is possible to determine how many vesicles have fused in response to a given 

stimulus.

2.4.2.1 Membrane capacitance techniques in combination with whole-cell patch 

clamp.

These techniques essentially apply a voltage and separate a capacitative current from 

a resistive current

The current that flows across a capacitor is given by:

I c = C*dV/dt

Thus, if the voltage does not change there is no capacitative current.
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Membranes also have resistive properties and the current that flows across a resistor 

is given by Ohm’s law:

Ir = V/R

Several distinct techniques have been developed for detecting Cm changes resulting 

from vesicle fusion.

1. Time domain based techniques

2. Pseudorandom binary sequence (PRBS) techniques

3. Sine wave voltage based techniques.

2.4.2.2 Time domain based techniques

This technique involves applying square voltage pulses (at hyperpolarized voltages 

that will not activate non-linear membrane conductances). The capacitive transients 

that charge the membrane capacitance are then cancelled. Subsequent voltage steps 

to depolarized potentials evoke a non-linear ionic current of interest. This current 

declines with an exponential time course. Fitting this exponential can be used to 

evaluate ACm. A problem associated with this technique is that it relies on an 

instantaneous voltage step, which experimentally is difficult to achieve (pipette 

resistance can slow the voltage step etc), and the interval between voltage steps must 

allow for complete charging/discharging of Cm. This therefore limits the resolution 

of this technique to estimate Cm to a frequency of 1 Hz (for further details see Lindau 

andNeher 1988; Gillis 1995).

2.4.2.3 The PRBS technique

Similar to the time domain technique square-wave voltage pulses are applied, 

however the duration of the voltage step is now a random variable. The resulting 

stimulus spectrum approximates white noise. The spectrum of the resulting current 

signal is directly related to the admittance spectrum, from which Cm can be derived 

(Fernandez et al. 1982). This method relies on fitting the admittance to theoretical
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algorithms to determine Cm, if these are not accurate then the estimation of the 

cellular parameters will be inaccurate (Neher and Zucker 1993).

2.4.2.4 Sinusoidal Excitation

This is the most commonly used technique and involves applying a sine wave about a 

hyperpolarised potential. The principle of this technique is shown schematically in 

figure 2.4.2.5).

2.4.2.S Schematic representation of sinusoidal excitation

Command

Rm

Figure taken from the Schweizer lab web page

http://neurobionet.neurobio.ucla.edu/~felixs/capacita.htm

If a sine wave is applied ( V c o m m a n d  top black) to a cell then the resulting current (lm) 
will contain both a resistive and capacitative component. It is possible to split up 
these components. When there is no change in voltage (peak of sine wave, blue 
dashed line), there is no capacitative current. Therefore all the current will be 
resistive and we know the voltage, allowing the determination of Rm. Likewise when 
the voltage changes most, (at the inflection point of the sine wave, red dashed line). 
There is no net applied voltage and thus no resistive current. At this point all the 
current will be capacitative. As the voltage and current are known it is possible to 
calculate membrane capacitance.

As shown in figure 2.4.2.5, Im (the resultant sinusoid current) is shifted with respect 

to the voltage stimulus, the magnitude and degree of phase shift can be analysed
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using a phase sensitive detector to produce estimates of Cm. The first studies using a 

hardware based phase sensitive detector (lock in amplifier) were developed by (Neher 

and Marty 1982). Since then a software-based phase detector has been developed 

(Joshi and Fernandez 1988; Filder and Fernandez 1989). I have used a software- 

based detector in my studies and will describe this method in more detail below.

2.4.2.6 Software-based phase-tracking technique for cell membrane capacitance 

measurements.

To measure changes in cell membrane capacitance a 15mV, 1.3 kHz sine wave was 

added to the holding potential of -80mV ( V command ) .  This applied sinusoidal voltage 

produced a sinusoidal current which was phase shifted with respect to the V COmmand- 

This current can be represented in complex space as a vector, and separated into a 

component in phase with the stimulus voltage (real part) and a component 90° out of 

phase with the voltage (imaginary part) using a software-based phase-sensitive 

detector.

2.4.2.7 Complex vector of capacitance and conductance

Imaginary axis

AC,

Real axis

Usually with the voltage clamp configuration the ground is connected directly to the 

cell bathing solution. With the ‘phase-tracking’ technique a resistor (in our set up 

500kQ) is placed between the bath and ground. By switching this resistor in and out
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during the sinusoidal stimulation different phase angles are scanned until one is 

attained that will result in a deflection of the conductance trace that is not observed 

on the Cm trace. This phase angle is selected and then visually inspected by the 

experimenter. The phase angle is judged to be correct if a lOOfF calibration step, 

obtained by temporarily unbalancing the Csjow compensation viewed on the Cm trace 

does not induce a corresponding change on the conductance trace. Similarly placing 

a 500kO resistor in series with the cell will cause a deflection in the conductance 

trace which should not be visible on the Cm trace (figure 2.4.2.8). Exocytosis is 

triggered by interrupting the sinusoidal stimulus and applying a variable depolarizing 

step. The potential is then returned to -80mV for 15-50 ms before re-starting the sine 

wave stimulus. The phase angle was also deemed to be correct if changes in Cm due 

to exocytosis were not reflected in the conductance trace. Using the phase tracking 

method it is possible to check for artefactual changes in Cm at any point in the 

experiment. Parallel (or anti-parallel) changes in Cm and resistive parameters are 

indicative of either an incorrect phase setting or imply that the cell is not modelled by 

a simple electrical circuit.
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2.4.2.8 Experimentally recorded capacitance and conductance traces, indicating 

that the correct phase angle was set.

Capacitance traces are shown in black, conductance in blue. On the left a pre-stimulus lOOfF 
calibration in the capacitance trace is applied, note there is little corresponding change in the 
conductance trace. Similarly a resistor is temporally placed into the circuit causing a deflection in the 
conductance trace with no change in the capacitance trace. This indicates that the correct phase angle 
has been found and applied. On the right are capacitance and conductance traces before and after a 
stimulus (an 800ms depolarization, current trace shown below). Towards the end of the traces 
capacitance and conductance are calibrated again.

2.4.2.9 Limitations and errors associated with Cm measurements.

Although a very powerful and useful technique, there are several limitations 

associated with measuring exocytosis by monitoring cell membrane capacitance. Cm 

measurements report the net rate of exocytosis and endocytosis. Secretion is a 

dynamic process with the possibility of exocytosis and endocytosis occurring at the 

same time, especially during a train of depolarisatons. The speed of endocytosis 

depends on local calcium concentration with a rapid mode reported at elevated 

calcium concentrations (Neher and Zucker 1993). Therefore slow Cm increases may 

well represent a mixture of both exo- and endocytosis and lead to an underestimation 

of the rate of exocytosis. Capacitance measurements by definition are only reporting 

changes in cell membrane surface area, and not actual detection of neurotransmitter.

Stimulus
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Therefore any mixing of intracellular membranes with the plasma membrane will 

lead to an increase of capacitance regardless of whether neurotransmitter is released 

or not. Also mobilization of charges during gating of voltage-dependent channels can 

produce a change in specific capacitance (Fernandez et al. 1982; Horrigan and 

Bookman 1994). Therefore Cm changes are not normally resolved during a 

depolarization. The sinusoidal wave stimulus is usually paused during the actual 

depolarization and the rate of secretion is inferred from the difference between pre- 

and post-stimulus Cm measurements. Usually a delay of a few ms before 

recommencing the sine wave stimulus after the depolarization is necessary as the 

voltage-dependence of gating charge movement can shift upon channel inactivation 

(Horrigan and Bookman 1994). Another potential problem is a change in pipette 

capacitance (Cp) due to alterations in fluid level within the recording chamber (Gillis

1995). Cp is subtracted by the amplifier when calculating ACm changes, therefore 

changes in Cp would produce either an increase or decrease in Cm. Amperometry 

avoids these complications as the carbon fibre electrode measures the actual secreted 

product, however amperometry as a technique to measure exocytosis has its own 

inherent limitations (section 2.4.1.1). Some labs now combine capacitance and 

amperometry to obtain a more complete measurement of exocytosis.

2.5 Drugs

All drugs were made up as a concentrated stock in distilled filtered water and stored 

as aliquots at -20°C until use unless stated differently. Stocks were thawed and added 

to external solution to obtain the required concentration. This solution was then 

added to either a 10 or 50 ml tube connected to the superfusion system (see section 

2.2.8). co-Conotoxin GVIA and co-Agatoxin IVA were obtained from Alomone 

laboratories (Jerusalem, Irasel). Nifedipine was obtained from Alomone and 

dissolved in 99% ethanol. Aliquots were wrapped in silver foil to protect them from 

light inactivation until use. Cyclosporin A (Sigma) was dissolved in 99% ethanol and 

stored at -20°C. Peptides that were introduced to the cell via the patch pipette were
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dissolved as a concentrated stock in standard internal solution, kept at -20°C until 

needed, then added to fresh internal solution to obtain the required concentration.

2.6 Data analysis

2.6.1 Calcium currents

Sodium currents were not routinely eliminated (due to artefactual influences on Cm 

traces caused by channel blockers and the expense associated with continued 

application of blockers to external solution). Sodium currents in bovine adrenal 

chromaffin cells completely inactivate by 3ms after a depolarizing pulse to potentials 

greater than OmV (Neher and Marty 1982, chapter 3, section 3.1.2). Therefore limits 

were set between 3ms after the start of the pulse and 1ms from the end to avoid 

contamination from sodium and tail currents respectively. Calcium currents were 

analysed in one of two ways (figure 2.6.11). A computer program was written to 

scan the current trace and identify the maximum current within the set limits. 

Additionally calcium entry could be determined by integration of the calcium 

currents, again between the defined limits. A caviat to this is that the small amount of 

calcium entry which occurs during the first three milliseconds, or the last millisecond 

(including the tail current) will not be accounted for.
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2.6.1.1 Measurement of calcium currents

holding current

Peak
currentintegrated calcium current

Integrated calcium was derived using Faraday’s law:

Q = J idt 

IpA = lpC/sec 

i = C/secs 

f pC/s = pC/Fc/mol = mols x NA 

pC x NA / 2 x F = 107 x 0.31 ions = x .107 ions

Where:

Q = Integrated Ca (Number of ions)

C = Coulombs

F = Faraday’s constant (charge/mole electrons)

Na = Avogadro’s number

Due to limitations in the software, the sampling rate for acquisition of currents 

evoked by square voltages depended on the length of the step depolarization. A 10ms 

voltage step was sampled at 40 kHz, a 40ms voltage step at 10 kHz, a 100ms voltage 

step at 4 kHz, a 200msec voltage step at 2 kHz and an 800ms voltage step at 0.5 kHz.
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2.6.2 Capacitance measurements

ACm was determined relative to a lOOfF calibration signal switched into the circuit 

before and after a depolarization. The total ACm triggered by each voltage pulse was 

calculated offline as the difference between an averaged value before depolarization 

and an averaged value after depolarization (4 points before and 4 points after were 

averaged). With trains of depolarisations drifts in Cm between pulses were assessed 

by averaging the first 4 points acquired immediately after the voltage pulse and 

subtracting them from the average of four points taken immediately before the next 

voltage pulse. This was true for all train protocols except one (a train of 50 x 10ms 

with an interval of 50ms, in which case only 2 points were averaged). The temporal 

resolution of Cm measurements was between 10-12 ms per point. Exocytotic 

efficiency was determined by dividing the size of the capacitance increase by the 

value obtained for integrating the corresponding calcium current.

2.7 Statistics

Statistical significance was determined using InStat 3 (Graphpad). All statistical tests 

performed in this thesis were unpaired Student’s t-tests unless specifically stated, 

with significance considered if p<0.05. Data shown is the mean ± standard error of 

the mean (s.e.m).

2.8 Production of an adenovirus

It became apparent after exhaustive failed attempts to efficiently transiently transfect 

bovine adrenal chromaffin cells with plasmids encoding genetically altered proteins 

(electroporation, lipofectamine, fugene 6  etc), that a viral approach would be 

necessary, particularly if I wished to transfect acute rat slices. The details of viral 

production and results are contained in appendix 2  of this thesis.
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Chapter 3: Characterisation of calcium channels in bovine 
adrenal chromaffin cells.

Chromaffin cells have been used extensively for many years as a model to study 

regulated exoytosis (Douglas and Poisner 1967). Since the development of the patch 

clamp technique in the early 1980’s (Neher and Marty 1982; Fenwick et al. 1982), it 

has been possible to study directly the coupling of calcium channels to 

neurotransmitter and peptide release. The first part of my research was to 

characterise the basic biophysical properties of the calcium channels expressed in 

bovine adrenal chromaffin cells.

Electrophysiological recordings were performed using either the whole-cell or the 

perforated patch recording configuration. For all the experiments described the cells 

were held at -80 mV, and depolarised to +20 mV unless stated otherwise. A liquid 

junction potential of+15mV was not corrected. The calcium channel current was 

isolated from potassium conductances by using a cesium-based internal solution to 

block their contribution to evoked currents (see chapter 2 , section 2 . 2  for 

composition). TEA was omitted from the external solution to prevent cells from 

depolarizing due to block of potassium channels. It was discovered however that 

during prolonged depolarisations (800ms), that a calcium-activated outward 

conductance of unknown identity was being recruited preventing complete isolation 

of calcium channel currents. This outward current could be greatly reduced by 

addition of lOmM TEA to the external solution (see appendix 1). Therefore it 

became routine to establish voltage clamp in TEA-free external and then to perfuse 

with external solution containing lOmM TEA. Figures presented in chapters 3 and 4 

may contain data derived from cells in which lOmM TEA was not added to the 

external solution. When this is the case it is noted in the figure legend. A fast rate of 

perfusion was applied to minimize the effects of secretory products from surrounding 

non voltage-clamped cells exerting modulatory effects on the cell under investigation 

(Currie and Fox 1996). Multiple recordings from a coverslip were only permitted if 

external containing lOmM TEA had not been used. As I was simultaneously
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recording membrane currents and capacitance, tetrodotoxin (TTx) was omitted from 

the external solution for the majority of experiments as it slows Na+ channel gating 

kinetics 1 0 -fold, resulting in a potential contamination of the membrane capacitance 

(Cm) trace (Horrigan and Bookman 1994), and would inflict a substantial financial 

burden if used routinely throughout the duration of my PhD studies.

3.1 Chromaffin cells express voltage-dependent sodium channels.

Chromaffin cells express voltage-dependent sodium channels (Neher and Marty 

1982). These channels begin to activate at potentials greater than -40mV and their 

rate of activation and inactivation are dependent on the membrane voltage (figure 

3.1.1). To record sodium currents brief (10ms) depolarisations were applied from a 

holding potential of -80mV and a current/voltage (I/V) relationship determined. 

Standard intracellular and extracellular solutions were used except that extracellular 

calcium was replaced with magnesium, therefore maintaining the extracellular 

divalent charge. Calcium channel permeability to monovalent ions increases when the 

external divalent concentration is reduced below the micromolar level (Aimers and 

McCleskey 1984). Under optimal conditions, (low millimolar extracellular calcium), 

calcium channels display greater than 1 0 0 0 -fold selectivity for calcium over sodium 

(Catterall 1993, Sather and McCleskey 2003 and references within). However in 

figure 3 .1 .1 , small tail currents can be observed at the end of depolarisations to 

positive potentials implying that despite maintaining extracellular divalent 

concentration by addition of magnesium open calcium channels exhibit some 

permeability to sodium ions under these conditions.
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3.1.1 Sodium current recordings from bovine chromaffin cells.

-50mV -40mV

-30mv

-10mV

-20mV

OmV

+10mV

500pA

3ms
+20mV

V-

Sodium currents were isolated from calcium currents by replacement of extracellular calcium with 
magnesium. Short (10ms) depolarisations were elicited from a holding membrane potential of -80mV 
to +20mV in lOmV increments at 0.1 Hz. Sample traces are shown above.

To address questions asked about calcium channel properties it was necessary to be 

able to isolate the calcium current from the sodium current. The sodium current can 

be blocked or eliminated by application of lpM TTX or replacement of extracellular 

sodium with TEA (figure 3.1.2). However, experiments were designed so that 

information about both membrane currents and changes in capacitance could be 

recorded from each cell. Therefore neither application of TTX or sodium 

replacement with TEA was desirable due to their affects on measuring capacitance 

changes or from depolarisation of unclamped cells and release of neuromodulators 

respectively. With depolarisations to +20mV the sodium current rapidly inactivates 

(~2ms), (figure 3.1.2.c). Therefore as explained in section 2.6 .1.1, when measuring 

either peak calcium currents or integrated calcium values resulting from 

depolarisations to +20mV temporal limits were set 3ms after the start of the
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depolarisation. When measuring peak currents at other potentials, for example when 

examining I/V relationships, then temporal limits were set individually for each 

membrane potential to eliminate the majority of the sodium current.

3.1.2 The sodium current can be blocked by application of TTX or by 

replacement of extracellular sodium by TEA.

B. H

r 1r

400pA 250pA

10m s

20ms

400pA

1ms

3msOms

300 pA

20 ms

A. A 40ms depolarisation to +20m V before (black) and after (red) application of 1 pM TTX.
B. A 40ms depolarisation to +20mV in either standard 150mM NaCl external solution, left in black, 
and after total extracellular replacement of sodium with TEA (right in blue).
C. The sodium current trace on the left corresponds to a 10ms step depolarisation to +20mV with 
extracellular calcium replaced with magnesium. Temporal limits of 0 and 3ms are superimposed in 
blue. Note that at this potential the sodium current has completely inactivated before 3ms. On the 
right is a 40ms depolarisation to +20mV in standard extracellular solution containing 2.5mM calcium 
(black). Superimposed is the current trace recorded after extracellular calcium has been replaced with 
equimolar magnesium (purple).

3.2 Voltage dependence of calcium channel activation.

To study the voltage-dependence of calcium channel activation, brief (50ms) 

depolarisations were elicited from a holding potential of -80mV to test potentials
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from -40mV to +60mV at lOmV increments at a frequency of either 0.1 or 0.03 Hz.

A single step depolarisation (to potentials greater than -lOmV) resulted in a dual 

component membrane current consisting of a larger amplitude, rapidly inactivating 

component which corresponded to the sodium current and a sustained current, which 

corresponds to activation of calcium currents (figure 3.2.1). Using this protocol, and 

by setting limits to exclude the majority of the sodium current1, calcium channel I/V 

relationships were obtained from both cultured bovine chromaffin cells and from 

acute rat adrenal slices. As there was no sustained current with depolarisations to -40 

mV this suggests that low voltage activated (LVA) calcium currents are not present in 

chromaffin cells. Chromaffin cells from different species are known to express 

different levels of calcium channel ai subtypes, (Artalejo et al. 1994; Kitamura et al. 

1997; Gandia et al. 1998; Lukyanetz and Neher 1999), and there are also reports of 

differences in the quantity of channel subtypes expressed from the same species when 

cells are recorded from a slice preparation or after isolation and several days of 

culture (Albillos et al. 2000). In these experiments I am recording the total 

membrane calcium current and found that in both preparations the peak current was 

recorded at +10mV (-388pA ±164 n= 6  and -467pA ± 65 n=13 for rat and cow, 

respectively). However the rat I/V displays more outward current at highly positive 

potentials (+149pA ± 49 n=6 , and +34pA ± 14 n=13 at +60mV). There are several 

possibilities which could account for this difference. Firstly in the slice preparation 

voltage clamp of the cell may not be as good due to electrical coupling between cells. 

Alternatively different species could express different ai subtypes of calcium 

channel, or couple to different p subunits, or that channel subtype expression changes 

in culture. Direct pharmacological investigation of the a i channel subtypes for the rat 

preparation was not conducted, whereas the calcium current in bovine cells is 

mediated by N and P/Q type channels (see chapter 5). The measured reversal 

potential for both species (~+55 mV) and amplitude of the outward currents is 

different from the predicted value calculated using the Nersnt equation. As 

intracellular calcium is usually kept much lower (>15,000 times) than extracellular

1 A previous study, recorded an I/V with sodium channels blocked with TTX (Fenwick et al 1982).
This resulted in an I/V with the same characteristics (peak current voltage, reversal potential etc) as the 
I/V recorded here with sodium current contamination removed by applying temporal limits.
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calcium, it seems unlikely that outward calcium flow through the channel could result 

in a large outward current even at highly positive membrane potentials when the 

outward electrochemical driving force is large, as the number of free intracellular 

calcium ions would be low. Secondly the predicted reversal potential for calcium 

(Eca) with my solutions (2.5mM extracellular calcium, and assuming intracellular 

calcium is ~100nM) using the Nersnt equation is calculated to be +123mV. The 

measured reversal potential here is unlikely to reflect outward current contamination 

from a separate channel. An explanation for the measured Eca differing from the 

calculated one is that monovalent ions can move outward through calcium channels at 

highly positive membrane potentials (Hille 1992 and references within). The outward 

current observed at highly depolarised potentials (> +50mV) in my experiments is 

most likely to reflect cesium ions flowing through open calcium channels (Fenwick et 

al. 1982). From measurement of tail current amplitudes recorded after 

depolarisations to different membrane voltages, it was possible to calculate the 

voltage-dependence of activation. The activation curve for the total calcium current 

from bovine chromaffin cells produced a V 5 0  (half channel activation voltage) o f+15 

± 2 mV n = 6  (figure. 3.2.ID). This value may contain a small error as the tail 

current is proportional to the number of channels open at the end of a depolarisation. 

During a 50ms depolarisation to +20mV around 20% of the calcium channels will 

inactivate (figure 3.4.1). Brief (~10ms) depolarisations in which channel inactivation 

is minimal would have been a preferential length of depolarisation for determination 

of the voltage-dependence of activation by analysis of tail currents. The V 5 0  value of 

+15 ± 2 mV derived here is similar to the V50 value o f+11.0 ± 3.0mV which has been 

reported from tail current analysis from bovine adrenal chromaffin cells in which 

shorter (20ms) depolarisations were evoked (Powell 2000).

75



3.2.1 Characterisation of the whole cell calcium current in bovine chromaffin 

cells.

A. B.
V S-1Qtv

+60mV

-80mV

Vfe+20nV

100CfA

C. D.
2Qts

n =13

Voltage mV Step Potential mV

A. The total membrane current in a single cell was evoked every 10 or 30s from a holding potential of 
-80 mV. 50 ms duration step depolarisations from -40 mV to +60 mV were applied to the cell in 10 
mV increments.
B. Sample current traces from a bovine chromaffin cell corresponding to the indicated voltages.
C. Current-voltage relationship (blue) from cultured bovine chromaffin cells. Peak current plotted 
against depolarising step potential. The peak current was measured using limits that exclude the major 
component of the sodium current, (n=13).
D. Voltage dependence of activation of the bovine current where tail currents were normalised to the 
peak tail current and expressed as a function of the depolarisation potential. Data was fit by a 
Boltzmann sigmoidal curve, y = Ai-A2/ (1 + e (xx0ydx) + a 2, yielding a V50 of + 15 ± 2mV (n=6).

To assess differences in calcium-dependency of either channel inactivation or 

stimulus-coupled exocytosis barium was sometimes used as the extracellular divalent 

charge carrier. It was observed that when extracellular calcium was substituted with 

equimolar barium the I/V relationship was shifted slightly (~10mV) to the left and 

that peak currents were augmented. Peak current was -503pA ± 74 at +10mV in 

calcium and -644pA ± 72 at OmV in barium, n= 6  from matched cells in which 

extracellular calcium was replaced with equimolar barium (figure 3.2.2B). The 

increase in current amplitude is indicative of a greater permeability for barium verses 

calcium flowing through the channels (Sather and McCleskey 2003 and references 

within).
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3.2.2 Current voltage relationship with extracellular substitution of calcium with 

barium.

-50mV -20mV OmV

500pA

30ms

+10mV +20mV
----- 1 --- -

+60mV

r

B.
2 0 0 -, 
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£  o
-100 

-200 
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-600 

-700 

-800 J

-60 0 |  -|p

’ i

—I-
20 40 B 60 

*
80 100

Voltage mV

n = 6

A. Sample traces from 50ms depolarisations from a holding potential of -80m V to the stated 
membrane potential, in calcium (black), and overlaid with the trace recorded when extracellular 
calcium was replaced with equimolar barium (red).
B. An I/V plot of the peak current (excluding sodium current contamination) in response to 50ms 
depolarisations from a holding potential of -80mV to test potentials from -50mV to +80mV at lOmV 
increments and recorded at 0.1Hz. I/V’s were recorded in external solution containing calcium (black) 
and then again with extracellular calcium replaced with equimolar barium (red) Data is expressed as 
the mean ± s.e.m of 6 cells.
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3.3 Voltage dependence of inactivation.

There are three different conformational changes in which a given calcium channel 

can inactivate; a fast, and slow voltage-dependent inactivation and also a calcium- 

dependent process. The voltage dependence of inactivation was investigated using 

barium as the charge-carrier to insure that only voltage dependent processes were 

being assessed with out the complication of calcium-dependent inactivation (Eckert 

and Chad 1984). By raising the holding potential in lOmV increments, and holding at 

the new potential for 30 seconds before applying a brief test pulses to +20mV, 

steady-state voltage-dependent inactivation can be assessed. The inactivation curve 

for the total barium current (figure 3.3.1C) produced a V50 (half channel inactivation 

voltage) o f -38 mV ± 1 n = 5. It is possible that a degree of steady state inactivation 

occurs at the holding potential of -80mV. This could have been assessed by stepping 

down to more hyperpolarized potentials ie (-1 2 0 mV) and applying a test pulse from 

there to investigate this possibility.
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33.1 Voltage-dependence of inactivation. 

A.
+20mV n__n

-50mV
-40mV

-30mV
-20mV

-10mV
OmV

-60mV
-80mV

50ms — 

30secs —
-80mV

B. HP -80mV

HP -40mV

HP -60mV HP -50mV

r
HP -30mV HP -20mV

c.

HP-1 OmV HP OmV

500pA

20m s

1.0 -

V „  = -38  ± 1 mV

0 .6 -

0.4-

n = 5

o.o —i— 
-20

T0-80 -60 -40

Holding Potential Voltage (mV)

A. Voltage protocol used for determination of the voltage-dependence of inactivation. After obtaining 
a peak amplitude test current at +20mV with a holding potential of -80m V, the holding potential was 
raised consecutively from -60mV to OmV in lOmV increments every 30seconds. Before each change 
in membrane holding potential a brief (50ms) test depolarisation to +20mV was evoked.
B. Sample traces of 50ms depolarisations to +20mV from differing holding potentials
C. The peak current of the test pulse was plotted against membrane holding potential and fitted with a 
Boltzmann sigmodial curve, y = A,-A2/ (1 + e (x x0)/dx) + A2. The results are the mean ± s.e.m for 5 
cells.
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Throughout the course of my PhD studies membrane current traces were not leak 

subtracted. The typical holding current at the holding potential of -80mV was <15pA 

and never > than 50pA. Figure 3.3.2 displays the leak current observed over a range 

of membrane voltages when sodium channels have been blocked by application of 

lpM TTX and calcium channels blocked by lOOfiM CdCh.

33.2 Leak Current

A. -1 OOmV

250pAL
25ms

OmV +20mV

L.

B 200

-120 -100 -80 -60 -40 -20 20 40 60

mV
80

- 2 0 0 -

-4 0 0 -

-6 0 0 -

-8 0 0 -

-1000

- 1200 -1

■ 1|iM TTX
• 1 pM TTX & 100pM CdCI2

A. Sample 50ms traces recorded at the indicated membrane potential, recorded in extracellular solution 
containing lpM TTX and using barium as the divalent charge carrier, before (black) and after (red) 
application of lOOpM CdCl2.
B. I/V of peak current recorded before (black) and after (red) application of lOOpM CdCl2.

80



3.4 Calcium channel inactivation.

To prevent excess calcium entry, which would be detrimental to the cell, calcium 

channels have evolved mechanisms to inactivate. A brief (40ms) current will 

inactivate during the course of a depolarisation such that 78.9 ± 1.0 % n = 38, of the 

peak current remains just prior to termination of the depolarisation (figure 3.4.1). As 

the pulse duration is increased, the degree of inactivation also increases, such that at 

the end of an 800ms depolarisation only 5.4 ± 1.2 % n = 49, of the peak current 

remains.

3.4.1 Inactivation increases with pulse duration.

A. B.
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1/1
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A. Sample current traces resulting from either, 40, 100, 200 or 800ms depolarisation from a holding 
potential of -80mV to a test potential of +20mV.
B. Bar chart displaying the mean ± s.e.m % residual current just prior to the end of the pulse 
normalized to the peak current ( I e n d  was measured l-2ms before the end of the pulse to avoid 
contamination from tail currents). Parenthesis above the columns displays the sample number analysed 
for each pulse duration. A 40ms depolarisation inactivates such that 78.9 ± 1.0 % n = 38 of the peak 
current remains just prior to termination of the pulse, with a 100ms depolarisation 60.9 ± 1.8 % n = 25 
of the peak current remains. With a 200ms pulse 45.6 ± 1.9 % n = 43 remains, and 5.4 ± 1.2 % n = 49 
of the peak current remains at the end of an 800ms pulse.
The mean result includes data from cells recorded in the presence and absence of 1 OmM TEA-Cl in the 
extracellular solution.
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The rate of inactivation from an 800ms depolarisation could be described by a double 

exponential time course with mean time constants of X\  48 ± 9 and x 2 257 ± 11 ms, n 

= 41 (figure 3.4.2). This could imply that there are either two populations of 

channels, which inactivate with different time courses, or that two independent 

processes underlie inactivation of a single channel.

3.4.2 Exponential fit of inactivation.

200pA

200ms

800

700

600

500

1 "
300

200

100

0 200 400 600 800

Time (ms)

A. Representative current trace resulting from an 800ms depolarisation from a holding potential of - 
80mV to +20mV.
B. The current trace in A has been constrained within the standard temporal limits (3ms and 798ms, to 
avoid contamination of sodium and tail currents respectively), inverted and fitted with a double 
exponential curve y = y0 + Aje'**1 + A2e'x/t2 (red line). Mean time constants from fitting individual 
traces of 48 ± 9 and t2 257± 11 ms n = 41 were derived.
The mean result includes data from cells recorded in the presence and absence of lOmM TEA-Cl in the 
extracellular solution.
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3.5 Rate of recovery from inactivation

Having determined that the total calcium current in bovine chromaffin cells almost 

completely inactivates over an 800ms depolarisation to +20mV (94.6 ± 1.2%, n =

49), the time taken for recovery from inactivation was assessed. To do this, an 800ms 

prepulse to +20mV was applied and then a brief (40ms) test pulse to +20mV applied 

1,3 or 10 seconds after the termination of the prepulse. The peak amplitude of the 

test pulse was then compared to the peak amplitude of the prepulse to assess the 

degree of recovery from inactivation.

3.5.1 Recovery from inactivation

800ms
+20mV 

-80mV

40ms

A t

An 800ms prepulse to +20mV was applied and then a 40ms test delivered 1, 3 or 10 seconds after the 
termination of the prepulse. Sample current traces from each time interval are displayed.

As shown in figure 3.5.2, with an interpulse interval of 10 seconds the peak 

amplitude of the test pulse has recovered to 94.0 ± 2.9 %, n=7 of the peak amplitude
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of the prepulse. The time course for recovery could be fit with a mono-exponential 

yielding a x of 3.3 secs, n=7 and a semi-logarithmic (Logio) plot of the same data 

could be fit with a straight line supporting a mono-exponential time course for 

recovery from inactivation (figure 3.5.2). However it is possible that a fast rate of 

recovery has been missed, as approximately a third of the channels have recovered by 

the first interpulse interval of 1 second.

3.5.2 Exponential fit of recovery from inactivation.

Time (Seconds) Time (Seconds)

A. The mean data ± s.e.m, n = 7 of the normalized recovery from inactivation after an 800ms 
depolarisation at 3 time intervals, 1,3 and 10 seconds is displayed. The peak of the test pulse is 
expressed as a fraction of the peak of the prepulse. With an interpulse interval of 1 sec recovery is 
0.32 ± 0.03; after 3 secs is 0.62 ± 0.04 and after 10 secs is 0.94 ± 0.03 %. Data is fit with a mono
exponential, y = y0 + Ae_x/t (red line) yielding a t  of 3.3 ms.
B. When time is plotted on a semi-logarithmic axis, data points can be well fit with a straight line, y = 
a + bx, supporting a mono-exponential rate of recovery.
The mean result includes data from cells recorded in the presence and absence of lOmM TEA-C1 in the 
extracellular solution.

In summary, bovine adrenal chromaffin cells contain a population of high voltage 

activated (HVA) calcium channels. They also contain sodium channels, which are 

activated by depolarisations that activate calcium channels but rapidly inactivate. 

Under standard recording conditions the degree of calcium channel inactivation is 

correlated to the length of the depolarising pulse, with channels almost completely 

inactivated after an 800ms depolarisation (96.4 ± 1.2 % n = 49). Channels recover 

from inactivation with a mono-exponential time course, Xi = 3.3 seconds.

84



Chapter 4: Characterisation of stimulus-secretion coupling 
in bovine adrenal chromaffin cells.

To investigate the basic secretory properties of the chromaffin cell, capacitance (Cm) 

measurements were used to monitor exocytosis and endocytosis. Unless stated 

otherwise the perforated patch configuration was used as exocytosis and endocytosis 

have been shown to run down in the whole cell configuration (Seward and Nowycky 

1996; Smith and Neher 1997). The perforated configuration prevents rundown (Horn 

and Marty 1988), allowing reproducible responses for periods of several hours. 

Voltage steps were used to depolarise the cell and elicit exocytosis. Depolarisations 

of varying lengths were evoked with an interpulse interval of 3-4 minutes as this time 

period was discovered necessary to produce reproducible recordings of capacitance 

changes to the longest stimuli (800ms depolarisations).

4.1 Capacitance increases are triggered by calcium entry through voltage-gated 

calcium channels.

In the perforated patch recording configuration a 200ms pulse to +20mV evoked 

mean calcium entry of 233 ± 15 x 106 Ca2+ ions, with a corresponding ACm of 170 ± 

17 fF, n = 38. Exocytosis could be effectively inhibited by either blocking calcium 

channels with IOOjiM CdCh2, or by using a high concentration (lOmM) of the fast 

calcium chelator BAPTA in the intracellular solution. Application of lOOpM CdCb 

reduced calcium entry to 20 ± 7 x 106 Ca2+ ions and ACm to 9 ± 5 fF n= 4 (p = 0.001). 

In whole cell configuration experiments changing intracellular BAPTA concentration 

from 0.3mM to lOmM increased calcium entry from 165 ± 14 n = 22, to 269 ± 34 x

Cadmium ions non-specifically block all types of high voltage activated calcium channels by physical 
occlusion of calcium permeation (Doering and Zamponi and references within). It appears that a ring 
of glutamic acid residues in the p-loop region is critical for pore block by cadmium (Cloues et al 
2000).
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106 Ca2+ ions n = 7 (p = 0.003), but ACm was reduced from 145 ± 27 n = 22 to 7 ± 2 

fFn = 7 (p = 0.001), (figure4.1.1).

4.1.1 Exocytosis is dependent on calcium inflow through voltage-gated calcium 

channels.

A. B.
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A. Sample capacitance (top) and current (bottom) traces resulting from a 200ms depolarisation.
The mean calcium entry was 233 ± 15 X 106 Ca2+ ions, with a corresponding ACm of 170 ± 17 fF, n = 
38.
B. Application of lOOpM CdCl2 to the extracellular solution abolishes both ACm and calcium entry in 
response to a 200ms depolarisation. Mean calcium entry was 20 ± 7 X 106 Ca2+ ions and ACm 9.0 ±
4.5 fF n= 4.
C. In whole cell patch clamp experiments increasing intracellular [BAPTA] from 0.3mM to lOmM 
increases calcium entry from 165 ± 14 n = 22 to 270 ± 34 X 106 Ca2+ ions
n = 7, but ACm is reduced from 145 ± 27 fF, n = 22 to 7 ± 2 fF n = 7.
The mean result includes data from cells recorded in the presence and absence of lOmM TEA-C1 in the 
extracellular solution.

10

4.1.2 Capacitances rise is dependent upon total calcium entry.

The calcium-dependency of exocytosis was further examined by changing the amount 

of calcium entering by evoking depolarisations of differing length. In response to 

10ms pulses to +20mV the mean evoked calcium entry was 11 ± 1 x 106 Ca2+ ions, 

with a ACm of 15 ± 3 fF, n = 29. Increasing the pulse duration to 40ms evoked mean 

calcium entry of 55 ± 4 x 106 Ca2+ ions, with a corresponding ACm of 29 ± 4 fF, n =
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36. Further pulse increases similarly increased calcium entry and ACm. A 100ms 

pulse evoked mean calcium entry of 122 ± 11 x 106 Ca2+ ions, with a ACm of 84 ± 20 

fF, n = 25, and an 800ms pulse elicited mean calcium entry of 489 ± 38 x 106 Ca2+ 

ions, with a ACm of 368 ± 23 fF, n = 51 (figure 4.1.3).

4.13 Increasing pulse duration increases calcium entry and ACm.
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A. Characteristic capacitance traces evoked by 40, 200 or 800ms depolarisations to +20mVfrom a 
single cell.
B. Typical 40, 200 and 800ms current traces which correspond to the capacitance traces shown in A. 
The intergrated calcium values for these individual traces are shown below in magenta.
C. Bar chart displaying the mean ACm and calcium entry resulting from a range of depolarisations. 
Sample numbers for each pulse duration are shown above in the paretheneses.
The mean result includes data from cells recorded in the presence and absence of lOmM TEA-Cl in the 
extracellular solution.
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A previous report has described the calcium-dependence of large dense-core vesicle 

fusion in bovine chromaffin cells in response to single pulse step depolarisations as a 

simple transfer function of summed calcium entry (Engisch and Nowycky 1996). By 

maintaining pulse duration and varying extracellular calcium concentration they show 

that exocytosis is related to a second order function of the integrated calcium value. 

Plotting the ACm of 40,100,200 and 800ms pulses from a single cell against calcium 

entry resulted in a curve that could be fitted by a Marquardt-Levenberg, nonlinear 

least-squares fitting algorithm (Origin software, Microcal, Northampton, MA) using

the equation ACm = g * (ACa2+)x. In the fitting routine, iterations were continued
2 . 

until a minimum, non-changing % value was achieved and data were constrained to

pass through the origin (figure 4.1.4). Data from 14 cells was plotted and fit with the

algorithm, the best fit was obtained with a proportionality constant g = 0.05 and

power x = 1.51 (figure 4.1.4). The power value obtained by fitting data from

individual cells with the allometric function ranged from x = 0.87 to 2.40, mean =

1.69 ± 0.13. Similar variability and values were reported by (Engisch and Nowycky

1996). The same data plotted on logarithmic coordinates could be well fit with a

linear regression suggesting that regulated exocytosis is related to calcium entry with

a power <2.
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4.1.4 Stimulus-coupled exocytosis is a second order function of calcium entry.
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A. ACm evoked by 40,100,200 & 800ms pulses from the same cell is plotted against calcium entry and 
fit using the equation ACm = g * (ACa2+) \  g = 0.01 and x = 1.82. The curve was constrained to pass 
through Y = 0 at 0 calcium entry.
B. Plot of the same data in (A) on logarithmic coordinates. Date was fit with a linear regression, Y = a 
+ bx.
C. Data from 14 cells are plotted together and fit with the same algorithmic equation as in (A). The 
best fit was obtained with a proportionality constant g - 0.05 and power x = 1.51.
D. Logarithmic plot of the data from (C), fit with a linear regression.
The mean result includes data from cells recorded in the presence and absence of lOmM TEA-C1 in the 
extracellular solution.

With depolarisations up to 800ms I did not find evidence to suggest that stimulus- 

coupled secretion was limited, or available vesicles depleted. However by 800ms, 

inactivation of the calcium current was almost complete, preventing longer 

depolarisations from being tested. By normalizing the amount of exocytosis to the 

amount of calcium entering, the efficiency of calcium-secretion coupling can be 

assessed. Exocytotic efficiency is not significantly different for pulses ranging in 

length from 40 to 800ms in duration, 0.67 ± 0.14 n = 36, 0.62 ± 0.13 n = 25, 0.76 ±
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0.08 n = 38, & 0.75 ± 0.11 n = 51 for 40,100,200 & 800ms pulses respectively (figure 

4.1.5). Therefore with long depolarisations there is not a decrease in coupling 

efficacy that might reflect depletion or depression. However the exocytotic 

efficiency resulting from 10ms pulses is significantly higher, 1.45 ± 0.25, n = 29 (p < 

0.007 for all pulse lengths). This larger ratio of ACm per calcium ion was also 

observed by (Engisch and Nowycky 1996) in response to 5ms depolarisations and 

was similarly variable in response, yielding large error bars. They suggest that it may 

reflect fusion of a larger population of small vesicles. An alternative hypothesis is 

that it may represent fusion from a small pool of vesicles with a very high release 

probability, or vesicles in very close proximity to the calcium channels. The large 

error bars in my data reflect cell to cell variability with a proportion of cells failing to 

respond (5 out of 29) and a subset of cells with a large ACm yielding an exocytotic 

efficiency > 4 (4 out of 29). If these cells are excluded from analysis then the mean 

exocytotic efficiency in response to a 10ms depolarisation is still significantly 

enhanced relative to other pulse durations, 1.1 ± 0.16 n=20, (p < 0.05).

4.1.5 Exocytotic efficiency in response to differing pulse durations.
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Calcium secretion coupling was similar for pulses ranging from 40 to 800ms in length, suggesting that 
available vesicles were not depleted as pulse duration increased. The large ratio for 10ms may 
represent fusion of a pool of small vesicles, a pool of vesicles with a higher release probability or 
contamination from a non-vesicular source of capacitance (Horrigan and Bookman 1994). Points 
represent the mean exocytotic efficiency ± s.e.m from 5 different pulse durations. Sample numbers for 
each pulse duration are shown in the parenthesis above data points. Data point shown in blue for 10 
ms depolarisation is the mean exocytotic efficiency once cells which failed to respond, or gave an 
unusually large ACm were excluded from analysis (see text for details). The mean result includes data 
from cells recorded in the presence and absence of lOmM TEA-Cl in the extracellular solution.
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4.2 Trains of depolarising pulses trigger exocytosis.

In situ, splanchnic nerve stimulation causes release of acetylcholine onto nicotinic 

channels on adrenal chromaffin cells triggering bursts of action potentials resulting in 

activation of voltage-dependent channels and exocytosis (Douglas and Poisner 1967, 

Duan et al. 2003). Previous reports from neuroendocrine, endocrine or large nerve 

terminals suggest that when confronted by a train of depolarisations, individual Cm 

jumps initially increase and then decrease in amplitude during the train, (Horrigan 

and Bookman 1994; Seward et al. 1995; Seward and Nowycky 1996). The initial 

increase has been interpreted as calcium accumulation at the start of the train 

recruiting additional pools with different calcium sensitivity (Horrigan and Bookman 

1994; Gillis et al. 1996) or generating the threshold requirement for calcium (Seward 

et al 1995; Seward & Nowycky 1996). The decline has been attributed to depletion 

of finite pools of readily releasable vesicles (Neher and Zucker 1993). As the 

secretory response to single (long) step depolarisations will exhibit composite release, 

I next examined whether trains of depolarisations would reveal multiple vesicle 

pools. In response to a train of 10, 100ms depolarisations at 2Hz, the mean
f\ 9+cumulative calcium entry was 5 6 5 ± 5 0 x l 0  Ca ions, with a cumulative ACm of 

358 ± 43 fF, n = 25. A plot of cumulative capacitance against calcium entry could be 

well fit with a mono-exponential decay (figure 4.2.1), suggesting that available 

vesicles are depleting, or that the calcium-dependency for secretion is depressed.
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4.2.1 Cumulative ACm in response to a train of 10,100ms pulses at 2Hz.
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A. Representative capacitance trace in response to a train of 10, 100ms depolarisations to +20mV at 
2Hz (top). Corresponding current traces of the 1st and 10th pulse in the train (bottom). The cumulative 
integrated calcium value for this example is shown underneath in magenta.
B. A plot of mean cumulative capacitance against mean cumulative calcium entry can be well fit with 
a mono-exponential decay, y = y0 + Ae'**. Data points are the mean ± s.e.m, n = 25.
C. A plot of mean cumulative capacitance against mean cumulative calcium on a semi-logarithmic 
scale. This can be well fit with a straight line, y = a + bx, supporting a mono-exponential rate of decay. 
The mean result includes data from cells recorded in the presence and absence of lOmM TEA-Cl in the 
extracellular solution.

However this apparent decrease in calcium efficiency is unlikely to reflect depletion 

of releasable vesicles as a single long pulse (800ms) from the same cells evoked a 

larger ACm, 426 ± 50 fF, despite experiencing less calcium entry, 319 ± 29 x 106 Ca2+ 

ions, n = 25. In fact the reason that cumulative ACm is getting smaller with each 

pulse, is because calcium entry is diminishing with each pulse due to channel 

inactivation (figure 4.2.2). The mean exocytotic efficiency per pulse was variable but 

not statistically different for any pulse number. When individual pulses in the train 

were analysed in the same manner as the single step depolarisations, it was apparent
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that exocytosis evoked by this train of depolarisations followed a simple transfer 

function of summed calcium entry. Mean data for each pulse was plotted using the 

equation ACm = g * (ACa2+) \  The best fit of the curve generated by this algorithm, 

yielded a proportionality constant g = 0.05 and power x = 1.50, which is almost 

identical to the values found by plotting the mean data from single pulses of varying 

length (figure 4.1.4).

4.2.2 Exocytosis is related to calcium entry in response to a train of 10,100ms 

depolarisations at 2Hz.
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A. Plot of individual ACm (black) and individual integrated calcium values (blue) per pulse. As the 
train develops less calcium enters and ACm get smaller. Data points correspond to the mean values ± 
s.e.m, n = 25.
B. Plot of exocytotic efficiency per pulse. Although there is large variability, there is no significant 
difference in the efficiency ratio between pulses. Data is the mean ± s.ejn of 25 cells.
C. Plot of individual ACm against integrated calcium entry. Data points correspond to the mean values 
± s.e.m, n = 25. Data points can be fit with an algorithmic equation using the equation ACn, = g * 
(ACa2+) \  with a proportionality constant g = 0.05 and power x = 1.50. The curve was constrained to 
pass through Y = 0 at 0 calcium entry.
D. Logarithmic plot of the data from (C) is well fit with a straight line, y = a + bx, r = 0.%.
The mean result includes data from cells recorded in the presence and absence of lOmM TEA-Cl in the 
extracellular solution.
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A train of 100ms depolarisations is a very un-physiological stimulus. As these cell in 

situ respond to bursts of action potentials, a train of brief (10ms) depolarisations was 

applied to assess exocytosis in response to a stimulation that was closer to the 

physiological stimulus. A train of 50, 10ms pulses at 20Hz results in a calcium- 

exocytosis relationship that could be fit using the same algorithm used earlier for 

single step pulses or a train of long (100ms) depolarisations. Mean data of 

cumulative capacitance against cumulative integrated calcium from 10 cells was 

plotted and fit using the equation ACm = g * (ACa2+)x. The best fit of the curve 

generated by this algorithm, yielded a proportionality constant g = 0.05 and power x 

= 1.60, which again is very similar to the values found by plotting the mean data from 

single pulses of varying length, or from individual pulses from a train of long 

(100ms) depolarisations (figure 4.1.4 & 4.2.2). The power value obtained by fitting 

data from individual cells with the algorithm ranged from x = 0.6 to 2.96, mean n = 

1.68 ±0.18. However, as figure 4.2.3 shows, the first few pulses in the train resulted 

in a capacitance ‘hump’ that was not well fit by the curve generated for the whole 

train. This hump was visible in 8 out of the 10 cells analysed and the duration of the 

hump varied from 5 to 14 pulses in these cells. When the mean data for the first 11 

pulses is plotted alone it is better fit with a mono-exponential than the usual algorithm 

(which yields a proportionality constant g = 1.2 and power x = 0.86). The remaining 

pulses (11 to 50) however are well fit by the algorithm yielding a proportionality 

constant g = 0.03 and power x = 1.66 (figure 4.2.4).
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4.2.3 Calcium-exocytosis relationship in response to a train of brief (10ms) 

depolarisations.

A. B.

g = 0.08  
x =  1.39

50 100 150 200

Integrated calcium (Ca2* ions x 10®)

g = 0.01 
x =  1.74

SO 100 150 200

Integrated calcium (Ca2* ions x 106)

800

700

600

500

400

300

200

100

0-

D.

g = 0.0006  
x = 2.96

50 100 150 200 250

Integrated Calcium (Ca2* ions x 106)

400

350

300

250

200

150

100 g = 0.05

50

0
0 50 100 150 200 250

Integrated calcium (Ca2* ions x 106)

Cumulative capacitance is plotted against cumulative integrated calcium and fit with the equation ACm 
= g * (ACa2+) \  The proportionality constant g and power, x for each figure is shown.
A. Sample plot from a cell in which no ‘hump’ that deviates from the best fit curve (red line) within 
the first few pulses is observed.
B. Sample plot of cumulative capacitance against cumulative integrated calcium from a cell in which a 
very obvious ‘hump’ deviates from the best fit curve (red line) during the first 14 pulses of the train.
C. A typical response, in which a small ‘hump’ deviates from the best fit curve (red line) at the start of 
the train.
D. Mean cumulative ACm ± s.e.m is plotted against mean cumulative calcium n = 10. The best fit 
curve is represented by the red line, again the first few pulses in the train deviate slightly from this line.
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4.2.4 The first part of the train can be fit with a mono-exponential curve.
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A. The first 11 pulses are plotted and fit using the equation ACm = g * (ACa2+)x which gives a 
proportionality constant, g = 1.2 and a power, x = 0.86 (red line). Although this is a good fit, the g and 
x values are very different from the values previously obtained and the data is equally well fit by a 
mono-exponential, y = y0 + Ae-xA (blue line).
B. The second part of the train (pulses 11-50) can be fit with the equation ACm = g * (ACa2+)x to give a 
proportionality constant, g = 0.03 and a power, x = 1.66 (red line) which are similar values for g and x 
previously reported in this thesis. This data is better fit with the algometric function than a mono
exponential (blue line).

Previous groups have reported that in chromaffin cells across species, capacitance 

jumps evoked in response to a train of brief (10-25ms) depolarisations is biphasic, 

with the rate of exocytosis declining during the first few pulses, and then increasing 

again (Horrigan and Bookman 1994; Voets et al. 1999). Vesicles in the IRP are able 

to fuse in response to very brief depolarisations in which the required elevation of 

intracellular calcium for exocytosis is restricted to the immediate proximity of the 

calcium channels (Neher 1998). A 10 ms depolarisation has been suggested in adult 

bovine chromaffin cells to lead to a calcium gradient restricted to a region less than 

ljL im  from the cell membrane (Marengo and Monck 2000). Vesicles in the SRP do 

not fuse in response to single depolarisations up to 100ms duration (Voets et al. 1999; 

Voets 2000), but do fuse during trains of brief depolarisations (Voets et al. 2001). It 

is likely that in response to a train of 50, 10ms pulses, the first few pulses represent 

fusion of the IRP, the ‘hump’ at the start of the capacitance trace, subsequent pulses 

represent fusion from the remainder of the RRP, and fusion from later pulses in the
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later pulses in the train represents release from the SRP and possibly from re-filling 

of the RRP. It is possible to quantitate the size of the IRP and RRP using a dual

pulse protocol (Gillis et al. 1996; Voets et al. 1999), using the following equation:

Bimu = S / (I-R2)

Where S represents the capacitance sum of the first (ACmi) and second (AC^), and R 

is the ratio ACn /̂ACmi- The upper limit of the pool size is assumed to be the value 

derived for Bmax and a lower pool size estimate is given by S. This determination of 

pool size is reliant on two factors. Firstly, refilling of the pool does not occur 

between pulses (RRP recovery in chromaffin cells occurs with a time constant of ~10 

seconds, (Moser andNeher 1997; Smith et al.1999). Secondly, the amount of 

calcium entering must be equivalent for both pulses. If both criteria are met, then an 

R value of < 1, will represent secretory depression, presumably due to partial pool 

depletion. Substantial pool depletion is a prerequisite for accurate pool 

determination, therefore previous studies have only analysed cells with an R value < 

0.7 in this manner (Gillis et al. 1996). A previous study has used this protocol to 

define the size of the IRP from mouse chromaffin cells using a double pulse of 10ms 

depolarisations, and determined its size to be ~ 45fF (Voets et al. 1999). Using this 

protocol, I analysed my data to obtain a size for the IRP of 40 ± 10fFn = 18. Out of 

29 cells, 18 had an R value < 0.7 and were used for determination of pool size (of the 

remaining 11 cells, 5 displayed no change in capacitance in response to the first pulse 

and the other 6 had an R value > 0.7). To determine the size of the RRP a pair of 

100ms depolarisations has been used (Gillis et al. 1996). With 100ms pulses 

appreciable calcium current inactivation occurs, which reduces the amount of calcium 

entering during the second pulse, therefore invalidating the use of this protocol (a 

reduction from 118 + 11 to 7 9 ± 7 x l 0 6 Ca2+ ions, n = 25 when pulses are 400ms 

apart). A way to avoid this problem is to adjust the test potential for the two pulses to 

ensure that equivalent calcium influx is delivered in response to both pulses. I found 

cell to cell variability in the test potentials required to match calcium entry, but by 

keeping the second pulse amplitude fixed at +14 mV and changing the first pulse 

amplitude between +20 and +28mV a pair of currents with equivalent calcium entry 

could be obtained. Using this protocol, a pool size for the RRP was estimated at 194
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± 27 fF, n=9 (figure 4.2.5). This value again is close to the size of the RRP reported 

for mouse chromaffin cells using this protocol (Voets et al. 1999), but larger than the 

RRP size (~100fF) previously reported for bovine adrenal chromaffin cells (Gillis et 

al. 1996).

4.2.5 Determination of the IRP and RRP size.
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(18)
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A. Sample current traces from a pair of 100ms depolarisations given 100ms apart to different 
membrane potentials to ensure identical calcium entry during the depolarisation.
B. Sample capacitance points, displaying the ACm in response to each depolarisation.
C. Bar chart of mean pool size ± s.e.m for the IRP (double 10ms pulse) and the RRP (double 100ms 
pulse). Sample size for each condition is shown above the bar chart in the parenthesis.

Another protocol was utilized to look at different pools, this is referred here and later 

in this thesis as ‘the pool protocol’. This consisted of a train of 6, 10ms pulses, 

followed by 4, 100ms pulses. With this protocol the 10ms stimuli will result in a 

ACm that reflects fusion of the IRP, the further 4 longer pulses result in a second bout 

of secretion which reflects fusion of the remainder of the RRP and a fraction of the 

SRP (Voets et al 2001). The size of the IRP can be determined from this protocol,
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unfortunately it can not be used to accurately determine the size of the RRP as 

significant calcium channel inactivation occurs during the last 4, 100ms pulses. 

However this protocol does allow the ACm against calcium entry to be fit by the 

equation ACm = g * (ACa2 f)x to assess whether the calcium-dependency of secretion 

is altered, and the exocytotic efficiency of each pulse can be calculated (figure 4.2.6). 

Initially it was hoped to have the interpulse duration equivalent for both the short and 

long pulses. However this was not possible due to software limitations. By setting an 

interpulse duration of 400ms, the actual interpulse interval for the train of 100ms was 

300ms (400 -  100), likewise the interpulse duration for the train of 10ms 

depolarisations was 390ms (400 -  10).

4.2.6 Pool protocol.
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A. The protocol is shown schematically, 6, 10ms depolarisations with an interpulse interval of 390ms 
were delivered immediately followed by 4, 100ms depolarisations with an interpulse interval of 
300ms.
B. Representative calcium currents in response to this protocol, top (6 x 10ms), bottom (4 x 100ms)
C. Corresponding capacitance trace to the calcium currents shown in B. The trace is bipasic, with 
release in response to the first 6 short pulses becoming depressed, and then increasing again in 
response to the last 4 longer pulses.
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D.
Capacitance jumps and calcium 
per pulse of the pool protocol.
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D. Mean data ± s.e.m for individual capacitance and integrated calcium values, n=19.
E. Mean data ± s.e.m for cumulative capacitance and integrated calcium values, n=19.
F. The mean ACm ± s.e.m for the last 4 pulses is plotted against mean calcium entry and fit by the
allometric equation ACm = g * (ACa2+) \  g = 0.07, x = 1.49, n = 19.
G. Mean ± s.e.m exocytotic efficiency of individual pulses in the protocol. The first 10ms pulse has 
the highest exocytotic efficiency. The remaining 5, 10ms pulses have a reduced by steady state value. 
As already shown, the exocytotic efficiency to a train of 100ms pulses does not significantly differ
with pulse number, but has a lower efficiency than 10ms pulses.

4.2.7 Discussion of stimulus-coupled exocytosis.

I have characterised stimulus-coupled exocytosis from bovine adrenal chromaffin 

cells and employed stimulation paradigms to investigate the calcium-dependency of 

exocytosis and the exocytotic efficiency of release in response to differing lengths of 

single step or trains of depolarisations. My findings correspond well to previous 

published observations (Engisch and Nowycky 1996; Powell 2000).

A defining feature of calcium-triggered neurotransmitter release is the cooperative 

relationship between calcium and the amount of neurotransmitter release. This was
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first described at the frog neuromuscular junction (Dodge and Rahamimoff 1967), 

who reported that the amplitude of excitatory postsynaptic currents (EPSC’s) were 

related to the forth power of extracellular calcium. This observation has been 

described from numerous preparations and synapses with the majority displaying a 

co-efficient, x of 3-4. The power value reported here is lower (x = 1.51, figure 

4.1.4), this implies that the calcium cooperativity of exocytosis in chromaffin cells is 

lower than in neurones. However it is possible that the calcium-dependency of 

exocytosis is altered between the RRP and the SRP. Using the method described here 

(section 4.1.3) both pools are assessed together with exocytosis from long pulses 

(>200ms) being dominated by fusion from the SRP. The calcium cooperativity of 

exocytosis from the RRP could be higher, with a power function approaching values 

reported in neurones, but was found to be lower here as this method includes release 

from SRP which could have a lower calcium cooperativity of release. Other studies 

performed in bovine adrenal chromaffin cells have investigated the calcium 

cooperativity of exocytosis using flash photolysis of caged calcium (Sorensen et al.

2002). With this type of experiment the rate constant for release at different calcium 

concentrations can be plotted against calcium concentration to derive a calcium 

relationship. These experiments deduced a calcium cooperativity of neurotransmitter 

release from the RRP in chromaffin cells of x = 2.5-3.0, suggesting that release from 

the RRP retains a similar calcium-dependency of exocytosis to that observed in 

neurones, and that release from the SRP most likely has a lower power value. 

Therefore by using the method of (Engisch and Nowycky 1996), fitting the ACm 

against calcium entry with an allometric function the calcium-dependence of 

exocytosis derived is a mixture from both releasable pools. This type of analysis will 

allow me in future experiments to determine whether the calcium cooperativity of 

exocytosis from both releasable pools is altered for treated groups compared to 

control, but I will not be able to determine pool specific differences. To investigate 

release from different pools of vesicles I can apply the pool protocol, and to quantify 

release from the IRP and the RRP I can employ the double pulse protocol.
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4.3 Asynchronous secretion

Exocytosis evoked in response to long (> 100ms) depolarisations often consists of two 

kinetically distinct components (figure 4.3.1). This corresponds to a fast stimulus- 

coupled burst of exocytosis, which occurs during the stimulus, and a slow phase of 

secretion which persists after termination of the stimulus. This slow asynchronous 

post-stimulus secretion has been described in chromaffin cells, (Horrigan and 

Bookman 1994; Powell et al. 2000; Thiagarajan et al. 2004) when stimulations evoke 

large calcium influxes. Asynchronous secretion has also been reported in a variety of 

neurones as diverse as retinal bipolar neurones (Neves and Lagnado 1999), and 

hippocampal neurones (Goda and Stevens 1994), suggesting that the mechanism 

underlying the phenomena is well conserved and not an artifact of the chromaffin cell 

model. The amount of asynchronous release has been shown to be correlated to 

calcium entry, increasing with raised extracelluar calcium and decreasing with 

lowered extracellular calcium (Horrigan and Bookman 1994), leading to the 

suggestion that residual high levels of cytoplasmic calcium post-stimulus cause 

fusion from the SRP. I found in response to a 200ms depolarisation that 22 out of 41 

cells displayed an increase in capacitance post-stimulus. Visual inspection of 

capacitance traces indicated that in the majority of cells displaying asynchronous 

secretion, the peak increase in capacitance occurred 0.5 to 1.5 seconds post-stimulus, 

before membrane retrieval predominated, and capacitance decreased through 

endocytotic mechanisms. Therefore I arbitrarily measured capacitance 1 second post

stimulus and related this value to the size of the measured stimulus-coupled 

exocytotic burst. As this value could be positive (for cells displaying asynchronous 

release), or negative (for cells in which endocytosis predominated immediately 

followed the exocytotic burst), the ACm measured 1 second after stimulation was 

termed post-stimulus drift (PSD).
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4.3.1 Asynchronous release after a 200ms depolarisation. 
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A. In response to a 200ms depolarisation, there is a slow increase in capacitance after the stimulus. 
This occurred in 22 out of 41 cells with a mean increase measured 1 second post-stimulus of 38 ± 10 
fF.
B. In the other 19 cells asynchronous secretion was not detected and the measured PSD 1 second post
stimulus was -93 ± 33 fF, or -62 ±11 fF if you exclude one cell which displayed an extremely large 
amount of endocytosis within 1 sec post-stimulation.

I found that the amount and direction of the PSD was not correlated to the size of the 

exocytotic burst, or degree of channel inactivation during the pulse (figure 4.3.2A & 

B). In contrast to the results of (Horrigan and Bookman 1994), I did detect a 

significant trend that suggests increasing calcium entry actually decreased the amount 

of asynchronous release. Cells displaying a positive PSD had a mean calcium entry 

of 190 ± 16 x 106 Ca2+ ions, n = 22, whereas cells displaying a negative PSD had 

mean calcium entry of 262 ± 23 x 106 Ca2+ ions, n = 19. This effect was significant, p 

= 0.01 (figure 4.3.2D). As there is a clear correlation between peak amplitude and 

calcium entry (figure 4.3.2.E), it was not surprising to detect a significant effect when 

the direction of the PSD was correlated to the peak amplitude of the current. Cells 

displaying a positive PSD had a mean peak current of 497 ± 48 pA n = 22, whereas 

cells displaying a negative PSD had a mean peak current amplitude of 652 ± 54 pA n 

= 19, (p = 0.04).
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43.2 Asynchronous secretion is not correlated to immediate ACm, or channel 

inactivation, but is related to peak current and calcium entry.
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The magnitude and direction of the PSD after a 200ms depolarisation is displayed as a scatter plot 
against the exocytotic burst (A), the % calcium current inactivation (B), the amplitude of the peak 
calcium current (C) and the integrated calcium entry during the pulse (D). There is no correlation 
between the size and direction of the PSD in the first two conditions (A,B ) but there is a significant 
difference between peak current amplitude and calcium entry. Cells displaying asynchronous release 
had smaller currents and calcium influx during the 200ms depolarisation (C &D). There is a clear 
correlation between peak current and calcium entry. Figure E shows a scatter plot of IPeak (pA) verses 
intergrated calcium (Ca2+ x 106 ions). A linear regression (red line) was applied producing an r value 
of 0.93. This was considered highly significant p>0.0001, n=41.
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I next examined asynchronous release in response to repetitive stimulation. After 

stimulation by a train of 50, 10ms depolarisations at 20 Hz, post-stimulus increases in 

capacitance were detected in 17 out of 20 cells (figure 4.3.3). The mean positive PSD 

was +28 ± 6 fF, n = 17 and the mean negative PSD was -11 ± 4 fF, n =3.

4.33 Asynchronous release after a train of depolarisations.
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After stimulus-coupled secretion evoked by a train of 50, 10ms depolarisations at 20Hz, asynchronous 
release was detected in 17 out of 20 cells with a mean increase in capacitance 1 second after 
stimulation of 28 ± 6 Ff. A typical capacitance trace is shown above.

4.3.4 Discussion of Asynchronous secretion.

In a previous study (Horrigan and Bookman 1994), they found that raising 

extracellular calcium increased asynchronous release after a 100ms depolarisation. I 

have evoked secretion from 200ms depolarisations and found that raising 

extracellular calcium decreased asynchronous release. Cells with larger calcium 

currents may raise intracellular calcium to a threshold needed to recruit a faster 

endocytotic pathway (discussed in section 4.4), which may not be reached during 

100ms depolarisations even with the raised (lOmM) extracellular calcium used in the 

aforementioned study. Therefore an explanation for the discrepancy in findings could
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be resolved if increasing calcium entry results in more asynchronous release until a 

threshold is reached upon which a faster, more dominant membrane retrieval pathway 

is switched on. An alternative explanation could be species specific differences. 

Asynchronous release is more apparent in recordings from rat or mouse chromaffin 

cells (Horrigan and Bookman 1994; Kim et al. 1995; Aldea et al. 2002). Additionally 

my studies were recorded in the perforated patch configuration whereas those of 

Horrigan and Bookman 1994, were recorded in the whole cell configuration, which 

may lead to a rundown of cytoplasmic factors needed for either the regulation of 

asynchronous secretion or more likely endocytosis. As the kinetics of asynchronous 

release are slower than release from the RRP, it has been speculated that 

asynchronous release represents fusion from the SRP in response to elevated 

prolonged intracellular calcium. Synaptotagmin I is likely to be the calcium sensor 

for fast release (Femandez-Chacon et al. 2001), however it is unlikely to mediate 

asynchronous, slow release (Seward et al. 1996; Voets et al. 2001). Although 

intrinsically slower than the fast component, asynchronous release is probably 

induced by lower calcium concentrations (Sudhof 2004). Other synaptotagmin 

isoforms 3, 6 & 7, exhibit higher calcium affinities (Sugita et al. 2001; Sugita et al.

2002). Consistent with a role for these isoforms in mediating asynchronous release 

comes from experiments in which over-expression of the C2 domains of the high 

affinity synaptotagmins 3 and 7 potently inhibit slow release from permeabilsed 

neuroendocrine cells, whereas the C2 domains of synaptotagmin 1 and 2 are inactive 

(Sugita et al. 2001; Sugita et al. 2002). Recently the role of Rab3A in regulating 

asynchronous release has also been investigated. Over-expression of Rab3A or a 

hydrolysis deficient mutant of Rab3A causes significant inhibition of exocytosis, 

especially during repetitive stimulation. The authors suggest that Rab3 A inhibits 

recruitment of vesicles from a slowly releasable pool (Thiagarajan et al. 2004). 

Therefore Rab3 A may play an important inhibitory role in limiting depletion of the 

SRP in response to repetitive stimulation, and preventing asynchronous release post

stimulus to ensure phase-locked kinetics of fast neurotransmitter release, a pre

requisite for faithful neuronal transmission.
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4.4 Endocytosis

Insertion of vesicle membrane into the plasma membrane during exocytosis is 

coupled to the process of subsequent membrane retrieval, endocytosis. Endocytosis 

is a highly regulated process with different rates and molecular mechanisms 

described (Cousin 2000). I will now describe the types of endocytosis chromaffin 

cells display to a variety of stimuli.

4.4.1 Monitoring endocytosis in chromaffin cells using the capacitance 

technique.

The literature regarding stimulus-coupled endocytosis from adrenal chromaffin cells 

is at present contradictory. This in part probably reflects experimental differences 

such as, recording solutions (internal and external), age of animals, recording 

configurations, terminology used and most importantly stimulation paradigms, which 

dictate the magnitude and temporal properties of raised intracellular calcium. The 

amount of calcium influx seems to be pivotal. It was shown back in the early 1980’s 

that elevated calcium increases the rate of rapid endocytosis (Neher and Marty 1982). 

More recently high calcium levels have been reported to shift exocytosis from from 

full fusion to a kiss and run mode (Ales et al 1999). The last decade has seen an 

explosion in the number of techniques, biochemical, biophysical and probably most 

favoured, optical, to study endocytosis. In order to relate my observations on 

endocytosis to previous published studies an understanding of the language 

commonly used is required. There is no consistent terminology used to classify the 

different endocytotic profiles experimentally described from capacitance studies on 

bovine adrenal chromaffin cells. Endocytosis is usually split up into different modes, 

some groups use the term rapid endocytosis (RE) to describe quick endocytosis which 

exceeds pre-stimulus levels (Artalejo et al. 1996; Nucifora and Fox 1998), other 

groups call this ‘excess retrieval’ (Engisch and Nowycky 1998), and all the groups 

have slightly different criteria to define this phase. Other phases include 

‘compensatory retrieval’ which represents endocytosis back to baseline levels after an
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exocytotic jump (Engisch andNowycky 1998). Basal endocytosis rates are normally 

associated with endocytosis in response to brief action potential trains, ~0.5Hz, 

intermediate rates are, -6  Hz, whereas stress-activated rates correspond to 

endocytosis evoked by trains of action potentials delivered at ~15Hz (Chan and Smith 

2001; Chan and Smith 2003).

A 200ms depolarisation resulted in an exocytotic capacitance jump that was then 

followed by one of four different endocytotic responses. In this study I have 

measured the amount of endocytosis that occurs 22 seconds post-stimulus. 

Endocytosis that occurred post-stimulus and resulted in a change of capacitance back 

towards pre-stimulus levels is termed compensatory endocytosis. This form of 

endocytosis can be fit with a mono-exponential decay and the amount of membrane 

retrieval does not exceed pre-stimulus levels 22 seconds post-stimulus. The next type 

of response I have termed excess retrieval, results in excess membrane retrieval 

within 22 seconds post-stimulus, this type of response can also be fit by a mono

exponential decay. A third type of response is termed rapid exocytosis, in this case 

excess retrieval is observed within a few seconds post-stimulus and can be fit by a 

double-exponential decay. The forth type of response observed is no reduction in 

capacitance following an exocytotic jump, this group is termed, no endocytosis 

(figure 4.4.2).
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4.4.2 Different endocytotic responses following exocytosis evoked by a 200ms 

depolarisation.

A.
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4 different endocytotic responses termed compensatory endocytosis, excess endocytosis, rapid 
endocytosis and no endocytosis, see text for details. The square upward deflection seen towards the 
end of some traces represents a lOOfF calibration step and are excluded from measurements of 
endocytosis.
A. A typical capacitance trace from a cell undergoing compensatory endocytosis following exocytosis 
evoked from a 200ms depolarisation.
B. A typical capacitance trace from a cell undergoing excess retrieval following exocytosis evoked 
from a 200ms depolarisation.
C. A typical capacitance trace from a cell undergoing rapid exocytosis following exocytosis evoked 
from a 200ms depolarisation.
D. A typical capacitance trace from a cell in which no endocytosis followed exocytosis evoked from a 
200ms depolarisation.

Out of 41 cells, 25 met my criteria for compensatory endocytosis, the average decay 

in capacitance for this group could be fit by a mono-exponential curve with a average 

time constant of ~ 6.0 seconds. 8 out of 41 cells met my criteria for excess retrieval, 

the mean capacitance decay trace for this group could be fit by a mono-exponential 

curve with a average time constant of ~ 5.2 seconds. 3 out of 41 met my criteria for
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rapid endocytosis and the average capacitance trace could be fit by a double 

exponential, xi ~ 0.7 seconds and 12 ~ 5.3 seconds. 5 out of 41 cells exhibited no 

endocytosis 22 seconds post-stimulation (figure 4.4.3).

4.4.3 Exponential fit of the different endocytotic groups.

A. B.

C.

Compensatory Excess No Rapid
Endocytosis Endocytosis Endocytosis Endocytosis

200

100

o

-100-

mono-exponential 
r = 5.2 seconds-200

n =

-2000 0 2000 4000 6000 8000 10000 12000 14000 16000 18000

Time (ms)

D.

mono-exponential 
t. = 6.0 seconds

-2000 0 2000 4000 6000 8000 10000 12000 14000 16000 18000

Time (ms)

double exponential 
= 0.7 seconds 

t, = 5.3 seconds

n = 3

T T
-2000 0 2000 4000 6000 8000 10000 12000 14000 16000 18000

Time (ms)

A. Individual endocytosis capacitance traces from 41 cells were examined and binned into 1 of 4 
groups, criteria for entry into these groups is defined in the main text. Individual capacitance traces for 
each group were averaged together and the mean trace fit.
B. The average capacitance trace for cells in the compensatory endocytosis group could be fit with a 
mono-exponential curve, Tj ~ 6.0 seconds, n=25.
C. The average capacitance trace for cells in the excess retrieval group could be fit with a mono
exponential curve, Ti 5.2 seconds ms, n=8
D. The average capacitance trace for cells in the rapid endocytosis group could be fit with a double 
exponential curve, Ti ~ 0.7 seconds, x2 ~ 5.3 seconds n=3.

The relationship between calcium influx and endocytosis was examined by plotting 

integrated calcium entry versus post-stimulus Cm decrease (figure 4.4.4). This scatter 

plot shows a trend towards more endocytosis with larger calcium entry. When I 

examined the frequency of responses observed for each group, it became clear that 

reduced calcium entry was correlated to an absence of endocytosis (figure 4.4.5).
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4.4.4 Calcium-dependency of endocytosis.
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A. The amount of endocytosis (measured as a change in capacitance fF), that occurs 22 seconds post
stimulus was calculated. The magnitude of the exocytotic jump immediately following stimulation has 
been set at OfF (purple line) and endocytosis is therefore measured as a decrease in capacitance. This 
measurement of endocytosis is plotted against calcium influx during the stimulus depolarisation. The 
amount of endocytosis (fF) is correlated to the amount of calcium entry (Ca2+ x 106 ions). Individual 
data points have been colour coded to show which endocytotic profile they belong to.
B. The % recovery from exocytosis, back to pre-stimulus levels is plotted against calcium entry. 
Individual points have been colour coded to show which endocytotic profile they belong to.
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4.4.5 Increasing calcium influx during the stimulatory depolarisation increases 

the chance of a cell displaying excess endocytosis.

a f "  450- O
X  400-
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There is a significant difference in the calcium entry between cells displaying no endocytosis and those 
belonging to the excess endocytosis group. 141 ± 30 X  106 Ca2+ ions, n = 5 verses 263 ± 15 X  106 
Ca2+ ions, n= 8, p = 0.002. Although there is a trend towards excess endocytosis from compensatory 
endocytosis with increased calcium, this is not significant (p = 0.07). Similarly the difference in 
calcium entry between cells in the no endocytosis group and those in compensatory endocytosis was 
not quite significant (p = 0.06). Statistical tests were not conducted for the rapid endocytosis group, as 
it contained only three cells with calcium influx that varied considerably.

To investigate this further I measured endocytosis in response to longer (800ms) and 

shorter (40ms) depolarisations, which will increase and decrease calcium entry 

respectively. As expected endocytosis was evident in all cells tested in response to an 

800ms depolarisation (n = 45), but was also apparent from cells in response to a 40ms 

depolarisation (n = 24), (figure 4.4.6). This suggests that exocytosis occurs following 

a brief stimulation, is inhibited with stimulations of increasing length and returns 

again with long stimulations. This observation has been reported when endocytosis 

was evoked following action potential-like waveforms (APs), (Chan and Smith 

2001). In this study they found that single APs or trains at 0.5 Hz lead to rapid 

endocytosis, trains delivered at 1.9 to 6 Hz cause a marked reduction in the rate of 

endocytosis, and trains at 10 — 16 Hz lead to a return to rapid endocytosis.
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4.4.6 Endocytosis evoked after a long (800ms) or short (40ms) stimulus.
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A. After exocytosis evoked from an 800ms depolarisation, membrane retrieval in 33 out of 45 cells fit 
the criteria for compensatory endocytosis. Shown is the average capacitance trace for cells in this 
group.
B. 9 out of 45 cells recovered membrane to post-stimulus levels and met the criteria to be classed in 
the excess retrieval group. Shown is the average capacitance trace for cells in this group.
C. 3 out of 45 cells quickly endocytosed excess membrane and met the criteria for rapid endocytosis. 
Shown is the average capacitance trace for cells in this group.
D. Cells were able to retrieve membrane after exocytosis evoked from short (40ms) depolarisations. 
Shown is the average capacitance trace for 24 cells. The gap towards the end represents where a lOOfF 
calibration step was introduced, unfortunately this was not at a standard time for all traces (ranging 
from 15-22 secs post-stimulus), and therefore this period of time when looking at the average data is 
messy and has been deleted for clarity and accuracy. Calibration steps were introduced during the 
capacitance traces evoked from an 800ms depolarisation, however these were introduced after 22 
seconds post-stimulus and have been clipped for the figures.

Endocytosis following a train of 10ms depolarisations at 20Hz was next examined. 

22 seconds post-stimulus the mean amount of membrane retrieval was only 9 ± 12 fF 

n =20, despite a mean total exocytotic jump of 259 ± 41 fF. The lack of endocytosis 

was not related to a large component of asynchronous release as this had a mean 

value of 28 ± 6 fF n=20 (figure 4.3.3). This corresponds to ~ 3% of the stimulus-
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evoked membrane insertion being retrieved 22 seconds post-stimulus (figure 4.4.7).
6 2 1 •The mean total calcium influx during the train was 226 ± 22 x 10 Ca ions, n = 20, 

which is similar to the mean calcium influx during a single 200ms depolarisation of 

222 ± 14 x 106 Ca2+ ions, n = 41. Therefore despite having similar total amounts of 

calcium entering during the stimulus, the temporal properties of its delivery seem to 

dictate the endocytotic response. With a train of depolarisations, small amounts of 

calcium enter per pulse over a period of 3 seconds. Therefore, it is possible that the 

cell is able to adequately buffer the calcium between pulses and this could affect 

endocytosis. With a single long (200ms) depolarisation, all the calcium enters within 

200ms and the cytoplasmic calcium concentration will transiently be much higher 

than the levels experienced during the train, and therefore possibly able to recruit a 

faster endocytotic pathway.

4.4.7 Endocytosis does not occur following a train of (brief) 10ms depolarisations 

at 20Hz.
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20 individual capacitance traces from separate cells evoked from a train of 50, 10ms depolarisations 
delivered at 20Hz have been averaged together and the mean trace displayed above. The mean amount 
of endocytosis that occurs 22 seconds post-stimulus is 9.2 ± 11.9 fF, n =20.

To further examine the calcium-dependency of endocytosis following a train of 

depolarisations, a train of 10, 100ms depolarisations at 2Hz was applied. This
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stimulus will increase calcium entry (cumulative calcium entry of 553 ± 50 x 106 

Ca2+ ions, n = 24 verses 226 ± 22 x 106 Ca2+ ions, n = 20, for the 10ms train). In 

response to a train of 10, 100ms depolarisations at 2Hz, endocytosis could be 

classified into 1 of 3 groups. No endocytosis, in which post-stimulus changes in 

capacitance were no greater that 25fF 22 seconds post-stimulus. Partial endocytosis, 

where more than 25fF was recovered post-stimulus but less than 50% of the stimulus- 

evoked membrane insertion was retrieved 22 seconds post-stimulus. Or compensatory 

exocytosis, with greater than 50 % of the stimulus-evoked membrane insertion 

retrieved 22 seconds post-stimulus (figure 4.4.8). As shown earlier for single 200ms 

depolarisations, cells with smaller calcium entry were correlated with an absence of 

endocytosis (figure 4.4.8).
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4.4.8 Endocytosis following exocytosis evoked by a train of 100ms

depolarisations at 2Hz.
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A. In 11 out of 24 cells, no appreciable endocytosis was observed 22 seconds post-stimulus. Shown is 
the average capacitance trace from cells which were categorised into this group.
B. 9 cells out of 24, displayed a limited amount of endocytosis post-stimulus. Shown is the average 
capacitance trace for cells within this group.
C. 4 cells out of 24 exhibited compensatory endocytosis, in which membrane capacitance levels fell 
close to pre-stimulus levels. Shown is the average capacitance trace for cells within this group.
D. There was no significant difference between calcium entry and cells from the partial endocytosis 
group when compared to either no endocytosis or compensatory endocytosis groups. There was 
however a significant difference in calcium entry between cells in the no endocytosis group and those 
in the compensatory endocytosis groups (p = 0.05).

Therefore increasing calcium inflow during a train of depolarisations can evoke faster 

endocytosis, but higher total levels are needed compared to single step 

depolarisations to induce membrane retrieval, presumably due to effective calcium 

buffering or extrusion in between pulses.
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I discovered whilst writing this thesis that clathrin-mediated endocytosis, the pathway 

believed responsible for retrieval following robust trains of depolarisations (Chan and 

Smith 2003), has been shown to be dependent on physiological concentrations of 

intracellular potassium ions (Larkin et al. 1983). I use cesium-based internal solution 

which would be expected to lead to intracellular depletion of potassium and therefore 

potentially inhibit clathrin-mediated endocytosis. I tested this possibility by using an 

internal solution containing 120mM K-Glutamate, and 25mM Cs-glutamate, instead 

of 145mM Cs-glutamate and perfused with external solution containing complete 

TEA-C1 replacement of NaCl. In this manner it would be possible to record calcium 

currents without contamination of potassium conductances and to check whether 

endocytosis is being inhibited due to cellular depletion of potassium ions. Using the 

potassium based internal solution in response to a train of 50, 10ms depolarisations at 

20Hz, all cells (6/6) tested exhibited robust endocytosis, with 4 cells displaying rapid 

endocytosis, in which endocytosis predominated as the train progressed masking 

positive increases in capacitance due to exocytosis resulting from later pulses in the 

train (figure 4.4.9).

4.4.9 Potassium-based internal solution supports a rapid endocytotic pathway.
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20 individual capacitance traces evoked from a train of 50, 10ms depolarisations delivered at 20Hz 
have been averaged together and the mean trace displayed above (black). The standard intracellular 
solution was used (145mM Cs-Glutamate). No individual cell displayed significant endocytosis. The 
mean amount of endocytosis that occurred 22 seconds post-stimulus was 9 ± 12 fF, n =20. In contrast, 
when an internal pipette solution designed to maintain a physiological intracellular potassium 
concentration (120mM K-Glutamate, 25mM Cs-Glutamate) was used, endocytosis was observed in 
response to the same stimulus from all cells (6/6), with rapid endocytosis evoked in 4 cells. Shown is 
the average capacitance trace from 6 cells.
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4.4.10 Discusion of stimulus-coupled endocytosis.

I have found that with a single step 200ms depolarisation, increasing calcium entry is 

correlated to an increase in endocytosis, which is in agreement with previously 

published studies (Neher and Marty 1982; Engisch and Nowycky 1998). However 

when I deliver a robust train of brief (10ms) depolarisations endocytosis is inhibited 

and longer depolarisations and therefore larger calcium entry is required to elicit 

compensatory endocytosis. In previous studies endocytosis in response to trains of 

depolarisations has been reported, however either higher extracellular calcium was 

used (Nucifora and Fox 1998) lOmM instead of 2.5mM, or calf adrenal chromaffin 

cells were used with the facilitation channel recruited (Artalejo et al. 1996). This 

leads to much larger total calcium current amplitudes. Alternatively this could 

possibly reflect differences between the perforated patch configuration, which I use 

and the whole cell method employed by some other groups, in which cytoplasmic 

regulators may diffuse out of the cell up the patch pipette (Artalejo et al. 1996; 

Nucifora and Fox 1998). So why is endocytosis sometimes inhibited following robust 

stimulations (200ms and both train protocols)? Even the cells with smaller calcium 

entry will still experience calcium levels far greater than cells stimulated by single, or 

trains of action potentials (the physiological stimulus), which have been shown in 

numerous preparations and with a wide range of techniques to be able to undergo 

endocytosis (reviewed in Cousin 2000, Morgan et al. 2002, Royle and Lagnado 

2003). Calcium can play multiple roles in regulating synaptic vesicle endocytosis. 

These can be separated into three different steps; a high affinity calcium dependent 

trigger, a calcium-independent maintenance phase, and a low affinity calcium- 

dependent inhibition (Cousin 2000). Dynamin and synaptotagmin have been 

proposed as molecules which (although necessary for endocytosis) may actually 

inhibit it at high calcium concentrations. Calcium binds both dynamin-1 and 

dynamin-2 with a low affinity (pM) and inhibits their GTPase activity.

Synaptotagmin switches from binding PIP3 at resting calcium levels to PIP2 at pM 

calcium levels. Synaptotagmin could possibly compete with dynamin for vesicle 

release site PIP2 when calcium levels rise. A role for PIP2 interacting with dynamin
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has been reported to be essential for synaptic vesicle endocytosis (Cousin 2000 and 

references within). Peihaps calcium entry during a 200ms depolarisation or the two 

train protocols previously described is high enough to inhibit endocytosis, and then 

another endocytotic pathway is switched on when calcium levels are raised even 

higher. Evidence to support this idea comes from the observation that endocytosis is 

always observed after exocytosis evoked from a very long (800ms) depolarisation, 

and that it is also observed following short (40ms) depolarisations when calcium 

influx will be high and small respectively (figure 4.4.6). However an alternative 

explanation for inhibition of endocytosis following a train of brief depolarisations is 

due to inhibition of a clathrin-dependent endocytotic pathway reliant on intracellular 

potassium. Intracellular depletion of potassium dramatically reduces the number and 

size of clathrin coated pits on the plasma membrane as assessed by 

imunofluorescence and electron microscopy (Larkin et al. 1983). In this study they 

also showed that replacement of intracellular potassium with cesium, lithium, or TEA 

could not support clathrin-mediated endocytosis, assessed by either 125I-LDL or 125I- 

EGF uptake, however rubidium could (Larkin et al. 1983). Further studies have 

shown that intracellular potassium depletion leads to formation of clathrin microcages 

under the plasma membrane where clathrin coated pits were located previously 

(Heuser and Anderson 1989). These clathrin microcages are no longer able to show 

clathrin exchange, and hence endocytosis via this pathway is inhibited (Wu et al. 

2001). This has important implications, since the vast majority of published studies 

investigating endocytosis using the capacitance technique have used cesium based 

internal pipette solutions (to block potassium contamination of calcium currents), 

which will lead to intracellular potassium depletion (Artalejo et al. 1996; Nucifora 

and Fox 1998; Engisch and Nowycky 1998; Chan and Smith 2001; Chan and Smith

2003). A recent study using the capacitance technique shows that endocytosis 

following brief trains of depolarisations is not affected, but endocytosis following 

robust trains of depolarisations is blocked when a cesium based internal is used. This 

inhibition during robust trains did not occur when internal solutions designed to 

maintain a physiological concentration of potassium were used (Artalejo et al. 2002). 

However one group believe they are able to specifically study a clathrin-mediated
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endocytotic pathway when using a cesium-based internal solution (Chan and Smith

2003). They report endocytosis following robust trains of action potential-like 

depolarisations (15Hz) and that this endocytosis is blocked after introduction of 

clathrin/dephosphin-disrupting peptides (Chan and Smith 2003). In my recordings I 

usually use cesium-glutamate based internal solutions, and therefore expect depletion 

of potassium from the cell. This could explain why endocytosis is inhibited in some 

cells, but not why it resumes again with increasing calcium concentration, unless this 

high calcium-dependent pathway is clathrin independent. When I used a potassium- 

based internal solution endocytosis was no longer inhibited following a train of 

depolarisations. Therefore, by using cesium-based electrode solutions, I (and the vast 

majority of other groups studying endocytosis with the capacitance technique) have 

excluded an endocytotic pathway, presumably mediated by clathrin. This may also 

explain previous studies using cesium-based internal solutions which report that rapid 

endocytosis is usually only observed with the first stimulation after going whole cell 

(Artalejo et al. 1996). This was interpreted as cytoplasmic factors necessary for this 

endocytotic pathway being dialysed out of the cell. My studies suggest that the 

molecular basis for this could be potassium depletion and inhibition of clathrin- 

mediated endocytosis.

4.5 Stimulus-coupled secretion with barium.

Numerous neuronal preparations show that substituting extracellular calcium for 

barium reduces the rapid component of stimulus-coupled exocytosis and increases 

slower asynchronous release (Goda and Stevens 1994; Seward et al. 1996; Neves, et 

al. 2001). This asynchronous slow release is not due to a slow emptying of internal 

calcium stores by barium, as it is insensitive to high calcium chelation or thapsigargin 

pretreatment (Seward et al 1996). I found that barium altered stimulus-evoked 

exocytosis in relation to control responses in calcium. Figure 4.5.1 shows a typical 

response resulting from a 200ms depolaristaion or from the pool protocol ( 6 ,10ms 

depolarisations followed by 4, 100ms depolarisations), when calcium or barium was 

the extracellular divalent. In the case of the 200ms depolarisation, the size of the
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immediate exocytotic jump is well reduced in barium, but asynchronous release is 

much larger and continues for the duration of the trace (22 seconds), there was no 

measurable endocytosis within the time frame of this recording. It is possible that 

endocytosis is occurring but is masked by a continual and larger amount of 

exocytosis. This possibility cannot be ruled out with the capacitance technique as it 

only detects total changes in membrane surface area. An imaging approach or 

capacitance combined with amperomery would be able to investigate this scenario. 

In response to the pool protocol barium does not evoke secretion from the 10ms 

pulses, designed to assess the size of the IRP. Exocytosis evoked from the longer 

100ms depolarisations is also reduced from the responses seen in calcium, but again 

asynchronous slow release is increased in barium with no measure of endocytosis 

occurring within the time frame of the recording (figure 4.5.1).

4.5.1 Barium reduces stimulus-coupled release, but evokes larger sustained 

asynchronous release.

A.

200ms
£
qE too

2.5mM 
-t Ca2+VB.

2.5mM

km 5000ms

c.
Train 
50x10ms

2.5mM
D.

i

2.5mM
Ba2+

Sample capacitance traces of exocytosis evoked from a 200ms depolarisation with either calcium (A) 
or barium (B) in the extracellular solution. The size of the exocytotic burst is well reduced with 
barium compared to calcium, but asynchronous release is much higher. Barium does not support 
stimulus-coupled secretion in response to a brief train of 10ms depolarisations (D), suggesting that it 
can not support secretion from the IRP, whereas calcium can (C).
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The size of the RRP in barium was investigated. As expected from the results of 

other studies (Neves et al. 2001) the size of the RRP was significantly reduced when 

calcium was replaced with barium. The size of the RRP in calcium was calculated 

using the double pulse method (section 4.2.6) as 194 ± 27 fF n = 9. Similar 

calculations in barium estimate a RRP size of 43 fF ± 7fF, n = 3. This reduction in 

the pool size was statistically significant p = 0.05. However this may be an 

overestimate of pool size in barium as the protocol was only applied to 5 cells and 2 

of these did not evoke a change in capacitance in response to the double pulse and 

were hence discarded from analysis. The ACm in response to release from the SRP 

was next investigated by applying longer depolarisations. From paired cells the size 

of the initial exocytotic jump following an 800ms depolarisation was 470 ± 122 fF n= 

5, reduced to 64 ± 29 fF when extracellular calcium was replaced with equimolar 

barium (figure 4.5.2). This was statistically significant in a paired t-test (p = 0.01). 

Again there was a large continuous asynchronous release in barium that lasted the 

duration of the recording. In response to a train of 10ms depolarisations at 20Hz the 

amount of asynchronous release in barium was far greater than the stimulus-coupled 

release observed in response to the same stimulus in calcium.
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4.5.2 Comparison of calcium and barium evoked ACm in response to an 800ms

depolarisation or train of 50 ,10ms depolarisations at 20Hz.

A. A typical ACm evoked from an 800ms depolarisation with calcium (black) and then again when 
extracellular calcium was exchanged with an equivocal concentration of barium (red). The upward 
deflects at the end of the capacitance traces represent a 1 OOfF calibration step.
B. A typical ACm evoked from a train of 50, 10ms depolarisations delivered at 20Hz in calcium 
(black) and then again in barium (red).

I next investigated whether barium could support clathrin-mediated endocytosis, 

which is inhibited when cesium-based pipette solutions are used (figure 4.4.9). Using 

a potassium-based internal solution, replacing extracellular calcium with barium, 

results in a reduction in exocytosis, large asynchronous release and no measurable 

endocytosis. This therefore suggests that barium does not substitute for calcium and 

trigger clathrin-mediated endocytosis (4.5.3). However it should be noted that

A
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although I did not detect decay in the capacitance trace, this does not confirm that 

endocytosis is inhibited, as ACm monitor the net result of both exocytosis and 

endocytosis. Therefore it is possible that barium can support endocytosis but this is 

masked using the capacitance technique as slow exocytosis persists and dominates 

the ACm.

4.5.3 Barium does not support clathrin-mediated endocytosis.
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A cell was stimulated with a train of 50, 10ms depolarisations delivered at 20Hz, using a potassium 
based internal solution. Endocytosis is observed with extracellular calcium (purple), but is not 
supported when calcium is replaced with equimolar barium (orange).

4.5.4 Discussion of Stimulus-coupled secretion with barium.

Information about the calcium sensor(s) for fast exocytosis can be gained from 

barium substitution experiments. It was suggested that barium potentiates 

asynchronous release because the calcium sensing molecule controlling this mode of 

exocytosis has a higher affinity for barium (Goda and Stevens 1994). Alternatively it 

has been argued that barium potentiates asynchronous release because it accumulates
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in the cell and is less effectively buffered or extruded. After moderate stimulation 

barium is cleared from the synaptic terminals of bipolar retinal neurones 10-100 times 

slower than calcium (Neves et al. 2001). There is evidence to suggest that barium 

causes release from a molecularly distinct population of vesicles (Seward et al. 1996; 

Duncan et al. 2003). Recently a clever imaging approach showed that nicotine and 

barium selectively cause release of different pools of fluorescently labelled vesicles 

in chromaffin cells (Duncan et al. 2003). It is now widely accepted that 

synaptotagmin I, is the calcium sensor for fast stimulus-coupled release (Femandez- 

Chacon et al. 2001). Synaptotagmin I has a lower affinity for barium than calcium 

(Li et al. 1995), and this protein has many different isoforms with different affinities 

for calcium and barium (Li et al. 1995; Sudhof2002). This has lead to the idea that 

synaptotagmin I regulates fusion from the RRP and other isoforms may regulate 

fusion from the SRP. In chromaffin cells synaptotagmin knockout mice lack fast 

release from the RRP, but maintain slow calcium-dependent release (Voets et al. 

2001). This slow release may be regulated by other synaptotagmin isoforms which 

chromaffin cells have been shown to possess (Roth and Burgoyne 1994). Whether 

other synaptotagmin isoforms mediate fusion evoked by barium has not yet been 

directly tested. The role of barium in supporting endocytosis is controversial 

(Artalejo et al. 1996; Nucifora and Fox 1998), it would seem that at least one 

endocytotic pathway is highly calcium-dependent, whereas another may be supported 

by either divalent. My data confirms previously published observations that 

substituting extracellular calcium for barium reduces the rapid component of 

stimulus-coupled exocytosis and increases slower asynchronous release. I found no 

evidence to suggest that any endocytotic pathway is supported by barium within 22 

seconds post-stimulus.

4.6 Summary of stimulus-coupled secretion.

Capacitance increases are triggered by calcium entry through voltage-activated 

calcium channels. Increasing pulse duration increases calcium entry and ACm which 

can de described as a simple transfer function of summed calcium, suggesting that
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regulated exocytosis is related to calcium entry with a power < 2. This is also true for 

exocytosis evoked from trains of depolarisations. Exocytotic efficiency (ACm /X Ca2+ 

ions) is not significantly different for pulses ranging in length from 40-800ms in 

duration. However 10ms pulses show an enhanced exocytotic efficiency. The size of 

the IRP and RRP were calculated using a double pulse protocol. The size of the IRP 

was estimated at 40 ±  lOfF n = 18, and the RRP at 194 ± 27 fF n = 9. Asynchronous 

release was not correlated to the size of the exocytotic burst, peak current amplitude, 

or degree of channel inactivation. However it was sensitive to calcium, decreasing 

with elevated levels. Whether this is a true reduction in asynchronous release or an 

increase in endocytosis was not determined. Post-stimulus endocytosis could be 

binned into one of four groups. The amount of calcium influx during stimulation 

determined the endocytotic response. Using a potassium-based internal solution 

compared to cesium-based, revealed an endocytotic pathway that had previously been 

inhibited. This pathway is likely to be clathrin-dependent. The size of the RRP is 

reduced in barium, although asynchronous release is greatly increased. There is no 

evidence to suggest that barium supports endocytosis following stimulus-coupled 

exocytosis using any of my standard protocols.
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Chanter 5: Characterisation of calcium channel subtypes
controlling exocytosis.

Chromaffin cells are reported to possess many subtypes o f high voltage-activated 

calcium channels (L, P/Q, N & R). The role of individual calcium channel subtypes 

in controlling exocytosis from chromaffin cells is unclear. Some groups have 

suggested that exocytosis is coupled to calcium entry through specific calcium 

channel subtypes, although their published findings differ considerably (Artalejo et 

al. 1994; Lopez et al. 1994; Kim et al. 1995; Lara et al. 1998; Albillos et al. 2000; 

Aldea et al. 2002). Others find no preferential calcium channel coupling (Engisch 

and Nowycky 1996; Lukyanetz and Neher 1999). The disparity in results may be due 

to species differences in density of channel subtypes expressed, differences between 

cultured cells and acute slices, the recording configuration (whole cell or perforated 

patch), the intensity and type of stimulation and the method used to detect secretion. 

The aim of this section of work was to investigate the functional role o f individual 

calcium channel subtypes in the control of neurotransmitter release from adult bovine 

adrenal chromaffin cells. I have used the perforated patch configuration o f the 

voltage-clamp technique to maintain the cytosolic milieu and have measured 

secretion by monitoring changes in membrane capacitance. I have used a 

physiological concentration of extracellular calcium (2.5mM), and elicited stimulus- 

coupled secretion using a range o f single step depolaristions (10 to 800ms), or trains 

of depolariations.

5.1 Pharmacological isolation of calcium channel subtypes.

In these studies I have discriminated between different molecular channel subunits by 

using specific toxins. The overall pharmacological profile of a given calcium channel 

conductance is primarily defined by the cti subunit, as this contains the binding sites 

for multivalent cations, interaction sites for peptide blockers, and receptor sites for 

small organic molecules (Doering and Zamponi 2003; McDonough 2004 and 

references within). I have used several specific channel blockers which can be
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classified into one o f two groups; peptide blockers and small organic molecules from 

the dihydropyridine family.

5.1.1 Peptide blockers

Peptide toxins isolated from the venom of a wide range o f predatory animals have 

been shown to block a variety of voltage and ligand gated ion channels. Some of 

these have been found to be highly specific for individual calcium channel subtypes. 

Of particular relevance to my studies are toxins found in the venom of marine hunting 

sea snails (co-conotoxins) and funnel web spiders (co-agatoxins). These peptides 

share a rigid structure, as they are spatially confined by numerous disulfide bonds, 

which act to give them a high degree of specificity in target interactions (Doering and 

Zamponi 2003).

co-conotoxin GVIA (co-CTX GVIA) is a prototypical calcium channel blocking 

peptide isolated from Conus geographus, a carnivorous sea snail (Cruz and Olivera 

1986). This peptide is highly selective for N-type calcium channels inhibiting 

currents with a 1:1 stoichiometry, causing a fast, irreversible block in the mid 

nanomolar range under physiological ionic conditions (Cruz and Olivera 1986). co- 

CTX GVIA acts by physically occluding the channel pore. Site-directed mutagenesis 

experiments have identified a number of amino acid residues within the S5-S6 region 

in domain III o f the am  pore subunit as essential for co-CTX GVIA binding (Ellinor 

et al. 1994; Feng et al. 2001).

co-agatoxin IVA (co-Aga IVA) isolated from the venom of the funnel web spider 

Agenelopsis aperta is a specific blocker of P- and Q-type calcium channels (Mintz et 

al. 1992), although low affinity block of N-type calcium channels has been reported 

at micromolar concentrations (Sidach and Mintz 2000). P-type channels are blocked 

at low nanomolar concentrations, whereas block o f Q-type channels requires 

concentrations o f several hundred nanomolar (Bourinet et al. 1999). Block by this 

toxin is slow (compared to co-CTX GVIA) and poorly reversible after washing, but
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the channel can recover from block following strong repetitive membrane 

depolarisations (Mintz et al. 1992; Powell 2000; Bourinet et al. 1999). This suggests 

that voltage sensor movement may physically dislodge the toxin from its binding site. 

©-Aga IVA is thought to interact with the aiA pore domain IV S3-S4 region 

(Bourinet et al. 1999), and insertion o f an asparagine and proline into this region by 

alternative splicing shifts co-Aga IVA sensitivity from high affinity (P-type) to low 

affinity (Q-type), (Bourinet et al. 1999).

5.1.2 Dihydropyridines.

Dihydropyridines (DHPs) are a group of small organic compounds which are based 

on a core pyridine structure. They are usually specific for L-type calcium channels, 

although T-type channels show sensitivity to some DHPs (Kumar et al. 2002), 

reviewed by (Triggle 2004). DHPs bind to the L-type a i subunits at two independent 

sites on domains III and IV (Striessnig et al. 1991). The detailed molecular basis o f 

block is not clear, however it appears that DHPs can induce an inactivated 

conformation (Eller et al. 2000) as well as open channel block (Handrock et al. 1999). 

It has also been shown that some DHPs preferentially bind to inactivated channels, 

(Triggle 2004). Members o f the DHP family can either block (nimodipine, 

nicardapine, nifedipine etc), or facilitate calcium flow through L-type channels (- Bay 

K 8644). (-)-Bay K 8644 increases current amplitude, shifts activation to a more 

negative potential and prolongs tail currents. (-)-Bay K 8644 interacts with the same 

‘microsite’ as other antagonistic DHPs in the S5 region o f domain III, although it 

appears that different DHPs require interactions with different amino acids within this 

microsite to mediate their effects (Doering and Zamponi 2003). Although the 

binding sites for DHPs are present on the ai-subunit, auxiliary p subunits can 

profoundly influence drug sensitivity (reviewed in Hering 2002).

129



5.2 L-type calcium channels do not contribute significantly to either calcium 

entry or regulated-exocytosis.

Previous reports have suggested that approximately 30-50% o f the calcium current 

from bovine adrenal chromaffin cells corresponds to activation o f L-type calcium 

channels, as defined by sensitivity to DHP antagonists (Artalejo et al. 1994; Lopez et 

al. 1994; Kim et al. 1995). Moreover, L-type calcium channels have been suggested 

to couple more efficiently to exocytosis than other calcium channel subtypes 

(Artalejo et al. 1994; Lopez et al. 1994; Kim et al. 1995). Previous work conducted 

in our laboratory by Andrew Powell concluded that chromaffin cells in our 

preparation do not contain significant L-type calcium currents nor do they contribute 

to stimulus-coupled secretion. He investigated the role of L-type channels in 

exocytosis evoked by 200ms step depolarisations using DHP allosteric modulators 

(Powell 2000). In the absence o f nimodipine, a 200 ms step depolarisation resulted in 

entry of 401 ± 47 x 106 Ca2+ ions, which produced a Cm change o f 240 ± 14 fF (n =

3). Superfusion o f nimodipine (10 pM) for 4 minutes, did not significantly reduce 

either Ca2+ entry or ACm 375 ± 40 x 106 Ca2+ ions and 228 ± 17 fF, p = 0.16 and 0.15, 

respectively. This corresponds to a reduction in calcium entry and capacitance of 

6.5% and 5% respectively. I investigated the effect o f a different DHP, nifedipine on 

calcium currents. Similar results were observed. In response to 40ms depolarisations 

superfusion o f 10pM nifedipine resulted in a reduction in peak calcium current 

amplitude and integrated calcium entry of 6.4% ± 2.2 and 4.2% ± 2.2, respectively 

n=3, this difference was not significant (figure 5.2.1). In addition to DHP antagonist 

sensitivity, L-type calcium channel activity can be potentiated by the DHP agonist (-) 

Bay K 8644 (Triggle 2004). To confirm the lack of L-type calcium channels under 

our recording conditions, the effect o f (±) Bay K 86443 was tested. In agreement with 

the observations that nimodipne and nifedipine were ineffective, previous work in our 

lab found that (-) Bay K 8644 at various concentrations (InM to lpM) did not

3 (±) -  Bay K8644 is a mixture of two optical isomers: the (-)-enantiomer has potent calcium channel 
agonist properties, whereas the (+)-enantiomer has weak calcium channel antagonist properties. The 
net activity of the racemic mix is that of the (-)-enatiomer, agonist activity. (Alomone data sheet, 
Triggle and Rampe 1989).
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significantly alter the calcium current (Powell 2000). I repeated part of this 

experiment by measuring calcium currents before and after application of 1 pM (±)- 

Bay K 8644.1 found that the peak current and calcium entry after drug application 

were not significantly different from control. In response to 40ms depolarisations
a  O-l-

peak current and calcium entry were, 511 ± 64pA and 56 ± 6 x 10 Ca ions reduced 

to 506 ± 59 pA and 53 ± 4 x 106 Ca2+ ions, (n = 3) respectively, after application of 

(±)-Bay K 8644 at lpM. (figure 5.2.1).

5.2.1 DHP allosteric modulators do not alter calcium entry.

A. B.

100pA

10ms

250pA

 Control
After application of 10̂ M nifedipine

10ms

Control
After application of 1|iM  Bay K 8644

A. Superfusion o f lOpM nifedipine does not significantly reduce peak current (6.4 ± 2.2%) or calcium 
entry (4.2 ± 2.2%, n = 3). Displayed is a sample current trace before (black) and after (red) drug 
application.
B. Superfusion o f (±)-Bay K 8644 at a concentration o f lpM, did not significantly alter peak current 
(1%) or calcium entry (1%), n = 3. Displayed is a sample current trace before (black) and after (red) 
drug application.

A possible criticism of these experiments is that there is no positive control for 

ensuring activity of the drugs. I should have tested the ability of the drugs to 

block/enhance calcium currents on a cell line or native cell that is known to express 

functional L-type channels (eg cardiac myocytes). However I find it highly unlikely 

that the two drugs I used, nifedipine and (±)-Bay K 8644 and both the drugs 

previously used in the lab, nimodipine and a different batch of (-) Bay K 8644 had all
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degraded before experimentation. Another more pertinent criticism related to this 

experiment is that a key feature associated with DHP block is a strong state 

dependence (Doering and Zamponi 2003). L-type channel block is reportedly 

sensitive to hyperpolarized membrane potentials, with blocking affinity increasing by 

several orders o f magnitude at more depolarised potentials (Kumar et al 2002). 

Therefore we may not have observed a significant effect on calcium currents and 

secretion after DHP application as we hold at a membrane potential o f -80mV. 

Experiments examining the effect of DHP modulators on putative L-type currents 

could have been conducted from a more depolarised holding potential (~-60mV) to 

test this possibility. Despite this we do not believe that L-type calcium channels 

contribute to either the total membrane calcium current or stimulus-coupled 

exocytosis as previous work from the lab has shown that co-CgTx MVIIC (10 pM), 

which blocks N- and P/Q-type calcium channels (Zhang et al. 1993), completely 

abolished both calcium entry and ACm (94 ± 6 and 99 ± 2 % inhibition; n = 3), 

(Powell 2000). These results are in good agreement with the published findings from 

Martha Nowycky’s lab, who report that L-type channels only contribute to a minor 

component o f total calcium current and that secretion is totally blocked by the 

combined application o f selective blockers for N (co-CTX GVIA) and P/Q-type (co- 

Aga IVA) channels (Engisch and Nowycky 1996). They were only able to detect a 

small, but DHP sensitive L-type channel after application of a dopamine receptor 

agonist, SKF-38393. Also the lab o f Arron Fox conclude that L-type channels are 

normally ‘quiesent’ and that combined application o f co-CTX GVIA and co-Aga IVA 

blocks 95% o f calcium currents, the remaining current was insensitive to nitrendipine 

(l-2pM), suggesting that is not carried by an L-type current (Currie and Fox 1997; 

Cunie and Fox 2002). However they perfuse with l-2pM nitrendipine to prevent 

recruitment of an L-type/facilitation channel after strong depolarizing pulses (they 

were stepping to +100mV to assess G-protein inhibition o f channels). This suggests 

that in their and our cultures, the L-type /facilitation channel reported by other groups 

(Artalejo et al. 1994) is normally surreptitious and only contributes significantly to 

current amplitude and secretion after agonist or voltage protocol induced recruitment. 

This may reflect developmental differences in ion channel expression and regulation

132



as reports of a large L-type calcium current that couples efficiently to exocytosis have 

been observed from experiments on calf chromaffin cells (Artalejo et al. 1994), 

whereas we and the labs of Noywecky and Fox record from adult bovine chromaffin 

cells.

5.3 N and P/Q-type calcium channels mediate calcium entry and couple to 

exocytosis.

The observation that co-CTX MVIIC abolished both calcium entry and Cm increases, 

suggests that stimulus-secretion coupling is mediated solely by N- and P/Q-type 

channels in cells under our culture conditions (Powell 2000). To confirm this, the 

effects of selective calcium channel blockers, co-CgTX GVIA (lpM ), to block N-type 

channels (Fox et al. 1987) and co-Aga IVA (300nM), to block P/Q-type channels 

(Mintz et al. 1992; Zhang et al. 1993) were examined. Combined application of these 

toxins inhibited calcium entry by 94.3 ± 1.0 % and inhibited ACm by 93.1 ± 2.3 %, 

n=3 (figure 5.3.1).
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5.3.1 Calcium entry and exocytosis is coupled to N and P/Q-type channels.

A.
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A. Data from a single cell from which 40ms depolarisations were elicited every 25 seconds. The peak 
current (13ms) is plotted before, during and after sequential application of lOpM nifedipine, lpM co- 
CTX GVIA and 300nM co-Aga-IVA.
B. Corresponding current traces from the same experiment at the time indicated by the numbers 
(blue). lOpM nifedipine has little effect on the current amplitude, whereas lpM co-CTX GVIA results 
in around a 50% decrease in current amplitude and 300nM co-Aga-IVA further inhibits the current so 
that after combined application of toxins only ^10% of the current remains. This current could be due 
to unblocked L-type channels (nifedipine was not perfused for the duration of the experiment), 
incomplete block by co-Aga-IVA (time to achieve full block was variable but typically took 5 -  
lOmins). Or perhaps the residual current is mediated by a current resistant to these toxins. R-type 
calcium channels have been reported to contribute to membrane calcium currents in mouse chromaffin 
cells (Albillos et al. 2000).
C. In a separate cell membrane calcium currents (left) and capacitance (right) were monitored after 
sequential application of lpM co-CTX GVIA and 300nM co-Aga-IVA in response to a 200ms 
depolarisation. Combined application of these toxins blocked mean calcium entry by 94.3 ± 1.0 % and 
inhibited ACm by 93.1 ± 2.3 % (n=3).
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5.4 Characterisation of pharmacologically isolated calcium currents

Having established that the majority of calcium entry and stimulus-coupled secretion 

in bovine chromaffin cells is mediated by N and P/Q-type channels, characterisation 

of the isolated channel subtypes was conducted. In response to a 200ms 

depolarisation calcium entry was reduced from 236 ± 24 to 136 ± 21 x 106 Ca2+ ions 

after application of lpM  co-CTX GVIA, n = 9, p = 0.007. Similarly calcium entry 

was reduced from 232 ± 27 to 113 ± 19 x 106 Ca2+ ions n = 6, p = 0.004, after 

application of 300nM co-Aga IVA. It was next determined whether data on both 

channel subtypes could be obtained from each toxin, ie is the current remaining after 

one toxin similar to the subtracted current (determined by subtracting the residual 

current after toxin application from the control current) from the other toxin? To test 

this idea, calcium entry remaining after co-CTX GVIA application was compared to 

calcium entry calculated from the subtracted current from control after application of 

co-Aga IVA and vice versa. This approach is valid since the amount of calcium entry 

before toxin application was similar for both groups. No significant difference was 

found (figure 5.4.1), therefore toxin isolated and toxin subtracted currents were 

summed together for analysis. As there is no significant difference in calcium entry 

between toxin isolated and toxin subtracted currents this is further evidence to 

suggest that calcium entry is mediated solely by N and P/Q-type channels. If an extra 

channel were present one would expect the remaining calcium entry to be 

significantly larger than the subtracted value. Peak current, calcium entry and % 

inactivation evoked from a 200ms depolarisation were then compared for N and P/Q- 

type channels. There was no difference in peak current amplitude, 309 ± 37 pA n =

15 for N-type currents and 310 ± 55 pA n = 15 for P/Q-type currents. Although there 

was a trend towards less calcium entry and increased current inactivation for N-type 

channels over 200ms, this was not found to be significant, p = 0.16 and p = 0.17 

respectively. Calcium entry of 105 ± 10 x 106 Ca2+ ions, n = 15 and 129 ± 14 x 106 

Ca2+ ions, n = 15 for N and P/Q type respectively. Current inactivation of 60.3 ± 

7.2% n= 15 and 47.1 ± 5.9% n = 15 for N and P/Q type respectively.
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5.4.1 Calcium entry evoked from a 200ms depolarisation following application of 

either cd-CTX GVIA or co-Aga IVA.

P/Q-type

200pA

|(n=15)

 Control
 Application of VM w-CTX GVIA

 Subtracted (N-type) current

 Control
 Application of 300nM oi-Aga IVA

Subtracted (P/Q-type) current

I remaining calcium after ra-CTX GVIA 
I subtracted P/Q type calcium after w-Aga IVA 
I remaining calcium after w-Aga IVA 
I subtracted N-type calcium after co-CTX GVIA 
I Combined P/Q-type calcium 
I Combined N-type calcium

I Control co-CTX GVIA group 
■ ■  w-CTX GVIA 1pM 
V ////A  Control m-Aga IVA group 
■ ■  w-Aga IVA 300nM

p = 0.60

160-, <n=9> P/Q-type p = 0.16
p = 0.57 (n=15)

(n=9) N-type

A. Sample currents evoked by a 200ms depolarisation, before (black) and after (red) application of 
1 pM co-CTX GVIA. The pharmacologically sensitive N-type current (wine) was determined by 
subtracting the residual current remaining after toxin application from the control current.
B. Sample currents evoked by a 200ms depolarisation, before (black) and after (wine) application of 
300nM co-Aga IVA. The pharmacologically sensitive P/Q-type current (red) was determined by 
subtracting the residual current remaining after toxin application from the control current.
C. Bar chart depicting the reduction in calcium entry after application of either toxin.
D. Bar chart illustrating that calcium entry occurring from either residual current after application of 
one toxin or the subtracted current from the other current are not significantly different.

A similar approach was taken to compare N and P/Q type currents evoked from 

longer depolarisations (800ms). In response to an 800ms depolarisation calcium 

entry was reduced from 354 ± 40 to 229 ± 39 x 106 Ca2+ ions after application of 

lpM co-CTX GVIA, n = 10, p = 0.04. Similarly calcium entry was reduced from 419 

± 35 to 189 ± 32 x 106 Ca2+ ions n = 6, p = 0.002, after application of 300nM co-Aga
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IVA. Mean calcium entry was 1 5 5 ± 1 9 x l 0 6 Ca2+ ions, n = 16 and 225 ± 25 x 106 

Ca2+ ions, n = 16 for N and P/Q type respectively, the difference was statistically 

significant, p = 0.03 (figure 5.4.2). This suggests that N-type channels undergo 

significantly more inactivation following long depolarisations (800ms), than P/Q-type 

channels, which limits calcium entry. To evaluate this further, the time course for 

inactivation was derived by fitting N or P/Q-type current traces with double 

exponentials. Individual current traces were averaged together for each channel 

subtype and the mean current trace fit with a double exponential (figure 5.4.3). This 

resulted in near identical xi for both N and P/Q-type channels, = 26 ms and 27ms 

respectively. However the second x was considerably different, with a faster time- 

course for N-type channels X2 = 173 ms compared to 302 ms for P/Q-type channels. 

This suggests that both channels share the same fast mode of inactivation; however 

there are channel specific differences in the determinants of the slower mode of 

inactivation (figure 5.4.3). A double exponential fit of the mean control current 

(n=16), yielded a xi of 26 ms and a X2 of 254 ms, which is almost exactly the 

difference between N and P/Q-type currents (X2 = 238ms).
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5.4.2 Calcium entry evoked from an 800ms depolarisation following application 

of either o-CTX GVIA or ©-Aga IVA.

A.
(6) p = 0.002

P/Q-type

N-type

200pAControl

200ms

Control
Application of 300nM co-Aga IVA 
Subtracted (P/Q-type) current

(10) p -  0.04

P/Q-type N-type

Control «-CTX GVIA group 
■ ■ i  «-CTX GVIA 1pM 
V ////A  Control m-Aga GVA group 
■ H o - A g a  IVA 300nM

B.

P/Q-type

N-type 200pA

Control
200ms

Control
Application of 1pM co-CTX GVIA 
Subtracted (N-type) current

D.

2 6

A. Sample currents evoked by an 800ms depolarisation, before (black) and after (wine) application of 
300nM ©-Aga IVA. The pharmacologically sensitive P/Q-type current (red) was determined by 
subtracting the residual current remaining after toxin application from the control current.
B. Sample currents evoked by an 800ms depolarisation, before (black) and after (red) application of 
lpM (o-CTX GVIA. The pharmacologically sensitive N-type current (wine) was determined by 
subtracting the residual current remaining after toxin application from the control current.
C. Bar chart depicting the reduction in calcium entry after application of either toxin. Sample 
numbers are shown in the parenthesis, and the calculated probability shown above the columns.
D. Bar chart illustrating that calcium entry is significantly reduced for N-type channels compared to 
calcium entry through P/Q-type channels. 155 ± 19 x 106 Ca2+ ions, n = 16 and 225 ± 25 x 106 Ca2+ 
ions, n = 16 for N and P/Q type, p = 0.03.

remaining calcium after ra-CTX GVIA 
subtracted P/Q type calcium after m-Aga IVA 
remaining calcium after «>-Aga IVA 
subtracted N-type calcium after ro-CTX GVIA 
Combined P/Q-type calcium 
Combined N-type calcium

(n=l6)

p = 0.82

(n=l0) P/Q-type
p = 0.06

* p = 0.03
<n=16)
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5.43 N-type channels inactivate faster than P/Q-type channels.

Time (ms) Time ("» ) Time (ms)

A. Mean current traces (n=16) for control (At, black), N-type (A2, wine) and P/Q (A3 red).
B. Double exponential fit of mean current traces red line, y = y0 + A^'**1 + A2e'x/t2 . Control (BO, Tj = 
26 ms, x2 = 254 ms, N-type (B2), Tj = 26 ms, x2 = 173 ms, P/Q-type (B3), x, = 27 ms, x2 = 302 ms.

5.5 Inactivation following trains of depolarisations.

Inactivation observed following long, single step depolarisations is a useful way to 

detect differences between channel subtypes, however these are very un- 

physiological stimuli, which a cell would never normally encounter. To assess 

differences in channel subtype inactivation following a more physiological stimulus, 

inactivation was monitored in response to currents evoked by a train of 50, brief 

(10ms) depolarisations delivered at 20Hz. Inactivation was monitored in one of two 

ways, a reduction in peak current, or a reduction in calcium entry. To quantify 

inactivation, the peak current of each pulse in the train was normalized to the 

amplitude of the first pulse, similarly calcium entry was normalized by dividing the 

integrated calcium value (XCa2+) for each pulse by the ZCa2+ entering during the first 

pulse. In both cases residual current remaining after toxin application was analysed 

separately to subtracted currents from the other toxin, as no significant difference was
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observed data from both toxins were grouped together to give a mean value for N and 

P/Q-type currents respectively (figure 5.5.1). Significantly more channel inactivation 

occurred by the end of this train (pulse 50), for N-type channels compared to P/Q- 

type channels. Fractional inactivation, measured as a reduction in peak current 

amplitude or calcium entry was 0.25 ± 0.04, and 0.21± 0.03 n = 10, for N-type 

channels and 0.60 ± 0.05, and 0.58 ± 0.05, n=10 for P/Q-type channels, both tests 

were highly significant, p < 0.001 (figure 5.5.1).

5.5.1 Inactivation induced by a train of brief (10ms) depolarisations.

p = 0.33

c ® o «

—  >_» 
(0 lO

I s
(4) p = 0.28

I residual current after r>-Aga IVA (N-type)
I subtracted current after w-CTX GVIA (N-type) 
I residual current after m-CTX GVIA (P/Q-type)
I Subtracted current after ..-Aga IVA (P/Q-type)

B.

I *  > * — (0 o O <5 M

"5 §

p = 0.48

p = 0.58

I residual current after <>-Aga IVA (N-type)
I subtracted current after m-CTX GVIA (N-type) 
I residual current after o-CTX GVIA (P/Q-type)
I Subtracted current after . i-Aga IVA (P/Q-type)

Cells were stimulated with a train of brief depolarisations, (50 x 10ms, from -80m V to +20mV at 20 
Hz). Fractional inactivation was determined by dividing the peak current or ZCa2+ entry (after 3ms to 
exclude contributions from sodium currents) of each pulse in the train by the peak current or ZCa2+ 
entry of the first pulse. Fractional inactivation is a measure of how much the current inactivates during 
the course of the train.
A & B. Bar charts depicting the amount of fractional inactivation that occurs at the end of the train 
(pulse 50) from toxin isolated currents. There was no significant difference in the degree of 
inactivation for N-type channels whether they were recorded as the residual current left after co-Aga 
IVA application, or whether the current data was derived from subtracting the current remaining after 
application of co-CTX GVIA from the control current. The same was true for P/Q-type current 
inactivation. Sample numbers are shown in the parenthesis, and the calculated probability shown 
above the columns.
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C. Mean fractional inactivation, ± s.e.m at pulse 50 for each channel subtype is plotted. Significantly 
more channel inactivation occurred for N-type channels compared to P/Q-type channels. Fractional 
inactivation, measured as a reduction in peak current amplitude or calcium entry was 0.25 ± 0.04, and 
0.21± 0.03 n = 10, for N-type channels and 0.60 ± 0.05, and 0.58 ± 0.05, n=10 for P/Q-type channels, 
both tests were significant, p < 0.001.
D. Sample current traces for pharmacologically isolated N (wine) and P/Q-type (red) channels.
Shown are the 1st and last (50th) currents in the train.
E & F. Fractional inactivation for each pulse in the train is plotted for N and P/Q-type channels. Each 
point is the mean ± s.e.m n = 10.

5.6 Molecular mechanisms underlying differences in voltage-dependent 

inactivation between N and P/Q-type channels.

Inactivation of calcium channels can occur by either voltage (fast and slow) or 

calcium-dependent processes. Calcium-dependent processes are discussed in detail in 

chapter 6. Here I will discuss some of the literature pertaining to voltage dependent 

inactivation that may account for the difference in inactivation observed for N and 

P/Q-type channels.
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Firstly, intrinsic properties of the two cti pore subunits could underlie the difference 

in inactivation kinetics. N & P/Q-type channels share greater than 70% amino acid 

sequence identity (Catterall 1998), however amino acid differences between channels 

in key sites, or changes introduced by alternative splicing can profoundly affect 

inactivation. Alternative splicing of exon 10 of the P/Q- type a i subunit allows 

insertion of either G or VG residues (Bourinet et al. 1999) . The isoform containing 

V(242i) shows slowed inactivation. Whether bovine chromaffin cell P/Q type channels 

express this insertion is not known.

Inactivation is not only dependent on the a i pore forming subunit, but can be strongly 

influenced by interactions with intracellular proteins and auxiliary subunits, 

especially p subunits (Stotz and Zamponi 2001). Bovine chromaffin cells express 

RNA for at least 5 different p  subunits ( p i b ,  p i c ,  p 2 a ,  P 2 b  &  p 3 a ) -  Recombinant 

expression of these cloned subunits with the (Xib subunit display currents with 

different degrees of inactivation (Cahill et al. 2000). Therefore it is possible that 

different P subunits associate preferentially with N and P/Q-type channels and 

underlie the observed difference in inactivation.

Both N and P/Q-type channels have been shown to interact with SNARE proteins 

such as syntaxin. This interaction increases voltage dependent inactivation 

(Bezprozvanny et al. 1995). The interaction greatly promotes slow inactivation but 

has little or no effect on the onset (or recovery) from fast inactivation (Degtiar et al. 

2000). In expression systems such as the Xenopus oocyte model, co-expression of 

syntaxin with the calcium channel leads to diminished currents from the very 

beginning of the test depolarisation because of decreased availability of calcium 

channels (Degtiar et al. 2000), however in native systems studying endogenous 

expression of SNARES when botulinum C (BoNtCl) is applied to cleave syntaxin, or 

antibodies or peptides introduced to disrupt its function there appears to be little 

effect on the calcium entry. These systems include the squid giant synapse (Marsal et 

al. 1997; Sugimori et al. 1998) and the rat superior cervical gangion neurones 

(Mochida et al. 1995; Mochida et al. 1996). These studies measured the calcium 

current milliseconds after application of a depolarising voltage-clamp, or made 

recordings from the cell body rather than from the presynaptic site where the
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physiological interaction between syntaxin and calcium channels is believed to occur. 

When syntaxin was cleaved by BoNtCl in synaptosomes there was a lack in 

significance on early calcium entry, however calcium currents evoked by persistent or 

repetitive depolarisations uncovered syntaxin modulation of the channel (Bergsman 

and Tsien 2000). These results suggest that modulation of calcium channels by 

syntaxin is unlikely to account for short-term inactivation, however it may be suited 

to control synaptic strength during a strong stimulus. It may be the case that channel 

gating and vesicle turnover may be required to initiate the syntaxin stabilisation of the 

inactivated state in vivo. Further work has shown that although the region of syntaxin 

that binds the synprint site of the channel is important for an anchoring interaction, 

the transmembrane domain of syntaxin is involved in mediating the modulatory 

effects of syntaxin (Bezprozvanny et al. 2000). They have shown by mutagenesis 

that two amino acids (Ala-240 and Val-244) are critical for the channel modulation. 

The effect of these two amino acid substitutions in a native system has not been 

addressed yet.

It is interesting to note that both N and P/Q-type channels have splice isoforms that 

lack the ‘synprint’ (syntaxin binding) site in their domain II-III linker (Rettig et al. 

1996; Kaneko et al. 2002). In the N-type isoform lacking this site, syntaxin is unable 

to bind and the voltage-dependence of inactivation is shifted towards a more 

depolarised potential (Kaneko et al. 2002). One would expect the same observation 

to be valid for the P/Q-type isoform lacking the synprint site and again may underlie 

differences in inactivation if expressed. The voltage-dependence of inactivation was 

assessed for control cells (chapter 4, figure 4.3.1). It would have been prudent for me 

to have repeated those experiments with toxin isolated channels to assess whether the 

steady state inactivation differs between the two channels at the standard holding 

potential of -80mV.

The voltage dependence of activation has been shown to be slight but significantly 

different for toxin isolated channels in bovine chromaffin cells (Currie and Fox

1997). There is a hyperpolarized shift (~7mv) in the peak of the I/V curve for the 

P/Q-type current relative to the N-type current. In my experiments the test potential 

amplitude was not altered after toxin application but would only have had to be
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changed by 3-4mV in either direction to account for the difference in the I/V curve. 

Therefore this error is unlikely to have a large effect on inactivation of evoked 

currents.

5.7 Molecular mechanisms underlying differences in voltage-dependent 

inactivation between N and P/Q-type channels following a train of 

depolarisations.

In response to a 200ms depolarisation inactivation (measured as the reduction of the 

peak current by the end of the pulse) was greater for N-type channels 60.3 ±7.2 % n= 

15 than P/Q-type channels 47.1 ± 5 . 9 % n  = 15 although this was not found to be 

significant (p = 0.17). However as can be seen in figure 5.5.le, in response to a train 

of brief (10ms) depolarisations at 20Hz a significant difference in inactivation occurs 

within the first few pulses (fractional inactivation of 0.81 ± 0.02 and 0.96 ± 0.04, n = 

15, p = 0.004 at pulse 5, for N and P/Q-type channels respectively). The observation 

that inactivation during single step square pulse depolarisations is slower compared to 

trains of action potentials (AP’s) has been described for recombinantly expressed 

channels (Patil et al. 1998). They propose a model where by repetitive depolarisation 

induces a greater amount of cumulative inactivation because channels preferentially 

inactivate from intermediate closed states along the activation pathway (Patil et al.

1998). They also show that N-type channels are more susceptible to cumulative 

inactivation in response to a train of AP’s than P/Q-type channels, and that the 

amount of N-type inactivation is critically dependent on p-subunit expression. 

Recently a splice variant of the N-type channel (exon 18a) which inserts 21 amino 

acids into a region of the II-III domain loop has been shown to protect the channel 

from entering a closed-state inactivation resulting from trains of AP’s (Thaler et al. 

2004). This insertion does not directly alter the synprint motif, however whether 

interaction of syntaxin with the synprint site still occurs or is weakened by addition of 

21 extra amino acids in the close vicinity has not been addressed. This could be 

important as trains of AP’s are more effective than steady depolarisations in 

stabilizing the slow inactivated state mediated by syntaxin (Degtiar et al. 2000).
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Many molecular determinants underlying inactivation appear to be mediated by key 

amino acid residues in numerous different parts of the a i subunit, which are targets 

for alternative splicing. The a is  subunit has been cloned from bovine adrenal 

chromaffin cells (GenBank AF174417), (Cahill et al. 2000). Currently there is no 

available clone for the P/Q-type channel expressed in these cells, although this should 

soon be available (personal communication with Dr J Weiss). It will be interesting to 

compare the sequences encoded by these cloned channels to identify whether key 

sites involved in mediating inactivation eluded from studies of recombinantly 

expressed channels are present or missing.

N and P/Q-type channels have also been shown to be differentially modulated by G 

proteins. Binding of G-protein py subunits directly to the a i subunit shifts gating 

from a ‘willing’, readily opened mode, to a ‘reluctant’ mode of opening (Zamponi 

and Snutch 1998). Facilitation in current amplitude can occur during trains of action 

potentials because at depolarised potentials there is a decrease in the affinity of the py 

channel interaction resulting in disassociation of the Py subunit and relief of 

inhibition. Free py subunits will re-associate with the channel (x < 100ms) at more 

negative potentials shifting the channel back towards a reluctant state. However if 

the frequency of AP firing is fast enough, then py subunits dissociated from one AP 

will not have time to rebind before the next AP and apparent facilitation of current 

amplitude occurs (Catterall 2000). The time constant for dissociation of Py subunits 

differs between the two channel types at physiological membrane voltages (Colecraft 

et al. 2000). Whereas the x for P/Q-type is relatively constant over a wide range of 

voltages (-10-+100mV), the N-type x is significantly slower and only speeds up at 

potentials > +30mV (Colecraft et al. 2000). During a train of depolarisations 

autocrine inhibitors are co-released with neurotransmitter. For example, co-released 

ATP can feed back and inhibit the calcium channels (Currie and Fox 1997; Powell et 

al. 2000). In chromaffin cells not only is the N-type current inhibited twice as much 

as the P/Q-type current by ATP (Currie and Fox 1997), but by stepping to +20mV, a 

degree of inhibition will be lost from Py subunit dissociation from P/Q-type channels 

but not N-type during subsequent pulses in the train. Therefore a greater degree of
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inhibition and less relief from inactivation by activation of G-proteins during a train 

of depolarisations could account for the increased inactivation observed for N-type 

compared to P/Q in response to this train of depolarisations. However I do not 

believe that I have a great degree of current inhibition due to negative feedback on the 

calcium channels by autocrine modulators released during the train as I perfuse at a 

fast rate (typically > 2mls/min), and patch isolated cells. However if a certain 

percentage of channels are tonically inhibited by py subunits at rest then this train of 

depolarisations may induce some relief of inhibition for P/Q-type channels but not for 

N-type, therefore reducing the overall amount of inactivation observed for P/Q-type 

channels. I could have delivered a double pulse consisting of a prepulse to +100mV 

and a test pulse to +20mV to assess whether toxin isolated channels possess any basal 

Py subunit voltage-dependent inhibition, or pretreated cells with pertussis toxin to 

inhibit Gi/o-protein coupled receptors.

5.8 Summary of pharmacologically isolated calcium currents.

Bovine adrenal chromaffin cells express functional P/Q and N-type channels as 

assessed by current block by specific peptide toxins, co-Aga IVA (300nM) and co- 

CTX GVIA (1 pM). I have found no evidence to suggest that they contain a 

functional L-type current (although I did not specifically look to induce an L- 

type/facilitation current by applying agonists or strong depolarizing prepulses), which 

is in accordance with previous work from our lab (Powell 2000) and from the labs of 

Martha Noweycky, (Engisch et al. 1997) and Arron Fox, (Currie and Fox 1997;

Currie and Fox 2002) who conclude that L-type channels are normally quiescent or 

absent in adult bovine chromaffin cells. The rate of inactivation for toxin isolated 

currents could be described with a double exponential time-course. There was no 

difference in the first time constant (tj = 26 or 27 ms), however P/Q-type channels 

displayed a slower second time constant (X2 = 302ms verses 173ms), which 

corresponds to significantly more calcium entering during a long (800ms) 

depolarisation (155± 19x 106 Ca2+ ions, n = 16 and225 ± 25 x 106 Ca2+ ions, n = 16 

for N and P/Q type respectively, p = 0.03). There was also a significant difference in
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the reduction of peak current amplitude and calcium entry between the two channel 

subtypes following a train of brief (10ms) depolarisations at 20Hz.

5.9 Exocytosis evoked by calcium entry through P/Q-type calcium channels is 

more efficient than through N-type calcium channels.

In response to a control 200ms depolarisation, calcium entry of 246 ± 23 Ca2+ ions x 

106, evoked a ACm of 181 ± 20 fF, n = 11. Calcium entry and ACm through 

pharmacologically defined N-type channels (toxin isolated and toxin subtracted) was 

111 ± 14 Ca2+ ions x 106 and 55±14fF,  n=l l .  Calcium entry and ACm through 

pharmacologically defined P/Q-type channels was 135 ± 22 Ca2+ ions x 106 and 125 ± 

28 fF, n=l 1. The difference in the reduction in ACm between N and P/Q-type 

channels was significant (p = 0.04), although the reduction in calcium entry was not. 

Similarly in response to an 800ms depolarisation control calcium entry of 390 ± 29 

Ca2+ ions x 106, evoked a ACm of 549 ±61 fF, n = 14. Calcium entry and ACm
z- ^ I

through pharmacologically defined N-type channels was 158 ± 2 1 x 1 0  Ca ions and 

160 ± 24 fF, n = 14. Calcium entry and ACm through pharmacologically defined P/Q- 

type channels was 231 ± 29 x 106 Ca2+ ions and 390 ±61 fF, n=l 1. The difference in 

the reduction in ACm between N and P/Q-type channels was highly significant (p = 

0.002), and this time there was also a significant difference in calcium entry (p = 

0.05). This suggests that exocytosis is preferentially coupled to P/Q-type channels 

(figure 5.9.1)..
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5.9.1 Exocytosis evoked from calcium entry through N and P/Q-type channels

A, B,

 1-
5000

 1---
1500010000 20000

Time (ms)

A2

E
o<

0 5000 10000 15000 20000

B.

Time (ms)

500pA500pA

50ms 50ms
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Control (sCa2* = 279 Ca2* ions x 10s)
(o-CgTx GVIA (1mM) (iC a2* = 143 Ca2* ions x 106)

A. A control ACm and calcium current evoked from a 200ms depolarisation (black) and the N-type 
ACm and calcium current (wine) are overlaid after application of 300nM co-Aga IVA to block 
contributions from P/Q-type currents. Calcium entry for this example is indicated below the current 
trace. Mean calcium entry and ACm for N-type channels i s l l l ± 1 4 x  106Ca2+ ions and 56 ± 14 fF, 
n=l 1.
B. A control ACm and calcium current evoked from a 200ms depolarisation (black) and the P/Q-type 
ACm and calcium current (red) are overlaid after application of 1 pM co-CTX GVIA to block 
contributions from N-type currents. Calcium entry for this example is indicated below the current 
trace. Mean calcium entry and AC,,, for P/Q-type channels is 135 ± 22 x 106Ca2+ ions and 125 ± 28 fF, 
n=l 1. The difference in the reduction in ACm between N and P/Q-type channels was significant (p = 
0.04), although the reduction in calcium entry was not.
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—  Control (ICa2* = 473 x 10* Ca2* ions) —  Control (ICa2* = 264 Ca2* ions x 10*)
w-Aga IVA (300nM) (iCa2* = 206 x10* Ca2* ions) oj-CgTx GVIA (1mM) (iCa2* = 145 Ca2* ions x 10s)

C. A control ACm and calcium current evoked from an 800ms depolarisation (black) and the N-type 
ACm and calcium current (wine) are overlaid after application of 300nM to-Aga IVA to block 
contributions from P/Q-type currents. Calcium entry for this example is indicated below the current 
trace. Mean calcium entry and ACm for N-type channels is 158 ± 21 x 106Ca2+ ions and 160 ± 24 fF, 
n=14.
D. A control ACm and calcium current evoked from an 800ms depolarisation (black) and the P/Q-type 
ACm and calcium current (red) are overlaid after application of 1 pM co-CTX GVIA to block 
contributions from N-type currents. Calcium entry for this example is indicated below the current 
trace. Mean calcium entry and ACm for P/Q-type channels is 231 ± 29 x 106Ca2+ ions and 390 ± 61 fF, 
n=l 1. The difference in the reduction in ACm between N and P/Q-type channels is highly significant 
(p = 0.002), and there is also a significant difference in calcium entry (p = 0.05).

To quantify whether exocytosis is triggered by preferential calcium entry through 

individual calcium channel subtypes, the mean exocytotic efficiency was calculated. 

Exocytotic efficiency is calculated as ACm/Ca2+ ions x 106. Under control conditions, 

a 200 ms step depolarisation evoked Cm increases with a mean exocytotic efficiency 

of 0.62 +/- 0.07 fF/ x 106 calcium ions, n = 11. The calcium channel toxins exerted 

different effects on the exocytotic efficiency, such that exocytosis evoked by N-type 

channels had a mean exocytotic efficiency of 0.47 +/- 0.1 fF/ x 106 calcium ions, n =

11. In contrast, calcium entry through P/Q-type channels, evoked exocytosis that was 

significantly more efficient than the corresponding calcium entry through N-type
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calcium channels. The mean exocytotic efficiency for P/Q-type channels was 0.80 

+/- 0.1 fF/ x 106 calcium ions, n = 11. This difference in exocytotic efficiency 

between N and P/Q-type channels was statistically significant (p = 0.04). Exocytotic 

efficiency was also significantly greater for P/Q-type channels compared to N-type 

channels, in response to longer (800ms) and shorter (10ms) depolarisations (figure 

5.9.2).

5.9.2 Exocytotic efficiency of N and P/Q-type channels.

Control

10ms 200ms 800ms
(n = 13) (n = 11) (n = 14)

Exocytotic efficiency was calculated as ACn/Ca2+ ions x 106. In response to a 10ms depolarisation 
exocytotic efficiency was 1.31 ± 0.22, for control cells. The exocytotic efficiency was reduced for N- 
type channels, 0.79 ± 0.14, and increased for P/Q-type channels 1.65 ± 0.26, n = 13. The difference 
between N and P/Q-type channels is highly significant, p = 0.007. In response to a 200ms 
depolarisation exocytotic efficiency was 0.62 ± 0.07, for control cells. The exocytotic efficiency was 
reduced for N-type channels, 0.47 ±0.10, and increased for P/Q-type channels 0.80 ± 0.10, n = 11. 
The difference between N and P/Q-type channels is significant, p = 0.04. In response to an 800ms 
depolarisation exocytotic efficiency was 1.37 ±0.17, for control cells. The exocytotic efficiency was 
reduced for N-type channels, 1.03 ±0.17, and increased for P/Q-type channels 1.82 ± 0.23, n = 14. 
The difference between N and P/Q-type channels is significant, p = 0.01.

5.10 P/Q-type channels couple to exocytosis more efficiency than N-type in 

response to a train of depolarisations.

It was next assessed whether exocytosis was preferentially coupled to P/Q-type 

channels in response to a more physiological stimulus. Exocytosis was evoked by a
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train of 10ms depolarisations delivered at 20Hz. ACm was reduced 59.5 % with a 

reduction in calcium entry of 34.1% after application of 300nM co-Aga IVA, p = 

0.04. In contrast application of lpM o-CTX GVIA reduced ACm 3.3% and calcium 

entry 30.3 %. This ACm was not considered significant (figure 5.10.1). Therefore 

P/Q-type channels couple to exocytosis more efficiently than N-type channels in 

response to a train of brief (10ms) depolarisations.

5.10.1 o-Aga-IVA inhibits stimulus-coupled secretion evoked from a train of 

depolarisations more efficiently than o-CTX GVIA.

Mean control trace (n = 4)
M ean trace after application of 300nM w-Aga IVA ( n = 4) 
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A. Mean capacitance trace before (black) and after application if lpM co-CTX GVIA (red). Despite 
reducing calcium entry, (236 ± 39 to 165 ± 36 x 106Ca2+ ions), blocking N-type calcium channels does 
not significantly reduce the cumulative ACm evoked by a train of 50, 10ms depolarisations at 20Hz.
ACm reduced from 150 ± 17 to 145 ±41 fF, n = 4.
B. Mean capacitance trace before (black) and after application of 300nM co-Aga IVA (wine).
Blocking P/Q-type calcium channels does significantly reduce the cumulative ACm evoked by a train of 
50, 10ms depolarisations at 20Hz. ACm reduced from 472 ± 83 to 191 ± 7 fF, n = 4, p = 0.04

It was shown in chapter 4, (figure 4.75) that in control cells exocytosis is related to 

calcium entry with a power <2. It was next investigated whether exocytosis evoked 

by the different channel subtypes retained the same function of integrated calcium 

found for control cells. Plotting the cumulative ACm during a train from a single cell 

against calcium entry before and after toxin application resulted in curves that could 

be using the equation ACm = g * (ACa2+)x. Data from 8 cells (4 before and after
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application of lpM  co-CTX GVIA and 4, before and after application of 300mM co- 

Aga IVA) were fit with the alogarithm. The best fit for control cells before 

application of co-Aga IVA resulted in a mean proportionality constant g = 0.07 and 

power x = 1.56 and after toxin addition this changed to g = 0.002 and x = 2.24, n=4. 

The power value obtained by fitting data from individual cells with the alogarithm 

after toxin application ranged from x = 2.16 to 2.42. The best fit for control cells 

before application of co-CTX GVIA resulted in a mean proportionality constant g = 

0.04 and power x = 1.50 and after toxin this changed to g = 0.13 and x = 1.36, n=4. 

The power value obtained by fitting data from individual cells with the alogarithm 

after toxin application ranged from x = 1.25 to 1.68 (figure 5.10.2). Therefore the 

calcium-dependency of exocytosis is raised for N-type channels compared to P/Q- 

type. This may occur because with long pulses more calcium enters through P/Q- 

type channels compared to N-type channels. Sustained depolarisations will result in 

exocytosis dominated by release from the SRP and release from the SRP may have a 

lower calcium dependency of exocytosis (discussed chapter 4, section 4.2.7). In both 

control groups the first few pulses in the train deviate from the best fit curve and I 

have attributed this to reflect fusion of the IRP, (discussed in section 4.2.4). As can 

be seen in figure 5.10.2, exocytosis triggered by calcium entry through P/Q-type 

channels retains a ‘hump’ that deviates from the best fit line at the start of the train 

whereas ACm evoked by calcium entry through N-type channels does not. This 

implies that P/Q-type channels preferentially couple to the IRP. This was further 

investigated by analyzing data from the pool protocol.

152



5.10.2 The calcium-dependency of exocytosis is raised for N-type channels.

■ Mean control n = 4
•  Mean after application of 300nM co-Aga GVA n = 4
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Cumulative capacitance is plotted against cumulative integrated calcium and fit with the equation ACm 
= g * (ACa2+) \  Data points represent the mean ACm ± s.e.m. The curve was constrained to pass 
through Y = 0 at 0 calcium entry.
A. In control cells (black) the mean proportionality constant g = 0.07 and power x = 1.56, n = 4.
There is a slight deviation from the best fit line at the start of the train. After application of 300nM co- 
Aga-IVA (wine) the power function increases to a mean value x = 2.24, n = 4. There is no longer a 
deviation from the best fit line at the start of the train.
B. In control cells (black) the mean proportionality constant g = 0.04 and power x = 1.50, n = 4.
There is a large deviation from the best fit line at the start of the train. After application of 1 pM co- 
CTX GVIA (red) the power function decreases to a mean value x = 1.36, n = 4. The deviation from 
the best fit line at the start of the train is retained.

Exocytosis was more efficient for P/Q-type than N-type in coupling to secretion in 

response to the pool protocol (6 x 10ms, 4 x 100ms). In control cells the ACm after
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the first 6 (10ms) pulses was 30 ± 7 fF, n = 3, reduced after application of lpM co- 

CTX GVIA to 25 ± 15 fF n = 3. In contrast, control cells had a mean ACm of 65 ± 19 

fF, n =3 reduced after 300nM co-Aga IVA to only 5 ± 3 fF n=3. Similarly the ACm at 

the end of the train was 265 ± 62 fF, n = 3 for control cells, reduced to 242 ± 90 fF 

after application of 1 pM co-CTX GVIA, n = 3 and a ACm of 165 ± 4 fF, n =3 for 

control cells reduced to 60 ± 29 fF after application of 300nM co-Aga IVA, n = 3 

(figure 5.10.3). There is practically no exocytosis in response to the first 6 (10ms) 

depolarisations after P/Q-type channels have been blocked suggesting that P/Q-type 

channels alone mediate release from the IRP.

5.10.3 P/Q-type channels couple more efficiency to exocytosis evoked by the pool

protocol.
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The pool protocol is, 6, 10ms depolarisations with an interpulse interval of 390ms immediately 
followed by 4, 100ms depolarisations with an interpulse interval of 300ms.
A. The mean capacitance trace from 3 cells before (black) and after application of lpM co-CTX GVIA 
(red). The ACm after the first 6 (10ms) pulses was 29 ± 7 fF, n = 3, reduced after application of 1 pM 
cd-CTX GVIA t o 2 5 ±1 5 f F n  = 3. The ACm after pulse 10 was 265 ± 62 fF, n = 3 for control cells, 
reduced to 242 ± 90 fF after application of 1 pM co-CTX GVIA, n = 3.
B. The mean capacitance trace from 3 cells before (black) and after application of 300nM co-Aga IVA 
(wine). The ACm after the first 6 (10ms) pulses was 65 ± 19 fF, n = 3, reduced after application of 
300nM co-Aga IVA to 5 ± 3 fF n = 3. The ACm after pulse 10 was 165 ± 4 fF, n = 3 for control cells, 
reduced to 60 ± 29 fF after application of 1 pM co-CTX GVIA, n = 3.
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5.11 Release from the IRP is more efficient through P/Q-type channels.

In chapter 4 (figure 4.2.5), the double pulse protocol was used to determine the size 

of the IRP. It was not possible to accurately determine the size of the IRP when P/Q- 

type channels were blocked, as the majority of cells failed to evoke a ACm in response 

to the first 10ms pulse. Therefore one can conclude that calcium entry through 14- 

type channels does not couple to the IRP. Also the size of the IRP calculated using 

the double pulse was not significantly different from control after application of co- 

CTX GVIA (38 ± 2 fF n = 4, 3 0 ± 3 f F n  = 4, p = 0.08), indicating that fusion from 

the IRP is mediated solely by P/Q-type channels.

5.12 Discussion of exocytosis experiments.

Unlike fast synapses where calcium channels are thought to very closely associate 

and even physically interact with vesicles, it was traditionally thought that the 

relationship between calcium channels and secretory vesicles in chromaffin cells was 

much looser, with the distance between calcium channels and the majority of vesicles 

much larger (~300nm), (Klingauf and Neher 1997; Neher 1998). However a subset 

of vesicles may well be closer to the channels, as a recent imaging study suggests that 

calcium microdomains selectively trigger release of fusion-competent granules that 

are docked within 300nm (Becherer et al. 2003).

With brief depolarisations, endogenous buffers are believed to spatially restrict 

calcium entry to within lpm of the plasma membrane in chromaffin cells (Marengo 

and Monck 2000; Marengo and Monck 2003). This suggests that only vesicles that 

are fusion-competent and very close to the source of calcium entry will fuse in 

response to a 10ms depolarisation. Such a pool of vesicles has been described as the 

IRP (Horrigan and Bookman 1994; Voets et al. 1999). I find that this pool of vesicles 

is preferentially coupled to P/Q-type channels. This is slightly surprising given the 

results of single channel studies conducted on these cells. Analysis of single channel 

recordings show that N-type calcium channels have a larger conductance and longer 

mean open time than P/Q-type channels (A.D.Powell, unpublished observation). If
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calcium channels and docked, primed vesicles are randomly distributed in the plasma 

membrane one would expect N-type channels to be more efficient than P/Q-type 

channels at evoking stimulus-coupled secretion in response to brief depolarisations. 

As this is not the case, it may suggest that vesicles are able to dock closer to P/Q-type 

channels than N-type, or that P/Q-type channels cluster together, increasing the size 

of the calcium microdomain, or that P/Q-type channels are closer to specific release 

sites in the membrane. There is evidence to suggest that secretion is spatially 

mapped to hot spots of calcium entry in chromaffin cells (Robinson et al. 1995). In 

this study they mapped sites of calcium entry using a pulsed-laser system to sites of 

release determined from amperometric detection of catecholamine secretion. They 

did not use calcium channel toxins to discriminate whether specific channel subtypes 

preferentially couple to this localised secretion. Biochemical studies in 

neuroendocrine cells suggests that SNARE proteins necessary for secretion are 

localised to lipid rafts, maybe allowing spatial regulation of exocytosis (Chamberlain 

et al. 2001). Recently it has been shown that P/Q-type channels co-localise with 

SNARE protein complexes within lipid microdomains in rat brain (Tavema et al. 

2004). Additionally palmitoylation of some proteins results in localization to lipid 

rafts. The 02a subunit is palmitoylated and is present in bovine adrenal chromaffin 

cells (Cahill et al. 2000) and inhibition of palmitoylation by tunicamycin increases 

steady state inactivation in chromaffin cells (Hurley et al. 2000). There is growing 

evidence to suggest that spatial regulation by inclusion or exclusion from lipid rafts is 

an important regulator of exocytosis. Agents that disrupt lipid rafts have been shown 

to inhibit exocytosis (reviewed in Salaun et al. 2004). Therefore in chromaffin cells 

P/Q-type channels may specifically co-localise with the secretory machinery within 

lipid rafts. The co-localisation of SNARE’s and P/Q-type channels in raft domains 

may contribute to the increased exocytotic efficiency observed for P/Q-type channels 

compared to N-type, particularly in response to brief depolarisations.

Other groups may have missed this preferential coupling in response to brief stimuli 

due to the high concentration of extracellular calcium in their recording system (ie 

Lukyanetz and Neher 1999, used 60mM extracellular calcium). With a low 

concentration of extracellular calcium, calcium ions entering through channels distant
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to the vesicles will be effectively sequestered by local endogenous buffers. Only 

vesicles close to the channel will fuse. With high extracellular calcium, calcium ions 

entering through distant channels will saturate local buffers and therefore be able to 

fuse these vesicles. Our observation is in good agreement with another study, which 

used a low concentration of extracellular calcium and concludes that P/Q-type 

channels are coupled more tightly to exocytotic active sites than other channel 

subtypes (Lara et al. 1998).

As pulse duration increases, or during a train of depolarisations, local buffers will 

start to saturate and the calcium gradient will spread from discrete hotspots to a 

ringlike pattern beneath the plasma membrane (Robinson et al. 1995; Marengo and 

Monck 2000; Marengo and Monck 2003). Therefore vesicles, which are further away 

from sites of calcium entry and are fusion-competent, will be able to sense the 

increase in calcium and fuse. In the case of the train of depolarisations, after the first 

few pulses, which deplete the IRP, one would then expect N-type channels to become 

as efficient as P/Q-type channels in evoking release as intracellular calcium levels 

will rise fairly uniformly and vesicles will fuse regardless of whether a more or less 

efficient channel subtype is being activated. Also vesicles from the SRP are likely to 

be released, and the SRP has a lower dependency on calcium than the RRP (Sudhof 

2004). Therefore exocytosis will be less dependent on the site of calcium entry and 

more dependent on total intracellular calcium concentration. However as the train of 

depolarisations progresses or the length of a single step depolarisation increases, N- 

type channel inactivation also significantly increases limiting calcium entry. This is 

observed nicely at the single channel level, with P/Q-type channels flickering open 

and shut for the duration of a long single pulse. N-type channels open at the start of 

the depolarisation, albeit with a longer mean open time, but then rapidly inactivate, 

resulting in very little activity by the end of the pulse (A.D. Powell unpublished 

observation).

Therefore I propose that the enhanced exocytotic efficiency and lowered calcium- 

dependency of exocytosis observed for P/Q-type channels results initially from 

preferential coupling to release sites/fusion-competent vesicles and secondly from a 

slower rate of channel inactivation compared to N-type channels.
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There is a lot of disparity in the literature regarding whether certain subtypes of 

voltage-gated calcium channels preferentially couple to release from chromaffin cells. 

This inconsistency could arise from differences in stimulus paradigms.

The use of particular stimulations are likely to dictate the involvement of a given 

channel subtype in secretion. Stimulations which cause recruitment of channels 

through facilitation or inhibition of channels through inactivation may alter the 

degree to which a channel can couple and participate in eliciting secretion. For 

example (Artalejo et al. 1994) propose that L-type channels couple most efficiently to 

exocytosis in calf chromaffin cells, but in this study the facilitation/L-type channel 

was recruited prior to stimulation by applying a train of depolarizing pre-pulses or 

agents that raise intracellular cAMP. The facilitation channel is normally quiescent in 

calf cells until recruitment (Artalejo et al. 1994) and non-functional or surreptitious in 

adult bovine chromaffin cells (Engisch and Nowycky 1996; Currie and Fox 1997). 

Alternatively, (Lopez et al. 1994), using cultured bovine chromaffin cells propose a 

role for Q and L-type but not N-type channels in secretion. Secretion was induced in 

this study by application of a depolarising high potassium solution for 10 seconds. 

N-type channels inactivate quicker than Q or L-type, therefore their experiments will 

highlight the role of slowly or non-inactivating channels in the participation of 

sustained secretion.

Recording in the voltage clamp configuration has the advantage of allowing us to 

accurately measure calcium influx through voltage-gated calcium channels and to 

relate this calcium influx to the amount of secretion observed. We can also detect 

whether there is a preferential coupling of one channel subtype over the others to 

elicit secretion. However the physiological stimulus to elicit exocytosis is action 

potential (AP) firing. There are many different ionic channels contributing to the size 

and duration of the AP, and some of these conductances are calcium-regulated. It 

may be that certain calcium channel subtypes preferentially spatially couple to these 

calcium-regulated conductances while others are located to specific sites of release.

In voltage clamp experiments only the importance of the latter will be assessed. If 

one was to perform current clamp experiments other channel subtypes may become
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more dominant in regulating secretion, by affecting the duration of the AP. Studies 

have shown that in hippocampal neurones N-type calcium channels are co-localised 

with BK channels and activation of BK channels is only triggered by calcium influx 

through N-type calcium channels and not P/Q-type (Marrion and Tavalin 1998).

5.13 Endocytosis following toxin application.

It was observed following single step depolarisations (particularly 200ms 

depolarisations) that the rate of endocytosis was slowed after toxin (either co-Aga 

IVA or co-CTX GVIA) application (figure 5.9.1). I have previously characterized 

endocytosis in these cells and have shown in agreement with other studies (Neher and 

Marty 1982; Smith and Neher 1997; Engisch and Nowycky 1998) that increasing 

calcium increases the rate of endocytosis (section 4.4). Therefore the reduced rate in 

endocytosis is likely to reflect less calcium entry after toxin application. Previous 

work in our lab has investigated this possibility by reducing calcium entry 

proportionally to the reduction induced by toxin application with cadmium and 

monitoring the rate of endocytosis. These experiments conclude that the calcium 

channel toxins inhibit membrane retrieval to a similar extent as would be predicted by 

a simple reduction in calcium entry (Powell 2000).

However in these experiments cesium-based pipette solutions were used which would 

deplete the cell of intracellular potassium and inhibit clathrin-mediated endocytosis 

(Larkin et al. 1983; Heuser and Anderson 1989; Wu et al. 2001, see figure 4.4.9) 

therefore only examining the contributions of clathrin-independent endocytosis. Key 

regulators of clathrin-mediated endocytosis have been shown to directly interact with 

calcium channels (Chen et al. 2003). Disruption of an endophilin-N-type calcium 

channel interaction significantly reduces endocytosis (Chen et al. 2003). Although 

these authors show biochemically that endophilin is also capable of binding to P/Q- 

type channels the functional consequence of this interaction has not been examined. 

Differences in mediating endocytosis may occur, especially if splice-variants lacking 

the endophillin binding site are expressed in chromaffin cells. Therefore an 

examination of endocytosis after toxin application using pipette solutions permissive

159



to clathrin-mediated endocytosis may result in a preferential coupling between 

membrane retrieval and a particular calcium channel subtype. This possibility has 

not been explored.
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Chapter 6: Molecular mechanisms underlying N-tvpe 
calcium channel inactivation

6.1 Putative mechanisms underlying inactivation.

I have shown in bovine adrenal chromaffin cells that exocytosis is preferentially 

coupled to P/Q-type channels and that N-type channels inactivate quicker and to a 

greater extent than P/Q-type channels (chapter 5). Therefore it was deemed important 

to assess differences in the mechanisms of inactivation between the two channel 

subtypes. Several sites on the a i pore of Cay2 family channels (which include N and 

P/Q-type channels) have been implicated in regulating channel inactivation 

properties. These include regulation by G proteins, protein kinases, SNARE proteins, 

association of different (3 subunits and calcium (see introductory chapter and 

discussion in chapter 5 for review of the literature pertaining to this). Differential 

regulation by one or more of these modulators could result in enhanced inactivation 

of N-type channels and subsequently limit the channels ability to support stimulus- 

coupled secretion. In this chapter I investigate the role of calcium-dependent 

inactivation in mediating the inactivation of the two channel subtypes and explore the 

molecular mechanisms underlying this form of channel regulation.

6.2 Calcium-dependency of inactivation

The calcium-dependency of inactivation of total calcium currents was first examined 

by cation substitution, intracellular dialysis with calcium chelators and by employing 

a double pulse protocol to probe inactivation after long pulses to various membrane 

potentials. A train of depolarisations (50 x 10ms, from — 80mV to +20mV at 20 Hz) 

results in pronounced inactivation. Fractional inactivation was determined by 

dividing the peak of the calcium current of each pulse by the peak calcium current of 

the 1st pulse in the train. In perforated patch control cells the mean inactivation by 

the 50th pulse was 0.45 ± 0.02, n = 20. Equimolar replacement of extracellular
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calcium with barium attenuated the level of fractional inactivation to 0.86 ± 0.03, n = 

3, p < 0.0001 (figure 6.2.1a). Responses to a single 200ms depolarisation show that 

inactivation is quicker in calcium than in barium. % inactivation was derived from 

the following equation, 100-(lEnd/Ipeak)xl00, where lend is the current remaining after 

199ms (1ms from the end of the pulse to avoid contamination from tail currents) and 

Ipeak is the peak amplitude found after 3ms (to avoid contamination from sodium 

currents). Under perforated conditions with extracellular calcium the % inactivation 

over a 200ms depolarisation is 54.4 ± 1.9, n = 43, reduced to 9.2 ± 3.6, n = 6, p < 

0.0001, following equimolar barium replacement (figure 6.2. la). In chapter 3 

(figure3.2.2), I show that replacing calcium with barium induces a lOmV negative 

shift in the I/V relationship. Although the peak amplitude of the current was 

increased, I found no significant difference in the amount of inactivation detected 

from barium currents in response to either single pulses, or trains of depolarisations 

when the step potential was at +20mV (the standard depolarizing potential), 

compared to a step potential of+10mV. Therefore for the remainder of my studies I 

maintained the same step potential (+20mV) regardless of which divalent was being 

employed. In whole cell experiments increasing the concentration of BAPTA in the 

electrode solution from 0.3mM to lOmM decreased fractional inactivation from 0.42 

± 0.03, n = 7 with 0.3mM BAPTA to 0.74 ± 0.03, n = 5 with lOmM BAPTA, p < 

0.0001. Similarly inactivation in response to a single 200ms depolarisation was 

greatly reduced from 45.1 ± 5.5 %, n = 7 for 0.3mM BAPTA to 29.7 ± 1.7, n = 3, p = 

0.04 for lOmM BAPTA. Therefore cation substitution and intracellular dialysis with 

calcium chelators reveal a calcium-dependent component to the inactivation of the 

total calcium current (figure 6.2.1).
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6.2.1 Calcium-dependent inactivation investigated by examining cation 

substitution and intracellular dialysis with calcium chelators.
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Fractional inactivation was determined by dividing the peak current (after 3ms to exclude contributions 
from sodium currents) of each pulse in the train by the peak current of the first pulse. % inactivation is 
a measure of how much the current inactivates during the course of the train. Each point is the mean ±
s.e.m.
A. The left panel shows mean data from the train protocol in the perforated patch configuration with 
either calcium (black) or barium (orange) as the extracellular divalent charge carrier. The mean 
fractional inactivation of the 50th pulse was 0.45 ± 0.02, n =20 for calcium, attenuated to 0.86 ± 0.03 
n=3, p <0.0001 when extracellular calcium was replaced with equimolar barium. The right panel 
shows typical current traces in response to a 200ms depolarisation with calcium, % inactivation 54.4 ± 
1.9, n = 43 (black) or 9.2 ± 3.6, n = 5, p < 0.0001 with barium as the external divalent charge carrier 
(orange).
B. The left panel shows mean data from the train protocol in the whole cell configuration with either 
0.3mM (black) or lOmM (blue) BAPTA in the intracellular pipette solution. The mean fractional 
inactivation of the 50th pulse was 0.42 ± 0.03, n = 7 with 0.3mM intracellular BAPTA, and 0.74 ± 0.03 
with lOmM intracellular BAPTA, n=5. The right panel shows typical current traces in response to a 
200ms depolarisation with 0.3mM BAPTA (black) and lOmM BAPTA (blue). In response to a single 
200ms depolarisation inactivation was greatly reduced with lOmM BAPTA in the patch pipette, % 
inactivation 45.1 ± 5.5, n = 7 for 0.3mM BAPTA and 29.7 ± 1.7, n = 3 for lOmM BAPTA.

Next the voltage dependence of inactivation was investigated. A U-shaped voltage 

dependence of inactivation which parallels calcium entry has been described as a way 

to detect calcium-dependent inactivation (Jones 1999), (although see Patil et al. 1998; 

Gera and Byerly 1999). At strongly depolarised voltages (ie +60mV), the apparent

163



reversal potential for calcium, in these experiments is exceeded and there is no net 

inflow o f calcium (see I/V fig 4.2.1 chapter 4). The fractional inactivation resulting 

from a prepulse to +20mV is 0.36 ± 0.01, n = 3, reduced to 0.52 ± 0.02, n = 3, p = 

0.001 when the prepulse potential is +60mV. Therefore the voltage dependence of 

inactivation parallels calcium entry and provides further support for a calcium- 

dependent component to the inactivation o f calcium channels in bovine adrenal 

chromaffin cells (figure 6.2.2).

6.2.2 Voltage dependence of inactivation after a long prepulse.
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The protocol consists o f applying an 800ms prepulse from a holding potential o f -80m V to a range of 
potentials from -40mV to +60mV, followed a second later by a brief (40ms) test pulse from -80mV to 
+20mV. The top panel shows sample traces (prepulse and corresponding test pulse) in response to a 
prepulse o f either -20m V or +20mV. Fractional inactivation o f the test pulse (compared to a test pulse 
after a prepulse at -40m V) is plotted against the membrane voltage o f the prepulse. The level o f 
inactivation decreases at strongly positive potentials (ie +60mV), therefore decreasing in parallel with 
calcium entry.
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6.3 Calcium-dependency of recovery from inactivation

I have previously shown that recovery from channel inactivation occurs mono- 

exponentially with a t of 3.3 seconds (chapter 3, figure 3.5.2). The calcium 

dependency of recovery from inactivation was next investigated. The group of 

Professor Catterall has monitored the calcium-dependency of recovery of 

recombinantly expressed channels by applying a train of brief test pulses after a long 

inactivating prepulse (Lee et al. 1999; Lee et al. 2000). I used an 800ms prepulse 

from -80mV to + 20mV to completely inactivate all the calcium channels (figure 

6.3.1a and b) followed by a train of 30, 10ms pulses to +20mV. Initially experiments 

were conducted with an interpulse duration of 500ms. However it was noted that full 

recovery was not possible with this protocol, as a steady state inactivation remained 

un-recovered. Under perforated patch recording configuration the mean fractional 

recovery (determined by dividing the peak of each pulse in the train by the peak of 

the prepulse) at the end of the train was 0.65 ± 0.05, n = 6 (figure 6.3.1c). It was 

experimentally observed that an interpulse duration of 2000ms was required before 

full recovery was observed using this protocol (figure 6.3. Id). By simultaneously 

monitoring intracellular calcium levels with the ratiometric dye fura-2, it was noted 

that intracellular calcium was maintained at an elevated level for the duration of the 

protocol when the interpulse duration was 500ms (figure 6.3.1e). Therefore one 

explanation for incomplete recovery could be that maintained, elevated calcium levels 

keep a fraction of the channels inactivated. Alternatively, the steady state 

inactivation observed could be due to slow recovery from voltage dependent 

processes. To investigate this possibility extracellular calcium was replaced with 

barium. (In this case it should be noted that a greater degree of inactivation occurs 

during the 800ms prepulse with calcium). Although there is a difference in the rate of 

recovery at the start of the protocol, the first current had a fractional recovery of 0.23 

±0.03, n = 6 in calcium and 0.59, n = 2 in barium this probably represents recovery 

from the calcium-dependent component of inactivation induced during the prepulse 

as the final pulse fractional inactivation was identical under both conditions, 0.65 ±
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0.05, n = 6 in calcium and 0.65, n = 2 in barium. Therefore it seems more probable 

that slow voltage dependent inactivation (Hering et al. 2000; Degtiar et al. 2000) 

initiated by the 800ms prepulse is the rate limiting factor in determining full recovery. 

Recovery in calcium shows two components, a fast recovery which coincides with a 

fall in cytoplasmic calcium (figure 6.3.1 e&f) and then the same steady state 

inactivation observed with barium. So although a component to recovery is calcium- 

dependent, it seems that relatively high cytosolic levels are required to inhibit or slow 

recovery and that after a long (800ms) prepulse a significant proportion of the 

channels enter a slow voltage inactivated state which is the rate limiting step. In the 

previous studies which used this protocol (Lee et al. 1999; Lee et al. 2000), test 

pulses were delivered at 0.2Hz and recovery monitored over a time period of minutes. 

The calcium channels in my cells completely recover from inactivation within 10 

seconds (chapter 3, figure 3.5.2). This illustrates that protocols designed to test 

channel function in recombinant expression systems cannot automatically be applied 

to studies of native channels in situ, in which the intracellular environment is not as 

easily controlled and many separate processes can feed into the overall process.
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6.3.1 Calcium-dependency of recovery from inactivation.
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A. Recovery protocol, after an 800ms depolarisation to completely inactivate the calcium channels, a 
total of 30, 10ms depolarisations were elicited every 500ms.
B. (left) the 800ms prepulse, (right) traces of the 10ms pulses, the brown trace is the first and therefore 
most inactivated.
C. A plot showing the recovery from inactivation, 100% recovery is not achieved in the time this 
protocol runs for. The fractional recovery at the 30th pulse is 0.65 ± 0.05, n = 6.
D. It was experimentally found that the interval between pulses had to be increased to 2000ms before 
complete recovery was observed. The red horizontal line in C and D indicates full recovery.
E. A typical fura 2 ratio (340/380) trace (I = 500ms), note that an 800ms depolarisation induces a large 
increase in the fura-2 ratio indicative that cytosolic calcium levels have increased in response to this 
stimulus. The trace suggests that intracellular calcium levels then begin to fall, but are kept elevated 
compared to resting for the duration of the protocol. The star indicates the time when the protocol 
finished and the cell was allowed to rest.
F. The calcium dependency of recovery was determined by comparing recovery with either calcium or 
barium as the extracellular divalent charge carrier. Using the protocol with an interpulse interval of 
500ms there is a significant difference between calcium and barium at the start of the recovery train. 
The first current had a fractional recovery of 0.23 ±0.03, n = 6 in calcium and 0.59, n = 2 in barium. 
However by the end of the train in both conditions the final pulse fractional inactivation was identical, 
neither condition resulted in full recovery, 0.65 ± 0.05, n = 6 in calcium and 0.65, n = 2 in barium.
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6.4 N-type channels display robust calcium-dependent inactivation.

Once it had been determined that the total calcium current in bovine adrenal 

chromaffin cells inactivated with a calcium-dependent component, we wanted to 

assess whether the altered rate of inactivation observed between N and P/Q-type 

channels was due to differential sensitivity to calcium-dependent inactivation.

Channel subtypes were pharmacologically isolated using specific toxins (described in 

chapter 5). A train of depolarisations (50 x 10ms, from -80mV to +20mV at 20 Hz) 

was then applied to assess inactivation. Figure 6.4.1 shows that replacing 

extracellular calcium for equimolar barium unmasks a pronounced calcium- 

dependence to the inactivation of N-type currents (mean fractional inactivation at 

pulse 50 of 0.25 ± 0.07, n = 10 in calcium, which was reduced to 0.89 n = 2 in 

barium), in contrast a smaller calcium-dependent component to the inactivation of 

P/Q-type currents is detected (mean fractional inactivation at pulse 50 of 0.60 ± 0.05, 

n = 10 in calcium, reduced to 0.85, n = 2 in barium). N-type channels display rapid 

and pronounced inactivation in response to a single 200ms depolarisation in calcium, 

inactivating 60.3 ± 7.2% n= 15, but are practically non-inactivating in barium, 2.3 % 

n = 2. With P/Q-type channels, the difference in inactivation after changing divalents 

is significant but less severe than that observed with N-type channels. The currents 

inactivated 47.1 ± 5.9 % n = 15 in calcium and 16.2 ± 3.3 %, n = 5, (p = 0.01) in 

barium (figure 6.4.2). This implies that both channels are susceptible to calcium- 

dependent inactivation, but N-type channels display more sensitivity.
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6.4.1 Calcium-dependent inactivation of N and P/Q-type calcium channels in

response to a train of depolarisations.
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A. In response to a train of depolarisations N-type channels display robust inactivation in calcium 
(wine). Mean fractional inactivation at pulse 50 of 0.25 ± 0.04, n = 10, which was reduced to 0.89 n = 
2 when extracellular calcium was replaces with equimolar barium (orange).
B. P/Q-type channels had a mean fractional inactivation at pulse 50 o f 0.60 ± 0.05, n = 10 in calcium 
(red), reduced to 0.85, n = 2 in barium (orange).
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6.4.2 Calcium-dependent inactivation of N and P/Q-type calcium channels in

response to a 200ms depolarisation.
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Shown are sample current traces of N-type channels inactivating in response to a single 200ms 
depolarisation in calcium (wine), or barium (orange), or P/Q-type channels inactivating in calcium 
(red), or barium (green). N-type channels display rapid and pronounced inactivation in calcium, 
inactivating 60.3 ± 7.2% n= 15, but are practically non-inactivating in barium, 2.3 % n = 2. With P/Q- 
type channels currents inactivated 47.1 ± 5.9 % n = 15 in calcium and 16.2 ± 3.3 %, n = 5, (p = 0.01) 
in barium.

6.5 Calcium-dependent inactivation of calcium channels is independent of 

calcineurin.

As there is a pronounced difference in the calcium-dependency of inactivation 

between the two channel subtypes, the molecular mechanisms underlying this were 

investigated. Different mechanisms have been proposed for calcium-dependent
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inactivation of neuronal calcium channels. Although it is apparent that calmodulin 

plays an essential and direct role in initiating calcium-dependent inactivation of L- 

type channels, the evidence for calmodulin mediating the same direct effects on non- 

L-type channels is less conclusive. Calcium-dependent inactivation of L-type 

channels is insensitive to raised intracellular calcium chelators (Peterson et al. 1999). 

As I initially found that raised intracellular BAPTA slowed the rate of inactivation 

(figure 6 .2 .1 ), this suggested that a different mechanism was responsible for calcium- 

dependent inactivation in chromaffin cells. Calcineurin (protein phosphatase 2B), a 

calcium/calmodulin-dependent protein phosphatase has been reported to mediate 

calcium-dependent inactivation of N-type channels inNG108-15 cells (Burley and 

Sihra 2000). However studies in GH3 cells and chick dorsal root ganglion neurones 

argue against a role for calcineurin in mediating calcium-dependent inactivation of N- 

type channels (Zeilhofer et al. 2000). Calcineurin is rapidly activated upon calcium 

entry across neuronal membranes (Sihra et al. 1992) and has been proposed to 

regulate several voltage-gated and ionotrophic ion channels (see Yakel 1997 for 

review). Cyclosporin A is a fungal compound commonly used to inhibit calcineurin 

activity. Cyclosporin A is cell permeable and forms a complex with endogenous 

cyclophilins (Yakel 1997), this complex then binds to and inhibits calcineurin with 

nanomolar affinity. Initially I performed whole cell experiments to determine 

fractional inactivation after a train of depolarisations (50 x 10ms, from -80mV to 

+20mV at 20 Hz) with cells matched from the same culture with or without 15 min 

preincubation with lOOnM cyclosporin A. There was no significant difference 

between control and cyclosporin A treated cells, mean fractional inactivation at pulse 

50 of 0.39 ± 0.02, n = 4 for control and 0.34 ± 0.07, n = 4 for cyclosporin A treated 

cells. Although cyclosporin A is reported to act with nanomolar affinity, I decided to 

increase the concentration to 1 pM and to incubate the cells for > 20 mins before 

patching. Under these conditions cyclosporin A treated cells again failed to produce 

a significant difference from control cells. The mean fractional inactivation at pulse 

50 was 0.47 ± 0.04, n = 11 for control cells, and 0.51 ± 0.03, n = 11 for cell culture 

matched controls (figure 6.5.1). The % inactivation over a 200ms depolarisation was

53.4 ± 5.3, n = 8  for control cells and 57.5 ± 3.5, n = 9 for cells pretreated with

171



cyclosporin A at 1 pM. There was no statistical difference between the peak current 

amplitude or integrated calcium entry values between control and cyclosporin A cells. 

Mean peak current 479 pA ± 63, n = 8 , and 446 pA ± 37, n = 9, integrated calcium 

180 ± 17 x 106  Ca2+ ions and 167 ± 15 x 106 Ca2+ions for control and cyclosporin A 

treated cells respectively.

6.5.1. Cyclosporin A (lpM) does not significantly reduce the level of calcium- 

dependent inactivation.
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On the left is a response to a train of depolarisations, the mean fractional inactivation at pulse 50 was 
0.47 ± 0.04, n = 11 for control cells (black), and 0.51 ± 0.03, n = 11 for cell culture matched cells 
which were preincubated > 20 mins before patching with 1 pM cyclosporin A (red). On the right are 
sample traces in response to single 200ms depolarisations, in control % inactivation 53.4 ± 5.3, n = 8 
(black) and from a cells pretreated with lpM cyclosporin A, % inactivation 57.5 ± 3.5, n = 9 (red).

As cyclosporin A acts as an inhibitor of calcineurin by forming a complex with 

cyclophilins I wondered whether there were firstly endogenous cyclophilins in bovine 

adrenal chromaffin cells and secondly whether the reason I failed to see an effect was 

due to dialysis of cyclophilins out of the cell and up the patch pipette. A literature 

search discovered papers in which the activity of endogenous cyclophilins in bovine

Control n=11
C y c lo sp o r in  A  1pM  (> 2 0  m in s  in cu b a tio n ) n =11
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adrenal chromaffin cells were monitored (Shiraishi et al. 2000) ruling out the first 

possibilty. To address the second concern, I performed perforated patch recordings 

and compared inactivation from a control train with later trains from the same cell 

after addition of lpM  cyclosporin A to the external solution. Under these conditions 

there was no change in the peak amplitude and inactivation actually increased. 

Fractional inactivation at pulse 50 was 0.35 ± 0.01, n = 3 for the control recording 

dropping to 0.27 ± 0.03, n = 3 after 15-20 minutes application of lpM  cyclosporin A, 

this increase was not significant (p = 0.06). This finding is in agreement with two 

other reports in which cyclosporin A was applied to bovine adrenal chromaffin cells 

(Engisch and Nowycky 1998; Chan and Smith 2001), who similarly found a modest, 

yet significant increase in calcium channel inactivation under perforated patch 

conditions. This could imply that calcineurin is important in recovery from 

inactivation. This possibility was not directly tested. Other tools that are commonly 

used to inhibit calcineurin include the immunosuppressant drug FK506 (whose mode 

of action is similar to cyclosporin A), or calcineurin auto-inhibitory peptides (which 

interact with the catalytic core of the calcineurin A subunit), (Yakel 1997). These 

compounds were not tested during the course of my studies. Therefore I cannot 

definitively rule out an involvement of calcineurin, but my findings support previous 

published results and suggest that in chromaffin cells calcineurin is unlikely to be the 

sensor that mediates calcium-dependent inactivation of calcium channels.

6.6 Calmodulin regulation of calcium-dependent inactivation of calcium 

channels

Several groups suggested that calmodulin was the calcium sensor for inactivation of 

L-type calcium channels with calmodulin directly binding to the channel (Peterson et 

al. 1999; Zuhlke et al. 1999). Initially commercial peptides based on the myosin light 

chain kinase binding site on calmodulin were introduced via the patch pipette to 

determine the involvement of calmodulin in calcium-dependent inactivation in 

chromaffin cells (figure 6.61). Calmodulin is an abundant protein reaching 

concentrations of l-10pM in the cell (Saimi and Kung 2002), therefore a saturating
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concentration of 30pM calmodulin inhibitory peptide was dialysed into the cell. Six 

minutes after obtaining access, trains of depolarisations were delivered to assess 

inactivation (6 minutes is predicted to give sufficient time for a 17aa peptide to 

diffuse into the cell from the patch pipette and reach equilibrium. Series resistance in 

these experiments was always less than 10MQ). In response to a train of 

depolarisations the mean fractional inactivation at pulse 50 was 0.42 ± 0.03, n = 7 for 

control cells, and 0.48 ± 0.04, n = 5 for cell culture matched cells which were 

dialysed with 30pM calmodulin inhibitory peptide. The % inactivation over a 200ms 

depolarisation was 45.1 ± 5.5, n = 7 for control cells and 53.4 ± 3.5, n = 5 for cells 

dialysed with 30pM calmodulin inhibitory peptide. The difference between the peak 

current amplitude and integrated calcium entry values between control and cells 

dialysed with calmodulin inhibitory peptide were, peak current 302 pA ± 65, n = 7, 

and 496 pA ± 87, n = 5, integrated calcium values of 125 x 106 Ca2+ ions and 187 x 

106 Ca2+ions, respectively. As mean peak current and integrated calcium values were 

slightly higher for the treated group this could explain the slight but non-statistically 

significant increase in inactivation observed over a 200ms depolarisation from cells 

dialysed with calmodulin inhibitory peptide.
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6.6.1 CaM Inhibitory Peptides (30pM) do not significantly reduce the level of 

calcium-dependent inactivation.

10ms

50m s

+20m V  

-80m  V -

200m s

Control
Control n=7
30nM CaM Inbititory Peptide n=5

300pA

50ms CaM Inhibitory Peptide

Pulse number

On the left is a response to a train of depolarisations, the mean fractional inactivation at pulse 50 was 
0.42 ± 0.03, n = 7 for control cells (black) 6 mins after the whole cell configuration was obtained, and 
0.48 ± 0.04, n = 5 for cell culture matched cells which were dialysed with 30pM calmodulin inhibitory 
peptide for 6 minutes after obtaining access to the cell interior (magenta). On the right are sample 
traces in response to single 200ms depolarisations, in control (black) and from a cell dialysed with 
30pM calmodulin inhibitory peptide (magenta). The % inactivation over a 200ms depolarisation was 
45.1 ± 5.5, n = 7 for control cells and 53.4 ± 3.5, n = 5 for cells dialysed with 30fiM calmodulin 
inhibitory peptide.

The lack of effect of the calmodulin peptide actually adds weight to the argument 

against calcineurin mediating calcium-dependent inactivation, as the calcium- 

dependent activation of calcineurin is dependent upon calcium-calmodulin binding 

(Yakel 1997). By introducing the inhibitory peptide, free calmodulin should 

effectively be sequestered, leaving only calmodulin constitutively associated with 

target proteins (and therefore presumably protected from inhibition) able to respond 

to changes in calcium. Although these experiments fail to demonstrate an effect of the 

inhibitory peptide on calcium-dependent inactivation, a role for calmodulin cannot be 

ruled out if it is constitutively and tightly associated with the channel. Calmodulin 

has been shown to be the calcium sensor for small calcium-activated potassium 

channels and L-type calcium channels despite the absence o f effects by
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pharmacological or peptide inhibitors (Xia et al. 1998; Zuhlke et al. 1999). In these 

studies and others, the role of calmodulin was examined by over-expression of 

dominant mutant forms in which, one, several or all four of the EF calcium binding 

hands were mutated, rendering them incapable of binding calcium.

To test for a role of calmodulin using a dominant negative strategy, plasmids 

encoding either wild type (WT) calmodulin, or a version of calmodulin in which all 

four EF hands were mutated (aspartate to alanine, named 1,2,3,4 CaM) rendering 

them incapable of binding calcium, but able to bind to other target proteins were 

transiently transfected in chromaffin cells (plasmids kind gift from Dr Adelman, the 

Vollam Institute, Portland). Using either electroporation, or liposome based reagents 

like fiigene-6 or lipofectamine 2000 transfection efficiency was very poor (<l-2%).

In contrast adenovirus infection of wild type or mutant calmodulin worked very well 

with greater than 90% of cells infected (adenovirus kind gift of Dr Yue, John 

Hopkins Medical School, Baltimore). Full details of adenovirus construction and 

amplification are described in appendix 2 of this thesis.

6.6.2 Infection of cells with Adenovirus

It was important to assess whether adenoviral infection alone would alter the 

inactivation properties of the calcium channels endogenously expressed 

independently to the effects of the desired protein they are encoded to produce. Cells 

were initially infected with an adenovirus designed only to produce green fluorescent 

protein (GFP) (kind gift from Dr Herbet, University of Leicester). Cells were usually 

infected one day after plating, immediately after exchange of feeding media and the 

virus left in the media until the cells were used. Cells were used 24-72 hrs after 

infection. Positively infected cells were identified by fluorescent microscopy. In 

response to a train of depolarisations the mean fractional inactivation at pulse 50 was 

0.42 ± 0.03, n = 7 for control cells, and 0.46 ± 0.05, n = 4 for culture matched cells 

which had been successfully infected with GFP adenovirus (figure 6.6.3). The % 

inactivation over a 200ms depolarisation was 45.1 ±5.5, n = 7 for control cells and 

51.8 ± 6.6, n = 4 for cells infected with GFP adenovirus, this difference was not
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significant. Therefore adenoviral infection, does not affect channel inactivation 

properties in response to single step or trains of depolarisations.

6.63 Adenovirus infection alone does not affect channel biophysical properties.
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On the left is a response to a train of depolarisations, the mean fractional inactivation at pulse 50 was 
0.42 ± 0.03, n = 7 for control cells (black) and 0.46 ± 0.05, n = 4 for culture matched cells which were 
successfully infected with GFP adenovirus (green). On the right are sample traces in response to 
single 200ms depolarisations, in control (black) and from a cell infected with GFP adenovirus (green). 
The % inactivation over a 200ms depolarisation was 45.1 ± 5.5, n = 7 for control cells and 51.8 ± 6.6, 
n = 4 for cells infected with GFP adenovirus.

6.6.4 The I/V relationship and voltage-dependence of inactivation are not altered 

between WT and Mutant CaM expressing cells.

Before assessing whether over-expression of mutant calmodulin would prevent 

calcium-dependent inactivation, it was first assessed whether the I/V relationship or 

voltage-dependence of inactivation were altered after infection with either the WT or 

mutant calmodulin. There was no shift in the I/V relationship for either virus, peak 

inward current was recorded at +10mV and currents reversed ~ +50mV, which 

matches the relationship observed for uninfected cells (chapter 3, figure 3.2.1). The
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voltage-dependence of inactivation (using barium as the charge carrier) was also 

investigated. In identical experiments to the ones described earlier (chapter 3 , figure 

3.3.1) a Boltzmann fit of the data yielded a V50 of -38 mV for WT expressing cells, n 

= 3 and a Vsoof -38 mV for mutant expressing cells, n = 4. This is identical to the 

V50 value o f -38 mV, n = 5 obtained from uninfected cells.

6.6.4.1 Current voltage relationship and voltage-dependence of inactivation of 

WT and Mutant calmodulin over-expressing cells.

■ WT CaM n = 5
■ Mutant CaM n = 5
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A. I/V relationship for WT (blue) and Mutant (magenta) over-expressing cells. The total membrane 
current in a single cell was evoked every 10 seconds from a holding potential of -80 mV. 50 ms 
duration step depolarisations from -40 mV to +60 mV were applied to the cell in 10 mV increments. 
Plotted is the peak current at each potential normalized to the peak current recorded at +10mV. Data 
points are the mean ± s.e.m, n = 5.
B. The voltage-dependence of inactivation was investigated. After obtaining a peak amplitude test 
current at +20mV with a holding potential of -80mV, the holding potential was raised consecutively 
from -60m V to OmV in lOmV increments every 30seconds. Before each change in membrane holding 
potential a brief (50ms) test depolarisation to +20mV was evoked. The peak current of the test pulse 
was plotted against membrane holding potential and fitted with a Boltzmann sigmodial curve, y = Ar  
A2/ (1 + e (x x0)/dx) + A2. The results are the mean ± s.e.m, n = 3 for WT, n = 4 for mutant.
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6.6.5 Over-expression of WT calmodulin does not significantly alter inactivation.

In response to the standard train of brief (10ms) depolarisations, fractional 

inactivation of die peak current amplitude at pulse 50 for cells over-expressing WT 

calmodulin was 0.44 ± 0.02, n = 26 recorded in the whole cell configuration or 0.39 ± 

0.04, n= 13 recorded in the perforated patch configuration. As these values were not 

significantly different data was pooled together to give a mean value of 0.42 ± 0.02, n 

= 39. This is not significantly greater than the value observed from uninfected cells, 

0.45 ± 0.02, n = 20. Cation replacement experiments reveal that inactivation is 

attenuated to a similar degree as uninfected cells when calcium is replaced by barium. 

Fractional inactivation at pulse 50 of 0.83 ± 0.03, n = 12, and 0.86 ± 0.03, n = 3 for 

WT and uninfected cells respectively (figure 6.6.5.1). In addition to assessing 

fractional inactivation by a reduction in peak current amplitude, integrated calcium 

entry was also measured for each pulse in the train and a fractional inactivation 

derived from dividing the IC a2+ entry per pulse by the IC a2+ entry during the first 

pulse. The amount of fractional inactivation whether it was measured by a reduction 

in peak current amplitude, or by a reduction in calcium entry consistently yielded 

values that were not significantly different from each other. Fractional inactivation at 

pulse 50 for WT cells measured by a reduction in peak current amplitude was 0.42 ± 

0.02, n = 39, whereas a value of 0.39 ± 0.02, n = 39 was derived by calculating the 

reduction in calcium entry per pulse (figure 6.6.5.1). In response to a 200ms 

depolarisation cells infected with WT calmodulin adenovirus inactivated 57.8 ± 2.3%, 

n = 33, which was attenuated to 15.5 ± 5.5 %, n = 8 when barium was used as the 

extracellular divalent (p < 0.0001). There was no statistical difference in the amount 

of inactivation observed by the end of the pulse for cells infected with WT 

calmodulin compared to uninfected cells, 57.8 ± 2.3%, n = 33, and 54.4 ± 1.9%, n = 

43 respectively. However, there was a significant difference in the amplitude of the 

peak current recorded, 391 ±26 pA, n = 33 for WT and 551 ±31 pA, n = 43 for 

uninfected cells (p = 0.0003). This reduction in peak current has previously been 

described when chromaffin cells were infected by semliki-forest virus (Pan et al. 

2002). The molecular mechanisms underlying this are unknown. The decrease in
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current amplitude may be due to reduced production of new channels which normally 

happens to maintain membrane density. This could occur as the protein synthesis 

machinery of the cell is ‘highjacked’ after viral infection to over-express the protein 

of interest and normal protein synthesis may consequently be down-regulated.

Despite this, the biophysical properties (I/V, voltage-dependence and calcium- 

dependent inactivation) of the channels from WT infected cells is indistinguishable 

from uninfected cells suggesting that the channels present after adenoviral infection, 

albeit reduced in membrane density behave identically to uninfected cells (figure 

6.6.5.2). To directly assess whether the reduction in peak current amplitude is due to 

a reduction in channel membrane density, additional experiments could be performed. 

Firstly, surface biotinylation of membrane calcium channels could be conducted and 

subsequent quantitative blot analysis performed. Alternatively it is possible that the 

reduction in peak current does not result from a reduction in membrane channel 

density but from a direct affect on the a i subunit resulting in a smaller unitary 

conductance from individual channels. Single channel recordings could be 

performed to investigate this possibility. Additionally, the magnitude of calcium 

currents is not only determined by the a i pore-forming unit, but can be modulated by 

its association with auxiliary subunits. Perhaps after adenoviral infection and 

production of calmodulin, protein synthesis of these proteins is down-regulated which 

consequentially leads to a reduction in peak current. Indeed Dolphin and co-workers 

have determined that the total complement of (3 subunits in DRG are turned over with 

a half life of around 50hrs (Berrow et al. 1995), and I record from cells 24-72hrs post

infection. In these studies knocking down P-subunits by injection of antisense 

sequences reduced calcium currents by 47%. Quantitative western blotting, or 

immunohistochemistry could be applied to monitor the cellular protein levels of 

P, a28 and y subunits after viral infection. These experiments were not conducted.
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6.6.5.1 Cells over-expressing WT calmodulin inactivate in calcium-dependent 

manner.
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A. Whole cell and perforated patch experiments were initially analysed separately. Fractional 
inactivation at pulse 50, derived from normalizing either peak current amplitude (Al) or calcium entry 
(A2) was 0.44 ± 0.02, n = 26 and 0.40 ± 0.02, n = 26 for whole cell recordings and 0.39 ± 0.04, n = 13 
and 0.36 ± 0.04, n = 13 for perforated recordings. No significant difference was observed in the 
degree of inactivation between recording configurations so channel data was pooled together.
B. The mean fractional inactivation at pulse 50 in calcium (blue) was 0.42 ± 0.02, n = 39 for peak 
currents (B1) and 0.39 ± 0.02, n = 39 for calcium entry (B2), attenuated in barium (orange) to 0.83 ± 
0.03, n =12 and 0.84 ± 0.04, n =12 respectively, p < 0.0001.
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6.6.5.2 WT Calmodulin over-expressing cells inactivate in an identical manner to 
uninfected cells.

Ca2+ Ba2+

Control

200pA

100ms

WT
adenovirus

infected

100ms

Shown are sample current traces from uninfected cells evoked from a 200ms depolarisation with either 
calcium (black), or barium (orange) as the extracellular divalent charge carrier. Currents inactivate 
54.4 ± 1.9%, n = 43 in calcium, which is attenuated to 9.2 ± 3.6%, n = 6, p < 0.0001, in barium. WT 
calmodulin adenovirus infected cells inactivated 57.8 ± 2.3%, n = 33, in calcium (blue), which was 
attenuated to 15.5 ± 5.5 %, n = 8 in barium (orange), p < 0.0001. There is no significant difference 
between uninfected cells and WT calmodulin cells in the I/V relationship, steady-state voltage- 
dependent inactivation, inactivation in response to a train of depolarisations or a single step to +20m V, 
or the magnitude of the calcium-dependent component to channel inactivation.

6.6.6 Over-expression of mutant (1,2,3,4) calmodulin significantly reduces 

calcium-dependent inactivation.

In response to the standard train of brief (10ms) depolarisations, fractional 

inactivation of the peak current amplitude at pulse 50 for cells over-expressing 

mutant calmodulin was 0.69 ± 0.02, n = 18 recorded in the whole cell configuration 

and 0.72 ± 0.05, n= 7 in the perforated patch configuration. As these values were not 

significantly different data was pooled together to give a mean value of 0.70 ± 0.02, n 

= 25. A similar degree of inactivation was detected when calcium entry per pulse
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was normalized, 0.68 ± 0.02, n = 18 recorded in the whole cell configuration and 0.73 

± 0.05, n= 7 recorded in the perforated patch configuration, mean 0.69 ± 0.02, n = 25 

(figure 6.6.6.1). Cation replacement experiments reveal that inactivation is attenuated 

when calcium is replaced by barium, 0.82 ± 0.04, n = 9, p = 0.006. In response to a 

200ms depolarisation cells infected with mutant calmodulin adenovirus inactivated

33.6 ± 2.2%, n = 30, which was attenuated to 19.1 ± 2.0 %, n = 13 when barium was 

used as the extracellular divalent (p = 0.0002).
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6.6.6.1 Over-expression of mutant calmodulin reduces but does not eliminate 

calcium-dependent inactivation.
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A. Whole cell and perforated patch experiments were initially analysed separately. Fractional 
inactivation at pulse 50, derived from normalizing either peak current amplitude (Al) or calcium entry 
(A2) was 0.69± 0.02, n = 18 and 0.680 ± 0.02, n = 18 for whole cell recordings and 0.72 ± 0.05, n = 7 
and 0.73 ± 0.05, n = 7 for perforated recordings. No significant difference was observed in the degree 
of inactivation between recording configurations so channel data was pooled together.
B. The mean fractional inactivation at pulse 50 in calcium (magenta) was 0.70 ± 0.02, n = 25 for peak 
currents (Bl) and 0.69± 0.02, n = 25 for calcium entry (B2), attenuated in barium (orange) to 0.82 ± 
0.04, n =9, p = 0.0006 and 0.83 ± 0.03, n =9, p = 0.0008 respectively.
C. In response to a 200ms depolarisation mutant calmodulin expressing cells inactivate 33.6 ± 2.2%, 
n=30 with calcium (magenta) as the charge carrier attenuated to 19.1 ± 2.0, n = 13 with barium 
(orange), p = 0.0002.
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Significantly less inactivation occurs, measured by either a reduction in peak current 

amplitude or calcium entry in mutant expressing cells compared to WT, p <0.0001 

(figure 6.6.6.2). Similarly in response to 200ms single step depolarisation 

significantly less inactivation occurs in cells expressing mutant calmodulin compared 

to those expressing WT, 33.6 ± 2.2%, n= 30 and 57.8 ± 2.3%, n= 33, p <0.0001 

respectively.

6.6.6.2 Adenovirus mediated over-expression of mutant (1,2,3,4) calmodulin 

significantly reduces calcium-dependent inactivation.
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A. The mean fractional inactivation defined by a reduction in peak currents at pulse 50 was 0.42 ± 
0.02, n = 39 for WT expressing cells (blue) and 0.70 ± 0.02, n = 25 for mutant expressing cells, p 
< 0 .0001 .
B. A. The mean fractional inactivation defined by a reduction in calcium entry at pulse 50 was 0.39 ± 
0.02, n = 39 for WT expressing cells (blue) and 0.69 ± 0.02, n = 25 for mutant expressing cells, p 
< 0 .0001.
C. Sample current traces indicating the 1st (black line) and 50th pulses, (blue for wt, and magenta for 
mutant) in the train. Sodium currents have been clipped for clarity.
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A significant difference is also observed with longer depolarisations. Inactivation

occurring during an 800ms pulse is 86.5 ± 1.9%, n = 20 for WT expressing cells and

71.1 ± 3.4%, n = 18 for mutant expressing cells, p = 0.0002. Significantly more

calcium entered during an 800ms depolarisation, 268 ± 27 x 106Ca2+ ions and 359 ± 
6 2 1 •  •35 x 10 Ca ions, despite having similar peak current amplitudes, 332 ± 28 pA, n = 

20 and 308 ± 36 pA, n = 18 for WT and mutant calmodulin over-expressing cells 

respectively.

6.6.6.3 More calcium enters through cells over-expressing mutant calmodulin in 

response to a long depolarisation.
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A. Sample current traces from WT (blue) and mutant (magenta) calmodulin over-expressing cells.
B. Bar Charts depicting the mean peak current (332 ± 28 pA, n = 20 and 308 ± 36 pA, n = 18 for WT 
and mutant calmodulin over-expressing cells respectively) and calcium entry (268 ± 27 x 106 Ca2+ ions 
n = 20 and 359 ± 35 x 106 Ca2+ ions n = 18 for WT and mutant calmodulin over-expressing cells 
respectively). The difference in calcium entry was statistically significant p = 0.04.
C. Mean current traces are displayed. Inactivation occurring during an 800ms pulse is 86.5 ± 1.9%, n 
= 20 for WT expressing cells and 71.1 ± 3.4%, n = 18 for mutant expressing cells, p = 0.0002.
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Over-expression of WT calmodulin did not significantly increase the amount of 

inactivation observed indicating that in control, normal conditions, calmodulin is not 

limited and able to direct its regulation to all available channels. Likewise, although 

over-expression of the mutant calmodulin significantly reduced inactivation it did not 

completely eliminate it, or reduce it to the level observed when extracellular calcium 

is replaced with barium. Therefore either a second calmodulin-independent pathway 

may be involved in calcium-dependent channel inactivation or the dominant negative 

strategy was incomplete. Calmodulin is an abundant protein, comprising ~ 0.5% of 

brain protein (Saimi and Kung 2002). Mammals contain three genes that encode a 

100% identical calmodulin protein, resulting in a high level of cell expression. It is 

probable that even when over-expressing a large amount of mutant calmodulin 

endogenous calmodulin is still able to compete and bind to the channel. This 

argument can be strengthened further is one envisions a slow turnover rate and 

presuming mutant calmodulin can only bind to a channel that does not already have 

calmodulin pre-associated. Recent studies on L-type channels reveal a 1:1 

stoichiometry of calmodulin binding to the channel (Mori et al. 2004).

The above experiments were conducted on cells which had not been toxin treated to 

isolate the N-type calcium channel. The inactivation observed will contain a 

component from the P/Q-type channel which displays a small amount of calcium- 

dependent inactivation and the mechanism underlying this may not be regulated by 

calmodulin. In fact the mean fractional inactivation of P/Q-type channels was 0.60 ± 

0.05, n = 10 which is comparable to the value of 0.70 ± 0.02, n = 25 for cells not 

treated with toxins but infected with mutant calmodulin adenovirus. Therefore to 

assess properly calmodulin regulation of N-type channels, recordings from 

pharmacologically isolated channels were conducted.

6.6.7 N-type but not P/Q-type channel inactivation is regulated by calmodulin

After pharmacological isolation of P/Q-type channels, fractional inactivation of peak 

currents at the end of a train of depolarisations was 0.63 ± 0.09, n= 5 for WT 

expressing cells and 0.70 ± 0.05, n= 6 for mutant expressing cells. This difference
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was not statistically significant, p = 0.49. The same was true when fractional 

inactivation was derived from normalizing the reduction of calcium entry per pulse, 

0.60 ± 0.09, n= 5 for WT expressing cells and 0.70 ± 0.05, n= 6 for mutant 

expressing cells, p = 0.34. In contrast, after pharmacological isolation of N-type 

channels, fractional inactivation of peak currents in response to a train of 

depolarisations was 0.35 ±  0.07, n= 8 for WT expressing cells and 0.67 ± 0.04, n= 6 

for mutant expressing cells. This difference was highly statistically significant, p = 

0.004. The same was true when fractional inactivation was derived from normalizing 

the reduction of calcium entry per pulse, 0.32 ± 0.07, n= 8 for WT expressing cells 

and 0.67 ± 0.04, n= 6 for mutant expressing cells, p = 0.002. Therefore calmodulin 

mediates calcium-dependent inactivation of N-type channels, but plays little role in 

promoting calcium-dependent inactivation of P/Q-type channels. It may be possible 

that other calcium sensing proteins, which interact with calcium channels could 

mediate the small component of calcium-dependent inactivation observed in P/Q-type 

channels, (Burgoyne et al. 2004).
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6.6.7.1 N-type calcium-dependent inactivation is regulated by calmodulin.
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A l. The mean fractional inactivation of P/Q-type channels defined by a reduction in peak currents at 
pulse 50 was 0.63 ± 0.09, n = 5 for WT expressing cells (blue) and 0.70 ± 0.05, n = 6 for mutant 
expressing cells (magenta), p = 0.49
A2.The mean fractional inactivation o f P/Q-type channels defined by a reduction in calcium entry at 
pulse 50 was 0.60 ± 0.09, n = 5 for WT expressing cells (blue) and 0.70 ± 0.05, n = 6 for mutant 
expressing cells (magenta), p = 0.34.
B l. The mean fractional inactivation o f N-type channels defined by a reduction in peak currents at 
pulse 50 was 0.35 ± 0.07, n = 8 for WT expressing cells (blue) and 0.67 ± 0.04, n = 6 for mutant 
expressing cells (magenta), p = 0.004
B2.The mean fractional inactivation of N-type channels defined by a reduction in calcium entry at 
pulse 50 was 0.32 ± 0.07, n = 8 for WT expressing cells (blue) and 0.67 ± 0.04, n = 6 for mutant 
expressing cells (magenta), p = 0.002.

6.7 Discussion

Calcium-dependent inactivation o f calcium  channels was recognised several decades 

ago, from  a variety o f species and preparations (see Eckert and Chad 1984 fo r a 

review o f early w ork on this subject). In addition to L-type channels, other non-L- 

type calcium  channels have been described as inactivating in a calcium-dependent
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manner. Recently the molecular mechanisms underlying this have started to be 

investigated.

6.7.1 Molecular determinants of calcium-dependent inactivation of P/Q-type 

channels.

In the Calyx of Held within the rat brainstem the P type presynaptic calcium current 

rapidly inactivates through a charge carrier-dependent mechanism, that was most 

pronounced but not specifically dependent on calcium (Forsythe et al. 1998). As the 

physiological divalent is calcium, this type of channel inactivation could be described 

as calcium-dependent. Recombinant studies have since shown that P/Q type channels 

can inactivate in a calcium-dependent manner and that this mode of inactivation is 

dependent on calmodulin (Lee et al. 1999). This study showed that calmodulin can 

bind to a site that shows a strong similarity to a region in the Ca /Calmodulin- 

stimulated adenylyl cyclase type 8 (AC 8) and that Ca2+/calmodulin initiates first a 

calcium-dependent facilitation and then a calcium-dependent inactivation of the 

channel. It was shown that calcium-dependent inactivation but not calcium- 

dependent facilitation was blocked by lOmM EGTA, but both processes were 

blocked by lOmM BAPTA (Lee et al. 2000). This suggests that calcium-dependent 

facilitation is triggered by local calcium, which is intercepted rapidly by BAPTA, 

whereas calcium-dependent inactivation is induced by global calcium elevations, 

which can be removed by the slower calcium chelator EGTA. A molecular basis for 

this could arise from the different calcium binding affinities for the N and C lobes. 

The C-lobe has a 3-5 fold higher affinity for calcium than the N-lobe (Chin and 

Means 2000). Further dissection of the calcium binding domains of calmodulin 

revealed that the N-lobe is responsible for inactivation whereas the C lobe is 

responsible for facilitation (DeMaria et al. 2001), (figure 6.7.1.1).
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6.7.1.1 Model of calcium-dependent facilitation and inactivation of P/Q-type

channels by calmodulin.
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The P/Q-type channel and its C-terminal tail including the EF, IQ and calmodulin binding domain 
(CBD) which resembles a region of Ca2+/calmodulin-stimulated adenylyl cyclase type 8 are illustrated 
schematically. As the exact role of the CBD is not fully understood (calmodulin binding to this region 
is calcium-dependent), this picture depicts calmodulin binding to another unknown site at rest as 
apoCalmodulin is thought to pre-associate with the channel. Following calcium influx, calcium 
binding to the C lobe of calmodulin results in an interaction with the IQ region and induces calcium- 
dependent facilitation of the current. Calcium binding to the N-lobe results in calcium-dependent 
inactivation. In this model the C-lobe is thought to respond preferentially to fast local calcium 
concentration changes and the N-lobe detects slower global concentrations of calcium. Taken from 
(Budde et al. 2002), which itself was adapted from (DeMaria et al. 2001).

6.7.2 Molecular determinants of calcium-dependent inactivation of N-type 

channels.

Whether N-type channels undergo calcium-dependent inactivation was highly 

controversial. Previous studies in sympathetic neurones and of recombinant N type 

channels failed to detect calcium-sensitive inactivation (Patil et al. 1998; Jones et al.

1999) and biochemical methods indicated that apoCalmodulin binding to N-type
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191



channels was either weak (Peterson et al. 1999), or non-existent (Zuhlke et al. 1999). 

However native studies in the dorsal root ganglia (Morad et al. 1988; Cox and Dunlap 

1994) amongst others, favoured a calcium-dependent component to inactivation. In 

contrast to studies on L-type channels, only a few studies have investigated the 

molecular mechanisms underlying calcium-dependent inactivation of N-type 

channels. It has been suggested that calcineurin is implicated (Burley and Sihra

2000), however others argue against this (Zeilhofer et al. 2000), I find no evidence to 

support this theory. A recent study determined using an imaging technique that 

apoCalmodulin was constitutively associated with the N-type channel and 

recombinantly expressed N-type channels could undergo calmodulin mediated 

calcium-dependent inactivation when a concentration of calcium chelator which 

resembled physiological buffering conditions was used (Liang et al. 2003). This last 

observation explains the results from previous studies, as those, which used a low 

concentration of intracellular calcium chelator usually observed calcium-dependent 

inactivation whereas those which used a high concentration usually failed to observe 

this form of inactivation. This implies that there is a fundamental difference in 

channel regulation by calmodulin between the different channel subtypes as calcium- 

dependent inactivation of L-type channels is relatively insensitive to raised calcium 

chelator concentrations. Indeed, the C-lobe of calmodulin is required to mediate 

calcium-dependent inactivation of L-type channels and responds to local calcium (ie 

calcium influx through the individual channel), whereas non-L-type channels require 

the N-lobe to mediate calcium-dependent inactivation in response to a global rise in 

intracellular calcium (Liang et al. 2003), (figure 6.7.2.1). It also explains why 

calcium-dependent inactivation is attenuated in my experiments when lOmM BAPTA 

is included in the patch pipette and why I fail to detect significant calcium-dependent 

inactivation with very short pulses (10ms) where calcium is restricted locally and 

quickly buffered, but detect robust inactivation with trains of depolarisations and long 

(200, or 800ms) depolarisations which would raise cytosolic calcium levels more 

significantly. A good way to test this hypothesis would be to make adenovirus 

carrying just lobe specific mutations of calmodulin. The theory would predict that 

mutations in the N-lobe, rendering it incapable of binding calcium should result in the
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same affect as the ones reported here when the calcium binding sites from both lobes 

have been altered. In contrast, mutations specific to the C-lobe should result in the 

same affects as WT. It is of interest to note that the observation that calcium 

chelators can attenuate calcium-dependent inactivation relates back to the original 

studies in the late 1970’s and early 1980’s on invertebrate neurones, as current 

inactivation was slowed after injection of EGTA (reviewed in Eckert and Chad 

1984). This implies that invertebrate calcium channels are more closely related to 

mammalian Cav2 family, than to the Cavl with calcium-dependent inactivation 

triggered by the N-lobe of calmodulin.

6.7.2.1 Schematic representation of calmodulin lobe-specific calcium-dependent 

inactivation in L-type and non-L-type calcium channels.

L-type Non L-type
Ca Ca Ca Ca

In non-L-type channels calcium-dependent inactivation is mediated by the lower affinity N-terminal 
lobe of calmodulin which responds to summed global rises in intracellular calcium concentration. For 
L-type channels, calcium influx through an individual channel is sufficient to trigger calcium- 
dependent inactivation due to calcium binding to the high affinity C temminal lobe of calmodulin. 
Taken from (Zamponi 2003).

Therefore all HVA calcium channels, L,N,P/Q and also R (not previously 

mentioned), are constitutively associated with apoCalmodulin and able to undergo 

calmodulin-mediated calcium-dependent inactivation.
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6.7.3 Why is calmodulin dependent facilitation and inactivation of P/Q-type

channels not observed?

Two groups have published extensively over the last five years examining the role 

calmodulin plays in mediating calcium-dependent facilitation and inactivation of 

P/Q-type channels (Lee et al. 1999; Lee et al. 2000; Lee et al. 2002; Lee et al. 2003; 

DeMaria et al. 2001; Chaudhuri et al. 2004). These studies have been performed 

solely in recombinant expression systems. Professor Yue’s group use human aiA 

isoforms and have only co-expressed the ffea-subunit (DeMaria et al. 2001; Chaudhuri 

et al. 2004). Professor CateralTs group have exclusively used the rat aiA subunit and 

predominantly use the p2a-subunit, in fact they show that co-expression with a 

different p-subunit, Pib, results in inactivation with minimal calmodulin regulation 

(Lee et al. 1999; Lee et al. 2000; Lee et al. 2002; Lee et al. 2003). Therefore the first 

obvious explanation for the lack of calmodulin regulation of P/Q-type channels in my 

studies could result from differences in the bovine ccia and/or the P-subunits it 

functionally couples to in vivo. In fact the ability of the aiA subunit to alternatively 

splice may be important in determining the degree of calcium-dependent inactivation. 

In general the shorter the C-terminus, the greater the current amplitude and the 

stronger the calcium-dependence of inactivation (reviewed in Jurkat-Rott and 

Lehmann-Horn 2004). C-terminus mobility is essential for the induction of calcium- 

dependent inactivation regulated by calmodulin in L-type channels and is also 

thought to contribute to removing the calcium-calmodulin complex from the inner 

pore and initiating signal transduction through activation of CREB (Kobrinsky et al. 

2003). For both N and P/Q-type channels, exons encoding for distal parts of the C- 

terminus may potentially be spliced out, exons 43, 44 in P/Q-type and exon 46 in N- 

type (Jurkat-Rott and Lehmann-Horn 2004). Professor Yue’s group have recently 

investigated the role of alternative splice variants in exon 37 of the human aiA 

subunit which produce two variants of an EF-hand-like domain, a region implicated 

in calmodulin regulation of these channels (Chaudhuri et al. 2004). This study 

determined that splicing at this site regulates calcium-dependent facilitation but does
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not alter calcium-dependent inactivation. There is evidence to suggest that bovine 

chromaffin cells express at least two splice isoforms of the aiA subunit. 

Immunoprecipitation of the subunit reveals a major polypeptide band of around 

190 kDa and a minor polypeptide band at 220kDa (Weiss and Burgoyne 2001). 

Therefore it would be useful to clone the bovine aiA s expressed and recombinantly 

express them with various p-subunits to determine whether calmodulin-dependent 

regulation can occur. Likewise recombinant studies to investigate the calmodulin- 

dependent inactivation of the cloned bovine a IB with different p-subunits could prove 

insightful in determining the P-subunit specificity of this process.

6.7.4 Putative molecular mechanisms underlying calcium-dependent inactivation 

of P/Q-type channels.

As previously discussed over-expression of a dominant negative mutant calmodulin 

does not significantly reduce calcium-dependent inactivation of P/Q-type channels. It 

is possible that other molecular mechanisms account for the calcium-dependent 

component of inactivation observed with these channels. This regulation could be 

mediated by other calcium sensing proteins (Burgoyne et al. 2004), or by calcium- 

dependent alterations of the cytoskeleton (Budde et al. 2002).

6.7.4.1 Calcium-Binding Protien-1 (CaBPl).

CaBP’s are a family of proteins that are closely related to calmodulin (Haeseleer et al.

2000). CaBPl has recently been shown to competitively bind to the same C-terminal 

region on L-type channels (Cav1.2) as calmodulin (Zhou et al. 2004). In vitro studies 

show that binding of calmodulin and CaBPl to the IQ motif was mutually exclusive 

in that calmodulin could displace CaBPl if it was in excess and vice versa CaBPl 

could displace calmodulin if it was in excess. In contrast to calmodulin binding 

which results in profound calcium-dependent inactivation, CaBPl prolongs calcium 

currents during a train of depolarisations by inhibiting inactivation (Zhou et al. 2004). 

The authors speculate that the suppression of inactivation could result from the N-
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terminal myristoylation of CaBPl (Haynes et al. 2004), that will create an association 

between the C-terminal domain of the channel and the plasma membrane. Therefore 

in cells expressing both calmodulin and CaBPl their relative protein expression 

levels and proximity to channels could lead to calcium currents displaying robust 

calcium-dependent inactivation (all calmodulin associated), or currents that are 

relatively inactivating (all CaBPl associated), the potential for a graded response 

could also be possible. CaBPl has also been shown to bind to P/Q-type channels, 

again to the same site utilized by calmodulin (Lee et al. 2002). However recombinant 

studies co-expressing CaBPl and P/Q-type channels results in different channel 

regulation to the observed affect with L-type channels. CaBPl modulates P/Q-type 

channels by accelerating inactivation in a calcium-independent manner (Lee et al. 

2002). Therefore this protein is unlikely to mediate the effects on P/Q-type currents 

seen in my studies, unless the complement of oti splice isoforms and/or p subunits in 

chromaffin cells is different from those used in the aforementioned recombinant 

study and allows CaBPl regulation of these channels in a manner analogous to its 

regulation of L-type channels. So far CaBPl has only been tested on P/Q-type 

channels containing the p2a-subunit. The functional interaction of CaBPl with the 

calcium channel may depend on specific p-subunits, as recently shown for another 

calcium-binding protein NCS-1 (Rousset et al. 2003).

6.7.4.2 Neuronal Calcium Sensor 1 (NCS-1).

NCS proteins are members of the superfamily of EF-hand binding proteins, which 

include calmodulin and CaBPs, with expression restricted mainly to neurones and 

neuroendocrine cells (for reviews see Burgoyne and Weiss 2001, Hilfiker 2003, 

Burgoyne et al. 2004). A member of this family, NCS1 has been shown to regulate 

different subtypes of calcium channels (discussed in Weiss and Burgoyne 2002), 

although there is disparity within these reports, suggesting that NCS-1 regulation of 

channels is dependent on the co-expression of other proteins.

In chromaffin cells, over-expression of wild type NCS-1 has little effect on calcium 

currents, however over-expression of a dominant negative mutant (mutated in the 3rd
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EF hand) increases calcium currents (Weiss et al. 2000). This is due to the removal 

of a component of autocrine inhibition of P/Q-type channels and requires the activity 

of a src-like tyrosine kinase (Weiss and Burgoyne 2001). It is interesting to note that 

N-type channels in chick DRG and rat hippocampal neurones have a Src-like tyrosine 

kinase constitutively associated with the channel (Richman et al. 2004), but N-type 

channels do not show relief from voltage-independent inactivation when a dominant 

negative mutant of NCS-1 is over-expressed in chromaffin cells (Weiss & Burgoyne

2001). In contrast to the studies in chromaffin cells, experiments in the calyx of Held 

propose a role for NCS-1 in mediating calcium-dependent facilitation of P/Q-type 

channels (Tsujimoto et al. 2002). In this study direct application of recombinant 

NCS-1 protein through the patch pipette leads to a calcium-dependent increase in 

current activation. Facilitation was blocked by application of a C-terminal NCS-1 

peptide. The authors suggest that activity-dependent facilitation of P-type channels 

previously described in the calyx of Held (Forsythe et al. 1998, Cuttle et al. 1998) is 

mediated by residual calcium activating endogenous NCS-1. The difference in 

results between the calyx of Held and chromaffin cells has been argued to result from 

different coupling to G-protein inhibitory pathways (Weiss and Burgoyne 2002). 

Other reports have reported equally diverse effects. In neuroblastoma cells over

expression of WT NCS-1 reduces HVA calcium currents but increases LVA calcium 

currents (Burley et al 2000), whereas those in the Xenopus neuromuscular synapse 

conclude that NCS-1 facilitates N-type calcium channels, presumably by increasing 

the number of functional channels (Wang et al. 2001). In hippocampal neurones 

over-expression of NCS-1 had no effect on the calcium currents (recorded from the 

cell body), (Sippy et al. 2003). Recently results from recombinant studies in Xenopus 

oocytes report that NCS-1 regulation of calcium channels is dependent on the p- 

subunit that is co-expressed (Rousset et al. 2003). They found that when NCS-1 was 

co-expressed either with just the P/Q-type channel, or with the P/Q-type channel and 

the P3 subunit, calcium currents were unaffected. However co-expression with other 

P-subunits (pi,p2,P4) resulted in a marked decrease in calcium current. This reduction 

in current density was attributed to an inhibition of trafficking and membrane 

insertion and not protein synthesis. Additionally they found a slight alteration in
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activation and inactivation parameters when P/Q-type channels were expressed with 

the p2a-subunit and NCS-1. This last study implies that the NCS-1 regulates calcium 

channels primarily by controlling surface expression, however the studies in 

chromaffin cells and the calyx of Held mentioned earlier suggest that calcium- 

dependent direct protein-protein interactions can dynamically regulate P/Q-type 

channels. NCS-1 has not been shown to directly bind to the channels (in L-type 

channels no interaction between NCS-1 and a C-terminal fragment was detected,

Zhou et al. 2004). Whether NCS-1 exerts its affects by direct interactions with the 

calcium channels, reminiscent of calmodulin, or through activation of second 

messengers remains to be examined. However this molecule could explain the small 

degree of calcium-dependent inactivation observed for P/Q-type channels and 

warrants further investigation.

6.7.4.3 Mediation of calcium channel inactivation by calcium-dependent 

regulation of the cytoskeleton.

Observations from numerous neuronal preparations indicate that calcium-dependent 

inactivation of calcium channels is sensitive to the state of the cytoskeleton (reviewed 

in (Budde et al. 2002). This argument centres on the observation that cytoskeletal 

stabilizers dramatically reduce calcium-dependent inactivation of calcium channels. 

The molecular mechanisms underlying this are unclear at present but may involve 

disruption of microtubule and microfilament components by raised intracellular 

calcium. It has been proposed that (3-subunits interact with the cytoskeleton via a Src 

homology 3-guanylate kinase (SH3-GK) domain similar in sequence to membrane- 

associated guanylate kinases (MAGUKs), (see Budde et al. 2002). Recently it has 

been shown that disruption of the SH3-GK module in p-subunits can profoundly 

affect channel inactivation (McGee et al. 2004; Takahashi et al. 2004). Therefore 

disruption of the cytoskeleton may exert an affect on the channel through the p- 

subunit. In support of this hypothesis NMDA receptor channels have been shown to 

be downregulated by calcium-dependent depolymerisation of the channels from the 

actin filaments in hippocampal neurones (Rosenmund and Westbrook 1993), a
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process however that probably involves calmodulin (Zhang et al. 1998; Krupp et al. 

1999). Therefore as cytoskeletal disruption is likely to involve Ca2+/calmodulin then 

this process is unlikely to account for the calcium-dependent component of P/Q-type 

channel inactivation as there was not a significant difference in P/Q-type inactivation 

between cells over-expressing WT or mutant calmodulin.

6.7.5 Could cellular compartmentation underlie the differences in inactivation 

between N and P/Q-type channel?

A different viewpoint is that both channels share the same ability to undergo calcium- 

dependent inactivation with localized calcium buffers dictating the degree of channel 

inhibition. The difference in calcium-dependent regulation could be argued to result 

from preferential localization of P/Q-type channels to calcium buffers. In addition to 

their well described role as generators of ATP mitochondria are capable of 

sequestering calcium, and large numbers of mitochondria are present in synaptic 

terminals. In chromaffin cells inhibition of mitochondria leads to an increase in the 

rate of calcium-dependent channel inactivation, although the rate of inactivation was 

comparable for both P/Q and N-type channels (Hemandez-Guijo et al. 2001). 

However studies in the calyx of Held report that mitochrondrial inhibition does not 

alter inactivation of presynaptic (P-type) calcium currents (Billups and Forsythe 

2002). Alternatively instead of preferential coupling of P/Q-type channels to calcium 

buffers the difference in calcium-dependent inactivation could occur from favoured 

coupling of N-type channels to calcium stores and activation of calcium-induced- 

calcium-release (CICR). Recent results from experiments on PC 12 cells (a tumour 

cell line derived from rat chromaffin cells), reveals that calcium influx specifically 

through N-type channels is amplified by CICR from ryanodine sensitive stores (Tully 

and Treistman 2004). CICR will not only increase the local concentration of calcium, 

but due to the regenerative nature of CICR maintain a raised calcium concentration 

for longer. Ryanodine receptors have been found on the extensions of the 

endoplasmic reticulum that are in very close apposition to the cell membrane 

(Berridge 1998). Therefore a co-localisation and specific activation of CICR by N-
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type channels could occur. Indeed close localization would be required to initiate 

CICR as elevations in calcium in the micromolar range are required to activate 

ryanodine receptors (Fill and Copello 2002). Such a concentration would occur 

within a microdomain surrounding calcium channels, with neither calcium entry from 

distant channels or residual calcium creating the required concentration for ryanodine 

channel activation. Functional co-localisation of ryanodine receptors, N-type calcium 

channels and BK channels has been described in bullfrog sympathetic neurones 

(Akita and Kuba 2000). Additional functional coupling of calcium channels to other 

processes that influence local calcium concentrations, such as extrusion by Ca2+- 

ATPases or store-operated capacitative calcium entry may also exist.

6.7.6 Other channels regulated by calmodulin.

Diverse ion channels from a wide range of species from yeast to man use calmodulin 

as either a constitutively bound or dissociable calcium-sensing regulator of channel 

function. The list includes, cyclic nucleotide-gated channels, NMDA receptors, 

ryanodine and ionositol 1,4,5 triphosphate receptors, small and intermediate calcium- 

activated calcium channels, transient receptor potential channel family members, 

connexons (gap junctions) and human EAG potassium channels (Saimi and Kung

2002). I will not attempt to review the literature pertaining to this, however it should 

be noted that studies investigating the molecular regulation by calmodulin from one 

channel can be useful in examining its properties on another channel type. Briefly, 

studies in Paramecium initially discovered that mutations in the C-lobe lead to an 

increase in excitability, whereas mutants in the N-lobe resulted in a reduction in 

excitability (discussed in Saimi and Kung 2002). This suggested that different lobes 

of the same molecule could mediate opposite functions. Recently the ability of 

calmodulin to display functional bipartition with respect to its lobes has been shown 

again with its regulation of mammalian P/Q-type calcium channels (Lee et al. 1999; 

Lee et al. 2000; DeMaria et al. 2001). Furthermore, several practical approaches 

(namely the use of dominant negative mutants in lor more of the EF calcium binding 

hands) initially used to detect calmodulin regulation of small conductance potassium
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channels (Xia et al. 1998) have been successfully applied to determine a role of 

calmodulin in regulating different calcium channel subtypes (Zuhlke et al. 1999; 

Peterson et al. 1999; Lee et al. 1999; Liang et al. 2003).

6.8 Conclusions

In this chapter I have shown that the whole cell calcium current in bovine adrenal 

chromaffin cells is regulated by calcium. The calcium-dependence of this inactivation 

was investigated in perforated patch experiments by equimolar replacement of 

extracellular calcium with barium, or in whole cell experiments by increasing the 

concentration of BAPTA in the electrode solution from 0.3mM to lOmM. Channels 

were pharmacologically isolated to assess whether both subtypes possessed the same 

degree of calcium-mediated inactivation. The pharmacologically isolated N type 

channels displayed significantly more profound sensitivity to calcium.

The molecular mechanisms underlying this effect were then investigated.

Inhibiting calcinuerin by 20 mins preincubation with lpM  cyclosporin A or by 

introducing 30pM calmodulin inhibitory peptides through the patch pipette did not 

significantly reduce the level of calcium-dependent inactivation. In contrast, 

adenoviral mediated expression of a mutant calmodulin deficient in calcium binding 

resulted in a highly significant reduction in inactivation. N-type channel inactivation 

was significantly reduced with over-expression of a dominant mutant calmodulin 

whereas P/Q-type inactivation was not. This is the first time that calmodulin has 

been shown to regulate endogenously expressed non-L-type calcium channels.

Taken together, these results are consistent with calmodulin acting directly to control 

N-type channel inactivation in adrenal chromaffin cells and could account for the 

reduced exocytotic efficiency observed with these channels during intense 

stimulation.
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Chapter 7. Calmodulin regulation of stimulus-coupled
secretion.

Calmodulin is not thought to be the calcium sensor that triggers calcium-dependent 

exocytosis, distinct from its proposed role as a primary calcium sensor mediating 

homotypic fusion of early endosomes and yeast vacuoles (Burgoyne and Clague

2003). However there is growing evidence to suggest that it may play important 

regulatory or modulatory roles in this process. The number of different proteins 

implicated in exocytosis and endocytosis with which calmodulin has been reported to 

interact with is considerable. At present, the importance of these interactions and the 

extent to which calmodulin can modulate neurotransmitter release remains to be fully 

characterized. In this chapter I describe how over-expression of WT, or mutant 

calmodulin affects calcium-dependent exocytosis and endocytosis from bovine 

adrenal chromaffin cells.

7.1 Exocytosis evoked by a 200ms depolarisation.

Unless specifically stated otherwise, all secretion data presented in this chapter results 

from recordings in the perforated patch configuration. Initially exocytosis evoked 

from a 200ms depolarisation was characterized. WT infected cells had a mean ACm 

of 107 ± 37 fF, and a mean calcium entry of 179 ± 16 x 106 Ca2+ ions, n = 6. This 

was not significantly higher than the corresponding ACm and calcium entry from cells 

over-expressing mutant calmodulin, 89 ± 22 fF and 156 ± 18 x 106 Ca2+ ions n = 7, 

respectively. Cells infected with either virus evoked less exocytosis to the 200ms 

stimulus than non-infected cells, ACm of 169 ± 17 fF, n = 38 (figure 4.7.2), however, 

this can be explained by the reduction in calcium entry observed after viral infection 

(section 6.6.5).

202



7.1.1. Mean capacitance traces for cells over-expressing WT, or mutant 

calmodulin.
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A. For cells over-expressing WT calmodulin the mean ACm resulting from a 200ms depolarisation was 
107 ± 37 IF, with a mean calcium entry of 179 ± 16 x 106Ca2+ ions, n = 6 . Shown is the average 
capacitance trace (blue).
B. For cells over-expressing mutant calmodulin the mean ACm resulting from a 200ms depolarisation 
was 89 ± 22 fF, with a mean calcium entry of 156 ± 18 x 106 Ca2+ ions, n = 7. Shown is the average 
capacitance trace (magenta).

7.1.2. Asynchronous secretion.

In chapter 4 it was observed that exocytosis evoked by a 200ms depolarisation that 

cells displayed an increase in asynchronous capacitance post-stimulus (22 out of 41). 

The ACm measured 1 second post-stimulus was defined as post-stimulus drift (PSD), 

and could be positive for cells displaying asynchronous release, or negative for cells 

in which endocytosis predominated immediately following the exocytotic burst. The 

direction and magnitude of the PSD was related to calcium influx. Cells displaying a
A A i

positive PSD had a mean calcium entry of 190 ± 16 x 10 Ca ions n = 22, whereas 

cells displaying a negative PSD had mean calcium entry of 262 ± 23 x 106 Ca2+ ions 

n = 19. This effect was significant, p = 0.01 (figure 4.9.2D). With cells infected with 

either WT or mutant calmodulin asynchronous secretion (positive PSD) was observed
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in 5/6 and 5/7 cells respectively. A scatter plot of the size and direction of the 

measured PSD 1 second post-stimulus against calcium entry indicates that there were 

no obvious differences between WT and mutant infected cells. The observation that 

the majority of cells display a positive PSD is in agreement with previous results 

from uninfected cells, as the mean calcium entry for WT and mutant cells was 179 ± 

16 x 106 Ca2+ ions, n = 6 and 156 ± 18 x 106 Ca2+ ions n = 7, respectively, which is 

similar to the mean calcium entry of uninfected cells that displayed a positive PSD, 

190 ± 16 x 106Ca2+ ions, n = 22.

7.13 Asynchronous release from virally infected cells
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PSD, (the ACm 1 second post-stimulus), is plotted against calcium entry. In relation to the size and 
direction of the PSD after a 200ms depolarisation cells infected with WT or mutant calmodulin behave 
in a manner predicted from previous studies on uninfected cells.

However a recent study has suggested that adenoviral infection leads to an increase in 

asynchronous secretion (Thiagarajan et al. 2004). The molecular mechanism(s) 

underlying this were not determined, although the authors conclude that it is not due 

to viral infection altering endocytosis or resting calcium homeostasis. In uninfected 

cells displaying asynchronous secretion, the peak increase in capacitance occurred 0.5
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to 1.5 seconds post-stimulus, before membrane retrieval predominated, and 

capacitance decreased through endocytotic mechanisms. Therefore I arbitrarily 

measured capacitance 1 second post-stimulus. It was noted however that in some 

cells infected with adenovirus post-stimulus asynchronous secretion continued for 

several seconds. This was observed for both WT and mutant infected cells 

suggesting a specific affect of viral infection rather than virally-driven gene
^ I

expression of calmodulin and an explicit role for Ca /calmodulin in mediating 

asynchronous release. The mechanism underlying this increase in asynchronous 

secretion after viral infection is not known but could result from a signalling cascade 

activated by viral capsid binding to cell surface receptors and/or trafficking of the 

virus within the endocytotic pathway.
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7.1.4 Longer asynchronous secretion was occasionally detected from virally 

infected cells.

A. 1 sec
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In contrast to uninfected cells, where asynchronous release was temporally restricted to < 1.5 seconds, 
virally infected cells occasionally displayed longer asynchronous secretion lasting for several seconds.
A. Two capacitance traces evoked by a 200ms depolarisation from cells infected with WT calmodulin 
adenovirus (blue). One trace exhibits a peak increase in asynchronous secretion within 1 second post
stimulus similar to uninfected cells, whilst the other displays asynchronous secretion lasting several 
seconds.
B. Two capacitance traces evoked by a 200ms depolarisation from cells infected with mutant 
calmodulin adenovirus (magenta). One trace exhibits a peak increase in asynchronous secretion within 
1 second post-stimulus similar to uninfected cells, whilst the other displays asynchronous secretion 
lasting several seconds.
The molecular mechanism(s) underlying the increase in asynchronous duration is unknown.
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7.2 Calcium-dependency of exocytosis.

In chapter 4, exocytosis was described as a simple transfer function of summed 

calcium. Individual ACm could be plotted against calcium entry and fit with an 

allometric function. These results were in good agreement with the published 

findings of (Engisch and Nowycky 1996) and suggest that regulated exocytosis is 

related to calcium entry with a power < 2. Plotting the ACm of 40,100,200 and 800ms 

pulses against calcium entry resulted in a curve that could be fit using the equation 

ACm = g * (ACa2+) \  With cells infected with WT calmodulin adenovirus data from 6 

cells was plotted and the best fit was obtained with a proportionality constant g = 0.04 

and power x = 1.58. With cells infected with mutant calmodulin adenovirus data 

from 7 cells was plotted and the best fit was obtained with a proportionality constant 

g = 0.04 and power x = 1.54 (figure 7.2.1). This is almost identical to the 

proportionality constant g = 0.05 and power x = 1.51 derived from fitting data from 

14 uninfected cells (figure 4.1.4). The same data plotted on logarithmic coordinates 

could be fit with a linear regression suggesting that regulated exocytosis is not altered 

by either virus and is related to calcium entry with a power <2.
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7.2.1 Stimulus-coupled exocytosis is a second order function of calcium entry.
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ACm evoked by 40,100,200 & 800ms pulses is plotted against calcium entry and fit using the equation 
ACm = g * (ACa2+) \  The curve was constrained to pass through Y = 0 at 0 calcium entry.
Ai. Data derived from WT infected cells was best fit with a proportionality constant g = 0.04 and 
power x = 1.58.
A2. Plot of the same data in (Ai) on logarithmic coordinates, and fit with a straight line r = 0.78, p < 
0 .0001.

Data derived from mutant infected cells was best fit with a proportionality constant g = 0.04 and 
power x = 1.54.
B2. Plot of the same data in (B0 on logarithmic coordinates, and fit with a straight line r = 0.87, p < 
0 .0001.

By normalizing the amount of exocytosis for each duration to the amount of calcium 

entering, the efficacy of calcium-secretion coupling can be assessed. Exocytotic 

efficiency is not significantly different between WT and mutant calmodulin over

expressing cells for pulses ranging in length from 200ms to 800ms in duration, 

however with shorter length pulses, cells infected with mutant calmodulin adenovirus 

were less efficient at evoking exocytosis than WT infected cells (figure 7.2.2).
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7.2.2 Exocytotic efficiency of cells over-expressing WT or mutant calmodulin.

mm\Nj 
1 I Mutant

40ms 100ms 200ms 800ms

Exocytotic efficiency was derived by dividing ACm by calcium entry per pulse. Displayed is a bar 
chart of exocytotic efficiency for 40, 100, 200 and 800ms depolarisations from cells expressing either 
WT (blue), or mutant (magenta) calmodulin. Sample numbers for each condition are shown above in 
the parenthesis. Exocytotic efficiency at 40ms was calculated as 0.71 ± 0.2, n = 4 and 0.28 ± 0.14, n = 
5 for WT and mutant respectively, this was considered not quite significant, p = 0.1. Exocytotic 
efficiency at 100ms was calculated as 0.75 ± 0.16, n = 5 and 0.30 ± 0.03, n = 7 for WT and mutant 
respectively, this difference was statistically significant, p = 0.0008. With longer depolarisations 
exocytotic efficiency was equivocal for WT and mutant expressing cells. Exocytotic efficiency at 
200ms was calculated as 0.55 ± 0.18, n = 6 and 0.55 ± 0.13, n = 7 for WT and mutant respectively. 
Exocytotic efficiency at 800ms was calculated as 1.01 ± 0.25, n = 6 and 1.17 ± 0.28, n = 6 for WT and 
mutant respectively.

The reduction in exocytotic efficiency with shorter depolarisations implies that the 

dominant negative mutant calmodulin could differentially affect fusion from different 

pools of vesicles. Release from the SRP, which will dominate exocytosis in response 

to long (>200ms) pulses may not be affected by over-expression of mutant 

calmodulin, but it could affect release from the IRP, and/or remainder of the RRP.

To examine this possibility the size of the IRP/RRP from either WT or mutant 

calmodulin expressing cells was estimated using the double pulse protocol (see 

section 4.2.5). Two 10ms depolarisations were elicited and the size of the IRP 

determined using the following equation:

Bm„ = S / (1-R2)
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Where S represents the capacitance sum of the first (ACmi) and second (ACni2 ), and R 

is the ratio ACm2/ACmi (Gillis et al 1996). The upper limit of the pool size is assumed 

to be the value derived for BmaX. These experiments were conducted in both the 

perforated patch configuration and the whole cell configuration. In whole cell 

experiments secretion data is limited to the very first stimulus only, to prevent 

distortion of results due to dialysis of cytoplasmic factors necessary for maintaining 

pool sizes. For WT calmodulin over-expressing cells the size of the IRP calculated in 

the perforated patch configuration was 55 ± 30 fF, n= 7 and 61±17fF,  n = 8 

recorded in the whole cell configuration. This gave a total mean value of 58 ± 17 fF, 

n = 15. It was not possible to calculate the size of the IRP from 4 cells (1 perforated,

3 whole cell), as the ratio ACm2/ACmi was > 0.7 and therefore one can not assume 

sufficient pool depletion invalidating this use of this test (Gillis et al 1996). For 

mutant calmodulin over-expressing cells the size of the IRP calculated in the 

perforated patch configuration was 18 ± 10 fF, n= 8 and l l ± 3 f F ,  n = 1 0  recorded in 

the whole cell configuration. This gave a total mean value of 14 ± 5 fF, n = 18. It 

was not possible to calculate the size of the IRP from 3 cells (all whole cell), as the 

ratio ACm2/ACmi was > 0.7. The difference in the size of the IRP for WT and mutant 

calmodulin over-expressing cells was significant, p = 0.01. When the pulse duration 

was increased to 100ms to determine the size of the RRP (Gillis et al. 1996; Voets et 

al. 1999), the mean size for WT calmodulin over-expressing cells was 210 ± 84 fF, n 

= 6 and 80 ± 20 fF, n = 6 for mutant calmodulin over-expressing cells. This 

difference was not significant, p = 0.1 (figure 7.2.3). However 5 out of the 11 WT 

and 6 out of the 12 mutant calmodulin over-expressing cells were discarded from 

analysis as the ratio ACWACmi was > 0.7. I believe if I had extended the pulse 

duration to 150ms I would have depleted the pool sufficiently to have been able to 

include these cells in this test and would have detected a significant difference in the 

size of the RRP. An alternative way in which to measure the size of the RRP is by 

using flash photolysis of caged calcium (Heinemann et al. 1994). In such 

experiments calcium channels are bypassed and cytoplasmic calcium raised 

uniformly. This leads to a change in exocytosis with several kinetic components.

The fast burst is thought to reflect release of vesicles from the RRP (ie fusion
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competent vesicles requiring ju s t a rise in intracellular calcium fo r release). The slow 

burst represents a m ixture o f release from  the SRP, re fillin g  o f the RRP and 

contamination from  endocytosis (Voets et al. 1999). I f  1 were to conduct flash 

photolysis experiments I would predict that the size o f the fast burst would be smaller 

fo r cells over-expressing mutant calmodulin compared to those over-expressing W T 

calmodulin or uninfected cells. Another advantage o f this technique is that it assesses 

the role o f calm odulin in modulating the secretory machinery completely 

independently o f its regulation o f calcium channels.

7.2.3 Determining the size of the IRP and RRP.
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A. Sample capacitance traces of either WT (blue), or mutant (magenta) calmodulin over-expressing 
cells in response to a either a double 10ms (left), or double 100ms (right) pulse.
B. Bar chart of the mean size of the IRP and RRP. For WT calmodulin over-expressing cells (blue) 
the size of the IRP was 58 ± 17 fF, n = 15 and the RRP was 210 ± 84 fF, n = 6 . For mutant calmodulin 
over-expressing cells (magenta) the size of the IRP was 14.3 ± 4.6fF, n = 18, and the RRP was 80 ± 20 
fF, n = 6 . The difference between pool size for the IRP was statistically significant p = 0.01, however 
the difference in the size of the RRP failed to reach significance p = 0.1.
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With the pool protocol (6, 10ms depolarisations followed by 4, 100ms 

depolarisations), the 10ms stimuli will result in a ACm that reflects fusion of the IRP, 

the further 4 longer pulses result in a second bout of secretion which reflects the 

fusion of the remainder of the RRP and a fraction of the SRP (Voets, Moser et al.

2001). With cells over-expressing WT calmodulin the cumulative ACm recorded at 

pulses 1, 6 and 10 were 25 ± 14 fF, 87 ± 41 fF and 438 ± 82 fF, n = 7 for perforated 

patch recordings and 32 ± 8 fF, 106 ± 32 fF and 498 ± 122 fF, n = 12, for whole cell 

recordings giving a total mean cumulative ACm of 29 ± 7 fF, 99 ± 25 fF and 476 ±81 

fF, n = 19. With cells over-expressing mutant calmodulin the cumulative ACm 

recorded at pulses 1, 6 and 10 were 8 ± 3 fF, 34 ± 19 fF and 268 ± 75 fF, n = 8 for 

perforated patch recordings and 8 ± 2 fF, 25 ± 5 fF and 498 ± 95 fF, n = 13, for whole 

cell recordings giving a total mean cumulative ACm of 8 ± 2 fF, 28 ± 8 fF and 398 ± 

68 fF, n = 21. The difference in the cumulative ACm at pulses 1 and 6 between WT 

and mutant calmodulin over-expressing cells was highly significant, p = 0.004 and p 

= 0.007. The difference in cumulative ACm was not significant at pulse 10, p = 0.46. 

The difference in the cumulative ACm at pulses 1 and 6 was not due to a significant 

difference in calcium entry. Integrated calcium entry was 12 ± 1 and 9.0 ± 2 x 106 

Ca2+ ions, for WT and mutant over-expressing cells respectively at pulse 1, and 

cumulative calcium entry of 63 ± 6.4 and 52 ± 8 x 106 Ca2+ ions at pulse 6 (figure 

7.2.4).
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7.2.4 Analysis of calmodulin regulation of exocytosis in response to the pool 

protocol.
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The protocol is shown schematically, 6 , 1 Oms depolarisations with an interpulse interval of 390ms 
were delivered immediately followed by 4, 100ms depolarisations with an interpulse interval of 
300ms.
A. Representative capacitance traces evoked by the pool protocol for WT (blue) and mutant (magenta) 
calmodulin over-expressing cells.
B. Mean AC,,, ± s.e.m for cumulative capacitance for WT (blue) and mutant (magenta) calmodulin 
over-expressing cells.
C. Bar chart displaying the mean ± s.e.m, cumulative ACm calmodulin over-expressing cells at pulses 
1, 6 and 10, for WT (blue) 29 ± 7 fF, 99 ± 25 fF and 476 ± 81 fF, n = 19 and mutant (magenta) 8 ± 2 
fF, 28 ± 8 fF and 398 ± 68 fF, n = 21. The difference in the cumulative ACm at pulses 1 and 6 
between WT and mutant calmodulin over-expressing cells was highly significant, p = 0.004 and p = 
0.007. The difference in cumulative ACm was not considered significant at pulse 10, p = 0.46
D. Mean ± s.e.m of cumulative calcium entry for WT (blue) and mutant (magenta) calmodulin over- 
expressing cells. Integrated calcium entry was 12 ± 1 and 9 ± 2 x 106Ca2+ ions, for WT and mutant 
over-expressing cells respectively at pulse 1, and cumulative calcium entry of 63 ± 6 and 52 ± 8 x 106 
Ca2+ ions at pulse 6 .
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7.2.5 Is calmodulin the calcium sensor for fast stimulus-coupled release?

I have shown in response to the pool protocol, in uninfected cells, that barium does 

not evoke secretion from the 10ms pulses, designed to assess the size of the IRP, and 

although secretion occurs during the last 4, 100ms pulses this is considerably less 

than the ACm with calcium (chapter 4, section 4.11). The lack of stimulus-coupled 

exocytosis from mutant calmodulin over-expressing cells in response to brief 10ms 

depolarisations is reminiscent of secretion from uninfected cells when barium is used 

instead of calcium as the extracellular divalent. To investigate this further in the 

perforated patch configuration I stimulated mutant calmodulin over-expressing cells 

with extracellular calcium and then again with extracellular barium. There was no 

difference in the amount of exocytosis elicited from the first 6 pulses, however by the 

last pulse in the train, significantly more exocytosis was evoked with calcium, 294.8 

± 75.4fF, than with barium 63.1 ± 33.3fF, n = 3, p = 0.048 (figure 7.2.6).

Could this mean that calmodulin is a calcium sensor for fast calcium-dependent 

release? The prevailing school of thought at present is that synaptotagmin 1 is the 

calcium sensor for fast stimulus-coupled release (Femandez-Chacon et al. 2001), and 

it has been proposed that other synaptotagmin isoforms regulate fusion from the SRP 

and could potentially mediate fusion in response to barium entry. However when 

stimulus-coupled secretion was examined from synaptotagmin 1 deficient chromaffin 

cells, exocytosis evoked from a train of depolarisations similar to the one in the pool 

protocol displayed a ACm identical to the one shown in figure 7.2.4 when cells over

express mutant calmodulin (Voets et al. 2001). Therefore the observation that 

mutant calmodulin inhibits fast stimulus-coupled release could be interpreted as 

calmodulin being the calcium sensor for fast release. An alternative, hypothesis is that 

calmodulin plays an important role in priming of vesicles that reside in the IRP and 

therefore over-expression of mutant calmodulin is simply reducing the number of 

fusion-competent vesicles ready to respond to brief depolarisations without having a 

direct effect on the calcium sensor for fusion. The evidence in support of 

synaptotagmin 1 as the calcium sensor for fast release is considerable (Chapman
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2002; Sudhof 2004). A key observation in this respect is that strontium ions can 

efficiently substitute for calcium in triggering exocytosis. Synaptotagmin 1 can bind 

strontium via its C2-domains, however strontium is a poor activator of calmodulin. 

Therefore I favour a role for calmodulin in vesicle priming. A suitable control 

experiment would be to substitute calcium for strontium and monitor exocytosis. If 

exocytosis from WT calmodulin over-expressing cells is reduced to the same level as 

mutant calmodulin over-expressing cells then you could propose a role for 

calmodulin as a calcium sensor for fast calcium-dependent exocytosis in chromaffin 

cells.

7.2.6 Exocytosis elicited by brief depolarisations from mutant calmodulin over

expressing cells in the presence of calcium or barium.
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Sample capacitance traces from a single cell over-expressing mutant calmodulin in response to the 
pool protocol with either calcium (magenta), or barium (orange), as the extracellular divalent. There 
was no statistical difference in the ACm between calcium and barium during the first 6 brief (10ms) 
pulses, ACm at pulse 1 was 11 ± 4 fF and 5 ± 3 fF, n = 3, for calcium and barium respectively. 
However the ACm evoked from the long (100ms) pulses was. ACm at pulse 10 was 295 ± 75 fF and 63 
± 33 fF, n = 3, p = 0.05 for calcium and barium respectively.
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7.2.7 Calmodulin does not mediate exocytosis elicited by barium.

There was no statistical difference between WT and mutant over-expressing cells 

when barium was used as the charge carrier, pulse 1, ACm of 3 ± 1 fF and 5 ± 3 fF, 

and pulse 10,46 ± 27 f  F and 63 ± 33 fF, n = 5 and n = 3, for WT and mutant 

calmodulin over-expressing cells respectively (figure 7.2.7). Over-expression of a 

mutant calmodulin therefore does not inhibit exocytosis when barium is the charge 

carrier, which adds weight to the argument that barium induces release from 

molecularly distinct pool of vesicles (Seward et al. 1996; Duncan et al. 2003).

7.2.8 Exocytosis is not altered between mutant and WT calmodulin over

expressing cells when barium is the charge carrier.

600-, Mean WT Ba" n = 5 
Mean Mutant Ba2+ n = 3

500 -

( J  300-

200 -

100 -

0 5000 10000 15000 20000
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Mean capacitance traces for WT (purple), or mutant (olive) calmodulin over-expressing cells. There 
was no statistical difference in the ACm evoked from any pulses in the protocol. ACm at pulse 1 was 3 ± 
1 fF, n = 5 and 5 ± 3 fF, n = 3 and ACm at pulse 10 was 46 ± 27 fF, n = 5 and 63 ± 33 fF, n = 3, for 
WT, and mutant calmodulin over-expressing cells respectively.
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7.3 Exocytosis evoked in response to a train of brief depolarisations.

The physiological stimulus for secretion in chromaffin cells is splanchnic nerve 

stimulation, subsequent release of acetylcholine onto nicotinic channels which 

triggers bursts of action potentials resulting in activation of voltage-dependent 

channels and exocytosis, under stressful conditions a high firing rate can be achieved 

(Douglas and Poisner 1967; Duan et al. 2003). To investigate the role of calmodulin 

in regulating exocytosis in a more physiological context, trains of brief (10ms) 

depolarisations were applied at 20Hz. In response to this stimulation the mean 

cumulative ACm at pulse 50 was 307 ± 67 fF and 323 ± 80 fF, for WT and mutant 

calmodulin over-expressing cells respectively, with related cumulative calcium entry 

of 229 ± 24 and 250 ± 33 x 106 Ca2+ ions. Therefore over-expression of the mutant 

calmodulin does not alter total release in response to a robust train of depolarisations. 

The calcium-exocytosis relationship was next investigated. Mean data of cumulative 

capacitance against cumulative integrated calcium was plotted and fit using the 

equation ACm = g * (ACa2+)x. For cells over-expressing WT calmodulin the mean 

data from 9 cells was plotted and the best fit of the curve generated by the algorithm 

yielded a proportionality constant g = 0.01 and power x = 1.84. The power value 

obtained by fitting data from individual cells with the algorithm ranged from x = 0.85 

to 2.93, mean 1.81 ± 0.2. For cells over-expressing mutant calmodulin the mean data 

from 6 cells was plotted and the best fit of the curve generated by the algometric 

function yielded a proportionality constant g = 0.1 and power x = 1.45. The power 

value obtained by fitting data from individual cells with the algorithm ranged from x 

= 1.06 to 2.29, mean 1.65 ± 0.2. These values are similar to the ones reported in 

chapter 4 for uninfected cells, proportionality constant g = 0.05 and power x = 1.60, n 

= 10 (see fig 4.2.3). Taken together this data suggests that calcium-dependence of 

exocytosis is not altered when cells over-express either WT or the mutant calmodulin. 

However, figure 7.3.1 shows that the first few pulses in the train resulted in a 

capacitance ‘hump’ that was not well fit by the curve generated for the whole train for 

WT over-expressing cells, but was not observed in cells over-expressing mutant 

calmodulin. I have attributed this ‘hump’ to reflect fusion of the IRP, (discussed in
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sections 4.2.4 and 5.10.2). This therefore supports the previous experimental findings 

and suggests that over-expression of the mutant selectively reduces the efficiency of 

fusion from the IRP and possibly the remainder of the RRP, but does not affect fusion 

from the SRP. There is a significant difference between the mean cumulative ACm 

for WT and mutant cells in the first few pulses in the train. Significance fails (p > 

0.05) after pulse 4. It was surprising that after only 4 pulses the difference in the 

mean cumulative ACm was no longer statistically different between WT and mutant 

calmodulin over-expressing cells. In figure 7.2.4 I show that there is still a highly 

significant difference after 6, 10ms pulses. The difference in results could be 

explained by the protocol interpulse interval. In the pool protocol, the interval 

between 10ms pulses is 390ms whereas in the train protocol the interpulse interval is 

only 50ms. Therefore vesicle pools could partially refill in the pool protocol in 

between pulses and calcium entry could be more efficiently buffered and/or extruded 

with an interpulse interval of 390ms compared to 50ms. One could envisage that 

calcium entry is spatially restricted during the 6, 10ms pulses of the pool protocol, as 

there is time to effectively buffer and extrude calcium in between pulses. During the 

train protocol this may not be the case and calcium entry per pulse could sum leading 

to a less spatially restricted area of raised intracellular calcium, which will result in 

fusion from vesicles no longer limited to the IRP.
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73.1 Calcium-exocytosis relationship in response to a train of brief (10ms)

depolarisations.

Mean WT n = 9

Integrated Ca2* (Ca2* ions x 10s)
0 SO 100 ISO 200 250

Integrated Ca2* (Ca2* ions x 10®)

Mean Mutant n = 6

WT
Mutant Mean WT n = 9 

Mean Mutant n = 6

500ms

Pulse 1 Pulse 20 Pulse 50

Cumulative capacitance is plotted against cumulative integrated calcium and fit with the equation ACm
= g * (ACa2+) \
A. Cells over-expressing WT calmodulin. Mean cumulative ACm ± s.e.m is plotted against mean 
cumulative calcium n = 9. The best fit curve is represented by the red line, the first few pulses in the 
train deviate slightly from this line. The proportionality constant g = 0.01 and power x = 1.84.
B. Cells over-expressing mutant calmodulin. Mean cumulative ACm ± s.e.m is plotted against mean 
cumulative calcium n = 6. The best fit curve is represented by the red line, the first few pulses in the 
train do not deviate from this line. The proportionality constant g = 0.1 and power x = 1.45.
C. Sample capacitance traces for WT (blue) and mutant (magenta) calmodulin over-expressing cells. 
The arrows indicate the 1st and last (50th) depolarisation.
D. Bar chart depicting the mean AC,,, at pulses 1, 20 & 50 for WT (blue) and mutant (magenta) 
calmodulin over-expressing cells. There is a significant difference between WT and mutant cells for 
the first few pulses in the train. Significance fails (p > 0.05) after pulse 4, by pulse 20 cumulative ACm 
is greater for mutant cells compared to WT calmodulin over-expressing cells.
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7.4 Summary of exocytosis data

The data presented in this chapter shows that stimulus-coupled secretion is altered 

after over-expression of mutant calmodulin, (with respect to either WT or uninfected 

cells) in response to brief depolarisations and not after long single pulses, or robust 

trains of brief depolarisations. This suggests that the physiological consequence of 

calmodulin regulation is related to vesicle priming, increasing the number of fusion- 

competent vesicles (the RRP) able to fuse in response to single or brief trains of 

action potentials. This type of stimulus dictates basal catecholamine release and is 

important for maintaining vascular tone. During periods of stress when action 

potential frequency increases and large quantities of catecholamine are released, the 

RRP is quickly depleted and secretion is dominated by release from the SRP. My
• Oxstudies indicate that Ca /calmodulin is not an important regulator of release from the 

SRP, nor is it important for regulating the pool of vesicles released when calcium is 

substituted for barium.

7.5 Discussion of calmodulin regulation of exocytosis.

In this section I discuss potential molecular mechanisms, which may account for my 

observations of altered exocytosis from chromaffin cells after over-expression of a 

mutant calmodulin. The majority of previous studies investigating a role for 

calmodulin regulation of stimulus-coupled secretion have utilised peptide blockers or 

antibodies, or addition of recombinant protein (see section 1.18 for details). They 

have measured exocytosis using biochemical methods with poor time resolution and 

as such are unable to determine whether specific pools of vesicles are targeted. I 

have refined this experimental approach using capacitance measurements and 

investigated the effects of additional WT calmodulin expression and expression of a 

mutant incapable of binding calcium. By varying stimulation paradigms I have 

assessed contributions from different pools of vesicles and shown that 

Ca2+/calmodulin specifically regulates the IRP and probably the remainder of the 

RRP in response to single pulses or brief trains of depolarisations. The specific
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molecular targets of calmodulin enhancement of exocytosis are beginning to be 

described, there is now good evidence to suggest regulation of core complex 

SNARES, proteins essential for vesicle priming, and proteins which limit or recruit 

vesicles from the reserve pool to the RRP. These are discussed below.

7.5.1 Interactions with members of the core complex.

Trans SNARE complex assembly is an essential step in calcium-dependent 

exocytosis. Recent evidence suggests that calcium can bind either directly to the 

complex, or via Ca2+/calmodulin or via CaMKII to participate either directly in 

secretion or facilitate core complex coupling to the calcium sensor to mediate fusion. 

These interactions and their physiological relevance are discussed below.

7.5.1.1 Synaptobrevin

Over the last four years Professor Seagars group has published a series of papers 

reporting an interaction between Ca /calmodulin and synaptobrevin (Quetglas et al. 

2000; Quetglas et al. 2002; de Haro et al. 2004). The binding sequence (residues 77- 

90) is situated precisely C-terminal to the tetanus toxin (TeTX) and botulinum B 

toxin cleavage site close to the transmembrane anchor. This sequence binds both

Ca2+/caImodulin and phospholipids in a mutally exclusive manner. Mutation of basic
2+

or hydrophobic residues within this motif reduces both Ca /calmodulin and 

phospholipid binding to the same extent. The functional effect of this motif was 

explored by cleavage of endogenous synaptobrevin by TeTX and subsequent 

transfection of TeTX resistant synaptobrevin with or without mutations that inhibit 

Ca2+/calmodulin and phospholipid binding into PC 12 cells. Exocytosis was abolished 

in the latter case, indicating that either Ca2+/calmodulin and/or phospholipid binding 

to this region of synaptobrevin is required for calcium-dependent exocytosis. They 

next investigated the mechanisms involved and determined that cis lipid binding
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(synaptobrevin folding back on itself and into the vesicle lipid bilayer) occurs and 

that addition of Ca2+/calmodulin totally disrupts cis inhibition, triggering trans lipid 

binding (insertion into the plasma membrane). They speculate that Ca2+/calmodulin 

can displace cis phospholipids to induce SNARE pairing and formation of the core 

complex and insertion of synaptobrevin into the plasma membrane. This would 

significantly reduce the distance between the opposed bilayers, inducing hemi-fusion 

(mixing of the outer vesicle leaflet, with the inner plasmalemmal leaflet), thereby 

reducing the energy required for subsequent full fusion. The difference between the 

SRP and the RRP has been described as a transition from a loose to a tight trans- 

SNARE complex (Xu et al. 1998). If the physiological consequence of the 

Ca /calmodulin-synaptobrevin interaction is to facilitate a tight trans-SNARE 

complex and formation of an RRP then this is a potential mechanism to explain my 

results. If the Ca2+/calmodulin-synaptobrevin interaction is required upstream of this 

for the formation of a loose SNARE complex and the construction of an SRP then it 

is unlikely to be the target affected in my studies.

7.5.1.2 Syntaxin

Exocytosis can be regulated by Ca2+/ATP-dependent binding of autophosphorylated 

Ca2+/CaMKII to syntaxin 1A (Ohyama et al. 2002). The authors show that 

autophosphoylated CaMKII specifically bound syntaxin when calcium concentration 

was >10'6M, and bound CaMKII was released when the calcium concentration 

decreased or CaMKII was dephosphorylated. CaMKII bound to the linker domain of 

syntaxin, a region separate from other syntaxin binding proteins (Muncl8/tomosyn). 

Immunoprecipitation experiments showed that the CaMKII-syntaxin complex occurs 

in vivo and when reconstituted in vitro recruited larger amounts of synaptotagmin and 

SNAP-25 than syntaxin alone, suggestive that this interaction is important in 

regulating SNARE complex formation. CaMKII was unable to bind to syntaxin in 

the presence of munc 18 (ie in the closed conformation), but did bind to a mutant 

syntaxin (LI65A and E166A) with a forced open configuration (Dulubova et al.

1999) in the presence of munc 18. This indicates that CaMKII binds to the open form
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of syntaxin, which is necessary for binding to other SNARE core complex 

components. Microinjection of chromaffin cells with a fragment of syntaxin that 

binds CaMKII decreased the frequency of exocytosis monitored by amperometric 

detection of catecholamine, but microinjection of a mutant fragment of syntaxin 

(R151G) unable to bind CaMKII had no effect. Likewise microinjection of another 

CaMKII binding fragment that does not bind to syntaxin was without affect. These 

findings were supported by injection of SCG neurones with the CaMKII binding 

fragment of syntaxin in which Excitory Post-Synaptic Potentials (EPSPs) were 

decreased compared to those microinjected with mutant fragments unable to bind 

CaMKII. Therefore Ca2+/calmodulin activation of CaMKII could facilitate SNARE 

complex formation via its interaction with syntaxin and is a possible pathway with 

which over-expression of mutant calmodulin in chromaffin cells could inhibit 

exocytosis.

7.5.1.3 SNAP-25

The crystal structure of the synaptic fusion complex revealed a number of potential 

divalent cation binding sites on the surface (Suttonr et al. 1998). One such site, 

containing acidic and hydrophilic residues on SNAP-25 and synaptobrevin 2, is close 

to the cleavage sites of TeTX and botulinum A (Fasshauer et al. 1998). There is 

evidence to suggest that this potential cation-binding site is involved in calcium- 

mediated triggering of exocytosis. By mutating three amino acids located to the 

outside of the SNARE complex, reducing the net charge in SNAP-25 slowed 

secretion and abolished one calcium-binding site in the calcium sensor for exocytosis 

(Sorensen et al. 2002). The authors were unable to determine whether the mutation 

effects pool size (stability of the RRP), or release kinetics. It could potentially affect 

both. Two mechanisms were proposed to explain the reduction in exocytosis. As the 

site does not provide the full co-ordination required for direct calcium binding, 

simultaneous binding of synaptotagmin I may be required to generate a full calcium- 

binding site. Alternatively the site may be able to bind another protein, which itself 

binds calcium and mediates the affect on exocytosis. In this respect calmodulin may
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be worth investigating. To my knowledge investigations of such an interaction have 

not been published. It is important to note in this respect that a binding pocket 

mediated by several different proteins in the complex may be required.

7.5.1.4 Synaptotagmin

A calcium-dependent interaction between calmodulin and synaptotagmin has been 

described (Fournier and Trifaro 1988, Trifaro et al. 1989, Perin 1996), however 

another group failed to detect a calcium-dependent interaction between these proteins 

(Chen et al. 1999). The physiological importance of this interaction, if it truly occurs, 

has not been directly tested. Synaptotagmin 1 is also a substrate for CaMKII in vitro 

(Hilfiker et al. 1999).

7.5.2 Priming proteins

Plasma membrane docking is not a prerequisite for subsequent calcium-stimulated 

vesicle fusion. In order for exocytosis to be efficient, vesicles are required to undergo 

maturation, or priming. An essential priming protein is Munc-13, which has recently
^ I

been shown to directly interact with Ca /calmodulin; the physiological consequence 

of this interaction is described below.

7.5.2.1 Munc-13

Genetic studies in mouse, fly and nematode have established an essential role for 

munc-13 in vesicle priming, (Augustin et al. 1999; Aravamudan and Broadie 2003; 

Richmond et al. 1999) via its ability to regulate syntaxin (Betz et al. 1997) and 

promote SNARE complex formation (Brose et al. 2000; Richmond et al. 2001). 

Recently Professor Brose’s group reported a calcium-dependent interaction between 

munc-13 and calmodulin (Junge et al. 2004). Putative calmodulin binding sites on 

munc-13 were investigated and a 1-5-10 binding motif was detected. A 21-residue
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peptide representing this motif was found to specifically bind to calmodulin in a 1:1 

stoichiometry. With several calmodulin targets the first hydrophobic anchor point in 

the N-terminal part of the motif is a Trp residue. Mutation of this Trp residue has 

been shown to severely lower the affinity of target proteins for Ca2+/calmodulin (Chin 

and Means 2000). Similarly a Trp/Arg mutation in the munc-13 binding motif 

completely abolished calmodulin binding without additional affects on the integrity 

and function of the protein (ie binding to RIM, or DAG). They then assessed the 

effect of the Trp mutation in full length munc-13 protein by virally expressing WT or 

Trp/Arg mutated munc-13-GFP fusion proteins in hippocampal neurones from 

munc 13 (single and double) knockout mice. Evoked EPSC amplitudes from double 

knock out neurones rescued by over-expression of WT or Trp/Arg munc-13’s were 

indistinguishable indicating that calmodulin binding to munc-13 is not required for 

basal vesicle priming. However calcium-dependent refilling of the RRP was severely 

impaired. Therefore the Ca /calmodulin interaction with munc-13 is important 

during sustained activity to refill the RRP. As only activity-dependent refilling of the 

RRP was observed in neurones after expression of a calmodulin-binding deficient 

mutant, munc-13 is unlikely to be the molecular target which is affected by over

expression of a mutant calmodulin in chromaffin cells and leads to inhibition of the 

IRP and/or RRP.

7.5.3 Ca2+/caImoduIin regulation of the cytoskeleton

In chromaffin cells a mesh of filamentous actin is believed to act as a barrier to keep 

vesicles away from the plasma membrane and sites of exocytosis (Vitale et al. 1995). 

There are numerous proteins with which calmodulin is believed to interact with, 

which disrupt the integrity of the cytoskeleton and may be important in refilling 

vesicle pools after bouts of stimulation. The roles of these proteins and their 

regulation by calmodulin are discussed below.
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7.5.3.1 Myosin

Myosins are actin-based motors that hydrolyze ATP to move along actin filaments. 

Phosphorylation of the myosin light chain, by myosin light chain kinase (MLCK) is 

required to activate the actin-dependent ATPase activity of myosin, a process 

dependent on Ca2+/calmodulin (Matsumura et al. 1999). Several studies, have 

implicated myosins and MLCK in regulating neurotransmitter release (reviewed in 

Doussau and Augustine 2000). These studies conclude that myosin works upstream 

of fusion, as the size of the RRP is not affected by inhibitors but exocytosis is 

inhibited in a use-dependent manner. This suggests that myosin activation facilitates 

vesicle movement from a reserve pool, to exocytotic sites on the plasma membrane 

along a track of actin filaments to refill pools (Doussau and Augustine 2000). Two 

members of this family are believed to be important in this process, myosin II and 

myosin V, both of which are expressed in chromaffin cells. Myosin V is thought to 

be particularly important in chromaffin cells (Rose et al. 2003), as antibodies to 

myosin V heads where able to inhibit exocytosis but myosin II antibodies were not.

In addition to its role as a motor, myosin V could play a central role in 

Ca /calmodulin regulation of the cytoskeleton. Myosin V associates with vesicles in 

a calcium-dependent manner (Prekeris and Terrian 1997), and calmodulin binds to 

myosin at low calcium concentrations and partially dissociates at high (micromolar) 

calcium levels (Nascimento et al. 1996). With myosin bound calmodulin is more 

efficient at activating Ca2+/CaMK II which can then phosphorylate synaptic vesicle 

associated substrates (Costa et al. 1999). This could explain the requirement of 

myosin V during sustained stimulation. The myosin V interaction with 

Ca2+/calmodulin could facilitate the disruption of the cytoskeleton, releasing vesicles 

which can then be transported towards the plasma membrane after Ca2+/calmodulin- 

dependent MLCK activation of myosin to refill the RRP.
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7.5.3.2 Rab3A

Rab proteins are believed to regulate several processes including movement of

vesicles along cytoskeletal filaments, interacting with tethering and docking factors

and controlling the duration of fusion (for review see Zerial and McBride 2001).

Rab3A is a GTPase believed to cycle on and off vesicle membranes during the

vesicle cycle and acts as an inhibitor of exocytosis. In vitro studies have identified 
2+ m

that Ca /calmodulin can cause Rab3A to dissociate from synaptic membranes (Park 

et al. 1997), although another group disputes this, as they fail to detect an interaction 

between Rab3A and calmodulin in pull down assays (Chen et al. 1999). The 

interaction of Rab3A and calmodulin (and not with other binding partners, rabphilin 

or RIM) has been shown to be important in mediating an inhibition of exocytosis in 

PC 12 cells (Coppola et al. 1999). A recent study in chromaffin cells concludes that 

Rab3A inhibits recruitment from the SRP (Thiagarajan et al. 2004). Therefore this 

could help explain why exocytosis in response to long depolarisations in mutant 

calmodulin over-expressing cells is as efficient as or greater than WT over-expressing 

cells. With long depolarisations, one expects release from the RRP and the SRP in 

WT cells, although the contribution from the SRP could be limited by the effect of 

the Ca2+/calmodulin-Rab3A interaction. In mutant expressing cells release from the

RRP is inhibited (via a different mechanism), but secretion from the SRP is enhanced
21 , 

due to removal of the inhibitory control of the Ca /calmodulin-Rab3 A interaction.

Since the SRP has primarily been defined by flash photolysis of caged calcium,

experiments designed to investigate release from the SRP should be performed using

this technique.

7.5.3.3 Myrisolyated, alanine-rich, protein kinase C substrate (MARKS)

Calmodulin may play other roles in the regulation of the cytoskeleton. Disassembly 

of the cortical F-actin by calcium entry and activation of either scinderin or MARKS 

phosphorylation allows vesicles from the reserve pool to move to the plasma 

membrane (Vitale et al. 1995; Trifaro et al. 2000; Rose et al. 2001; Trifaro et al.
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2002). MARKS has been shown to form a complex with Ca2+/calmodulin (Graff et 

al. 1989). A region of MARCKS enriched with basic amino acids mediates binding 

to vesicles containing acidic phosphoglycerides. MARKS dissociates from vesicles 

after PKC phosphorylation of serine residues within this interaction site (Kim et al. 

1994), a process which also greatly reduces its interaction with Ca2+/calmodulin 

(Graff et al. 1989; Kim et al. 1994). The physiological importance of 

Ca2+/calmodulin binding to MARCKS is not known.

7.5.3.4 Synapsins

Synapsins are integral synaptic vesicle proteins and are substrates for 

Ca /calmodulin kinases (Hilfiker et al. 1999). Two roles for synapsin have been 

suggested. Firstly, synapsins are thought to tether vesicles to each other and to the 

actin cytoskeleton to maintain a reserve pool of vesicles close to the active zone.

Ca /CaM Kinase II is thought to phosphorylate synapsin, which leads to dissociation 

of synapsins from the vesicle and vesicle release from the cytoskeleton. Secondly 

synapsins could play a role downstream of vesicle docking by regulating the time 

course of neurotransmitter release (Hilfiker et al. 1999). Three isoforms of synapsin 

are present in neurones, all three bind ATP, but this binding is differentially 

regulated. ATP binding to synapsin 1 is calcium-activated, ATP binding to synapsin 

2 is calcium-independent and ATP binding is calcium-inhibited (Hosaka and Sudhof 

1998a; Hosaka and Sudhof 1998b). This calcium sensitivity may be mediated by 

calmodulin as Ca2+/CaM Kinase 2 phosphorylates synapsin 1, but not synapsin 2 

(Sudhof2004). The exact role synapsins play in the synaptic vesicle cycle and 

whether synapsin phosphorylation is physiologically relevant remains to be 

determined (Sudhof 2004). Synapsins are unlikely to be the relevant Ca2+/calmodulin 

target in my studies as synapsin I is not expressed in chromaffin cells (Senda et al. 

1991), and although synapsin II is expressed (Firestone and Browning 1992), this 

isoform is not phosphorylated by CaMKII (Hosaka and Sudhof 1998a).
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Calmodulin regulation of the cytoskeleton is most likely to affect exocytosis by 

mediating activity-dependent refilling of vesicles. The major finding of my studies 

over-expressing mutant calmodulin was a reduction in the size of the IRP and/or 

RRP. However I did not specifically examine pool refilling in these experiments. It 

is highly likely that over-expression of mutant calmodulin will have an affect on 

activity-dependent recruitment of reserve vesicles to releasable pools in chromaffin 

cells, possibly an inhibitory affect analogous to studies employing calmodulin 

inhibitors in neurones (Sakaba and Neher 2001). The challenge will now be to 

discriminate the physiological importance that potential different effectors, (myosin, 

Rab3 A, or MARKS) play in this pathway in chromaffin cells. This is particularly 

interesting, as the Ca /calmodulin interaction with myosin V would predict an 

enhancement of exocytosis, whereas the Ca2+/calmodulin interaction with Rab3A 

would predict an inhibition of exocytosis.

7.5.4 Other Proteins

There are numerous other exocytotic proteins that calmodulin interacts with which, 

do not fall into the above defined categories, these are discussed below.

7.5.4.1 Vo sector of the V-ATPase

Intracellular membrane fusion was widely believed to be a constitutative process, 

fundamentally distinct from regulated calcium-dependent exocytosis. This view has 

been challenged recently with evidence suggesting that intracellular vesicle fusion 

can also be calcium-dependent (reviewed in Mayer 2001). The calcium sensor for 

this, at least in yeast was found to be calmodulin (Peters et al. 2001). In this study 

they identified release of calcium from the vesicle lumen, calmodulin and protein 

phosphatase I as essential downstream factors which initiate fusion after trans 

SNARE formation. They also identified the Vo sector of the vacuolar-ATPase as the 

Ca2+/calmodulin binding partner and suggest that a Vo-Vo trans complex dilates after
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Ca2+/calmodulin binding to become the fusion pore (Peters et al 2001). V-ATPases 

are found on synaptic vesicles, where they mediate an electrochemical proton 

gradient needed to concentrate neurotransmitter within vesicles. It has been proposed 

that the Vo sector of the V-ATPase forms the fusion pore in neurones (Morel et al. 

2001; Morel 2003), although at present the evidence to support this hypothesis is 

sparse. Additionally dicyclohexylcarbodiimide (DCCD), which inhibits vacuole 

fusion does not affect calcium-dependent exocytosis in chromaffin cells (Holz et al. 

1983). An alternative role for the V-ATPase-Ca2+/calmodulin interaction may exist. 

Once a vesicle is loaded with neurotransmitter the subunits, which make up the 

functional V-ATPase dissociate leaving the Vo sector in the lumenal membrane. I 

hypothesize that Ca2+/calmodulin could then bind and through its interactions with 

other SNARE proteins bring the vesicle to the membrane and initiate SNARE 

complex formation. This would insure that only vesicles fully filled with 

neurotransmitter are able to fuse, resulting in efficient stimulus-coupled secretion. 

However a caveat to this proposal is that in synaptosomes, using Bafilomycin Al to 

inhibit the V-ATPase and prevent vesicle refilling, empty vesicles were seen to 

exocytose and endocytose in response to electrical field stimulation using vesicle 

specific dyes (Cousin and Nicholls 1997).

Amperometry is a technique which allows the kinetics of the fusion pore be measured 

(Chow et al. 1992; Chow 1995; Schulte and Chow 1998). Using this method 

Professor Burgoyne’s group have suggested that PKC (Graham et al. 2000) Munc 18 

(Fisher et al. 2001), csyteine string protein (CSP) (Evans et al. 2001), complexin 

(Archer et al. 2002) and dynamin (Graham et al. 2002) can all affect the degree and 

duration of fusion pore expansion. Although a powerful technique it is not without 

controversy and the method of analysis between groups varies, in as much that other 

groups using this technique fail to detect changes in the kinetics of single fusion 

events when over-expressing proteins under similar conditions (see Voets et al.

2001). Recently the groups of Professor Jackson and Professor Chapman using this 

technique have suggested roles for syntaxin (Han et al. 2004) and synaptotagmin (Bai 

et al. 2004) in controlling fusion pore kinectics. It will be interesting to determine 

whether calmodulin can affects fusion pore kinetics, and whether it does this
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independently of interactions with other SNARE proteins and/or the V-ATPase on 

the vesicle.

7.5.4.2 Neuromodulin/GAP43

Interestingly, increasing intracellular calcium may lead to an increase in the local 

concentration of calmodulin available for calcium-dependent binding to target 

proteins. Some regions of the brain contain a membrane-associated protein called 

neuromodulin or GAP43. This protein binds calmodulin in vitro in the absence of 

calcium, and releases it when calcium levels rise or after phosphorylation by PKC 

(Andreasen et al. 1983; Alexander et al. 1987). Therefore this could be a protein 

involved in facilitation of neurotransmitter release observed by certain 

neuromodulators. Activation of Gq-coupled receptors leads to release of intracellular 

calcium and activation of PKC, and then presumably release of calmodulin from 

neuromodulin, where it can either directly, or through association with other proteins 

(ie Munc-13) modulate vesicle priming.

7.5.4.3 Pollux & CRAG

In a screen for drosophila retinal calmodulin-binding proteins several proteins with 

potential to affect exocytosis were discovered (Xu et al. 1998). These included 

proteins like unc-13, previously described and novel calmodulin interacting proteins. 

CRAG may provide a mechanism for calcium-regulated GDP/GTP exchange of Rab3 

as it shares homology with other identified Rab GEPs. Pollux shares homology to 

yeast Rab GAP proteins and was localized to the plasma membrane, raising the 

possibility that this protein may play a role in regulating exocytosis. The functional 

consequence of calmodulin binding to these proteins is unknown.
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7.5.4.4 Calmodulin as a PLC interacting protein.

Calmodulin may play an important role in regulating responses from extracellular 

modulators. It has been shown to physically interact with phospholipase C-p, (PLCp) 

with calmodulin inhibitors reducing G-protein stimulation of inositol phosphate 

hydrolysis (McCullar et al. 2003). Neuromodulators like histamine (Currie and Fox

2000) or angiotension II (Teschemacher and Seward 2000) couple to GqPCR’s in 

chromaffin cells and modulate release. Therefore calmodulin via is interaction with 

PLCP, will regulate the actions these molecules exert on the secretory machinery. 

Testing the role that calmodulin plays in the signal transduction of histamine or 

angiotension to induce facilitation of exocytosis was not conducted. However it is 

unlikely to require Ca2+/calmodulin, as calmodulin can bind to PLCp in the absence 

of calcium (McCullar et al. 2003).

7.6 The role of calmodulin in endocytosis.

Initially it was discovered that synaptic vesicle endocytosis was sometimes inhibited 

by the substitution of external calcium with other divalent ions such as barium or 

strontium, but exocytosis remained, albeit with altered kinetics intact (Robinson and 

Dunkley 1983). This observation suggested that the calcium sensor for endocytosis 

was different than that for exocytosis and would be mediated by a highly calcium 

selective molecule. Calmodulin was an obvious target molecule to investigate in this 

respect. Once a role for calmodulin as the initial calcium sensor was suggested 

(Artalejo et al. 1996), the hunt for downstream effectors began. Calmodulin is highly 

promiscuous in the number of proteins it is capable of interacting with. Of note 

however in the context of vesicle endocytosis are the calmodulin-dependent protein 

kinases, synapsin-1, calcineurin, GAP-43 or the Arp2/3 complex (Cousin 2000 and 

references within). It is interesting to note however that some of these proteins can be 

activated by other molecules than calmodulin, for example NCS-1 can activate
2H"calcineurin independently of calmodulin (McFerran et al. 1999). Ca -calmodulin 

can also interact with components of the cytoskeleton, and there are several lines of
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evidence to indicate a role of the cytoskeleton in vesicle endocytosis (Doussau and 

Augustine 2000). Therefore it is possible that calmodulin may have several targets 

proteins in the regulation of vesicle endocytosis.

7.6.1 The effect of over-expression of WT or mutant calmodulin on endocytosis.

The endocytotic responses to a 200ms pulse and a train of 50, 10ms depolarisations at 

20Hz, recorded in the perforated patch configuration were investigated. In this study 

I have measured the amount of endocytosis that occurs 22 seconds post-stimulus. 

Figure 7.6.2 shows the mean capacitance trace following a 200ms depolarisation for 

WT (n = 6) and mutant (n = 7) over-expressing cells. There is no difference between 

the two groups in their ability to support endocytosis, suggesting that calmodulin is 

not involved in regulating the mode of endocytosis recruited with this stimulus.
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7.6.2 Endocytosis resulting from a 200ms is not altered after over-expression of a 

dominant mutant calmodulin.
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Mutant calmodulin over-expressing cells behave in the same manner as WT or uninfected cells and are 
able to elicit endocytosis in response to a 200ms depolarisation. Fig A shows the mean capacitance 
trace for cells over-expressing WT calmodulin (blue), n = 6. Fig B shows the mean capacitance trace 
for cells over-expressing mutant calmodulin (magenta), n = 7.

In chapter 4 , 1 found that a 200ms depolarisation results in an exocytotic capacitance 

jum p that is then followed by one o f  several different endocytotic responses. I have 

described these responses in chapter 4 (section 4.10), brie fly endocytosis that 

occurred post-stimulus and resulted in a change o f  capacitance back towards pre
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stimulus I have termed compensatory endocytosis. This form of endocytosis can be 

fit with a mono-exponential decay and the amount of membrane retrieval does not 

exceed pre-stimulus levels 22 seconds post-stimulus. The next type of response I 

have termed excess retrieval, results in excess membrane retrieval within 22 seconds 

post-stimulus, this type of response can also be fit by a mono-exponential decay. A 

third type of response observed is no reduction in capacitance following an exocytotic 

jump, this group is termed, no endocytosis. It was discovered with uninfected cells 

that the amount of calcium influx during stimulation determined the endocytotic 

response. Increasing calcium influx during the stimulatory depolarisation increases 

the chance of a cell displaying excess endocytosis compared to no endocytosis. I 

next wished to examine whether over-expression of calmodulin altered this calcium- 

dependency and the rate of endocytosis. From the 6 cells over-expressing WT 

calmodulin 3 cells displayed no endocytosis (mean calcium entry of 158 ± 25 x 106 

Ca2+ ions, n = 3), 2 cells displayed compensatory endocytosis (mean calcium entry of 

197 x 106 Ca2+ ions, n = 2), and 1 cell exhibited excess endocytosis (calcium entry of 

209 x 106 Ca2+ ions). In 7 cells over-expressing mutant calmodulin 2 cells displayed 

no endocytosis (mean calcium entry of 125 x 106 Ca2+ ions, n = 2), 3 cells displayed
6 2+compensatory endocytosis (mean calcium entry of 157 ± 14 x 10 Ca ions, n = 3),

6 2+and 2 cells exhibited excess endocytosis (mean calcium entry of 187 x 10 Ca ions). 

These results indicate that similar to uninfected cells increasing calcium influx 

increases the rate of endocytosis for both WT and mutant calmodulin over-expressing 

cells, however due to the small sample number statistical tests cannot be applied.
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7.6.3 Increasing calcium influx increases the rate of endocytosis for both WT 

and mutant calmodulin over-expressing cells.
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Mutant calmodulin over-expressing cells behave in the same manner as WT or uninfected cells. The 
rate of endocytosis shows calcium-dependency, increasing with greater calcium influx.

I have also shown in chapter 4 (figure 4.4.5) that increasing calcium entry is 

correlated to the amount of endocytosis (measured as a ACm 22 seconds post

stimulus). A scatter plot of calcium entry verses ACm 22 seconds post-stimulus show 

that both mutant and WT over-expressing cells retain this relationship.
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7.6.4 Increasing calcium entry increases the amount of endocytosis observed.
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The amount of endocytosis (measured as a change in capacitance fF), that occurs 22 seconds post
stimulus was calculated. The magnitude of the exocytotic jump immediately following stimulation has 
been set at OfF (blue line) and endocytosis is therefore measured as a decrease in capacitance. This 
measurement of endocytosis is plotted against calcium influx during the stimulus depolarisation.

7.6.5 Endocytosis in response to a train of depolarisations.

In chapter 4 ,1 showed that in response to exocytosis evoked by a train of 10ms 

depolarisations at 20Hz endocytosis was inhibited. 22 seconds post-stimulus the 

mean amount of membrane retrieval was only 9 ± 12 fF n =20, despite a mean total 

exocytotic jump of 259 ± 41 fF. The lack of endocytosis was not related to a large 

component of asynchronous release as this had a mean value of 28 ± 6 fF n=20 

(figure 4.4.7). Using cesium-based pipette solutions and the train stimulus no 

endocytosis was observed (within 22 seconds) in 6 out of 7 WT calmodulin over

expressing cells. Likewise no endocytosis was observed in all cells over-expressing 

mutant calmodulin in response to the same stimulus, n = 3 (figure 7.6.6). This shows 

that in response to this stimulus infection by adenovirus or over-expression of either 

WT or mutant calmodulin results in the same inhibition of endocytosis as uninfected
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cells when cesium-based pipette solutions are used, implying that calmodulin is not 

required for clathrin-independent endocytosis.

It was noted that in response to this stimulus slow asynchronous secretion persisted 

for several seconds in 2 out of 7 WT calmodulin over-expressing cells and 1 out of 3 

mutant calmodulin over-expressing cells. One of the WT calmodulin over-expressing 

cells exhibited asynchronous secretion that was reminiscent of a barium response in 

the fact that it continued for the duration of the recording (22 seconds). The 

molecular mechanism(s) underlying asynchronous secretion from virally infected 

cells is not known (see section 7.1.2 for discussion of this).

7.6.6 Endocytosis in response to a train of depolarisations is inhibited by over

expression of either WT or mutant calmodulin when cesium-based internal 

solution is used.
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A. In 6 out of 7 WT calmodulin over-expressing cells, no post-stimulus endocytosis was observed 22 
seconds after exocytosis was evoked by a train of 10ms depolarisations delivered at 20Hz. Shown is 
the mean capacitance trace from these cells, n = 6 (Blue).
B. In all 3 mutant calmodulin over-expressing cells tested, no post-stimulus endocytosis was observed 
22 seconds after exocytosis was evoked by a train of 10ms depolarisations delivered at 20Hz. Shown 
is the mean capacitance trace from these cells, n = 3 (magenta).

In uninfected cells it was discovered that inhibition of endocytosis could be ablated 

when a potassium-based internal solution was used instead of the regular cesium- 

based one. Using the potassium based internal solution in response to a train of 50, 

10ms depolarisations at 20Hz, all cells (6/6) tested exhibited robust endocytosis 

(figure 4.10.9). Clathrin-mediated endocytosis is dependent on intracellular
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potassium (Larkin et al. 1983; Heuser and Anderson 1989; Wu et al. 2001; Artalejo et 

al. 2002), which is likely to be dialyzed from the cells when cesium-based recording 

solutions are used. Therefore with this stimulus and by using a potassium-based 

internal solution the role of calmodulin in regulating clathrin-dependent endocytosis 

can be assessed. I repeated these experiment with a potassium-based internal 

recording solution and observed robust endocytosis from all WT calmodulin over

expressing cells (n = 3), which was similar to the response shown for uninfected cells 

when a potassium-based solution was used (4.4.9), however rapid endocytosis 

observed from some uninfected cells was not observed . This is likely to result from 

the amount of calcium entry during stimulation. Virally infected cells have smaller 

calcium currents and rapid endocytosis is only observed in cells in which a large 

amount of calcium enters (section 4.4, and Engisch and Nowycky 1998). In contrast 

to this, no mutant over-expressing cells exhibited endocytosis following this stimulus 

when potassium-based solutions were used, n = 3 (figure 7.6.7). This suggests that 

Ca2+/calmodulin is required for clathrin-mediated endocytosis, but not for clathrin- 

independent endocytosis.

7.6.7 Clathrin-dependent endocytosis is inhibited by over-expression of mutant 

but not WT calmodulin.
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When an internal pipette solution designed to maintain a physiological intracellular potassium 
concentration (120mM K-Glutamate, 25mM Cs-Glutamate) was used, endocytosis was observed in 
response a train of 50, 10ms depolarisations delivered at 20Hz for cells over-expressing WT 
calmodulin n=3, but not from cells over-expressing mutant calmodulin, n = 3. Shown are the averaged 
capacitance traces.

239



Finally I investigated the possibility that barium could support clathrin-mediated 

endocytosis from cells over-expressing WT calmodulin. As expected from 

experiments on uninfected cells, barium was not able to support endocytosis. Using a 

potassium-based internal, compensatory endocytosis was observed in response to a 

train of depolarisations, subsequent replacement of extracellular calcium with barium, 

inhibited endocytosis in response to an identical stimulation.

7.6.8 Barium does not support clathrin-mediated endocytosis.
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A WT calmodulin over-expressing cell was stimulated with a train of 50, 10ms depolarisations 
delivered at 20Hz, using a potassium based internal solution. Endocytosis is observed with 
extracellular calcium (blue), but is inhibited in the same cell when calcium is replaced with equimolar 
barium (orange).

7.7 Discussion of calmodulin regulation of endocytosis.

A multitude of studies have investigated the molecular mechanisms underlying 

synaptic vesicle and LDCV endocytosis over the last decade. I will start this section 

with a resume of what has been published in the last 8 years. I have limited my 

discussion to studies on bovine adrenal chromaffin cells and experiments which
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monitored endocytosis using the membrane capacitance method, as this is the 

technique and cell type that I have used in my studies.

One of the first papers to look at the molecular mechanisms underlying endocytosis 

from bovine adrenal chromaffin cells was by Christina Artalejo, (Artalejo et al.

1996). She suggested a role for calmodulin in mediating rapid endocytosis (RE). Her 

system used calf adrenal glands and the whole cell configuration for introduction of 

anti-calmodulin antibodies, a host of calmodulin peptide inhibitors and organic 

calmodulin antagonists. She showed that RE was not supported by barium and was 

calmodulin dependent. This is in stark contrast to a later paper by Aaron Fox, who 

using the same cells (calf) and recording configurations and similar stimulation 

paradigms, (a strong train of depolarisations) shows that barium can support RE and 

that one of the calmodulin inhibitors used in the previous study, calmadazolium 

(lOOnM) had no effect on endocytosis (other inhibitors were not checked). This 

effect was independent of internal calcium stores as these could be emptied before 

stimulation, thus ruling out barium activating calcium stores to mediate these effects 

(Nucifora and Fox 1998). I cannot add to this controversy as rapid endocytosis was 

never observed from virally infected cells, and only rarely from uninfected cells. 

Rapid endocytosis is only observed after a high threshold of calcium is reached 

(Engisch and Nowycky 1998). As I use 2.5mM extracellular calcium and virally 

infected cells have smaller calcium currents this could explain why I do not routinely 

observe rapid endocytosis. To address this I could increase the concentration of 

extracellular calcium to 5-10mM to increase the chance of eliciting rapid endocytosis 

and then compare WT to mutant to determine a role for calmodulin in mediating this 

endocytotic pathway. However regardless of the recording stimulation used, I did not 

detect endocytosis when calcium was replaced by barium.

7.7.1 Downstream targets of calmodulin.

After establishing a role for calmodulin, Artelejo went on to look at downstream 

targets of calmodulin and through peptides and antagonists ruled out a role for CaM 

Kinase-2, MLCK or cAMP-dependent protein kinases (Artalejo et al. 1996).
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Calcineurin, is a protein which is activated by Ca2+-calmodulin and is important in 

the regulation of many proteins essential for endocytosis, such as dynamin (Cousin 

and Robinson 2001). Artel ego examined a role for calcineurin using 4 approaches, 

cyclosporin A and FK506 which inhibit cyclophilin and FKBP-12 respectively to 

inactivate calcineurin and by the introduction of anti-calcineurin antibodies and 

calcineurin inhibitory peptides. Disruption of calcineurin activation does not inhibit 

RE and unexpectedly actually increases its kinetics. She concludes that calcineurin is 

not the relevant target of calmodulin in mediating RE, but that calcineurin is involved 

in basic, slow membrane retrieval (Artalejo et al. 1996). A couple of years later, the 

group of Martha Nowycky published a paper examining the calcium dependence of 

endocytosis from adult bovine adrenal chromaffin cells using the perforated patch 

technique (Engisch and Nowycky 1998) In contrast to Artalejo’s results they found 

that after cyclosporin A incubation, capacitance decays were slow and often 

incomplete, and that the rate of endocytosis no longer showed a dependence on 

calcium. Cyclosporin A did not alter the threshold for excess retrieval, but due to 

enhanced inactivation of calcium channels, reduced the amount of calcium entering 

the cell and therefore reduced the probability of a cell reaching the required threshold 

level for excess retrieval to be switched on. The regulation of calcium channels by 

calcineurin is itself a debated issue (discussed in chapter 6).

The regulation of endocytosis by calcium and calcineurin in bovine chromaffin cells 

was investigated again by another group (Chan and Smith 2001). In this study action 

potential (AP)-like stimulation was used to stimulate the cells. This delivers a very 

different calcium entry profile to square pulse stimulation. They found a relationship 

between cell firing (during a physiological range) and the rate of endocytosis. This 

can be summarised as follows. Single APs or trains at 0.5 Hz lead to rapid 

endocytosis, 1.9 to 6 Hz trains cause a marked reduction in the rate of endocytosis, 

trains at 10 -  16 Hz lead to a return to rapid endocytosis. They also found that 

cyclosporin A left endocytosis characteristics the same at the lower stimulus levels 

but blocked the resurgence of endocytosis seen in control cells at high AP 

frequencies. They suggest that there are two mechanisms of endocytosis. One is 

prevalent at basal and low stimulation frequencies and lessens with increasing
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calcium levels and is insensitive to cyclosporin A and another which, is activated by 

high stimulus frequencies and is blocked by cyclosporin A. More recently they have 

examined these two modes in more detail (Chan and Smith 2003), and find that 

blocking clathrin-mediated retrieval with a clathrin/dephosphin disrupting peptide 

(PP-19), inhibits endocytosis in response to trains at 15Hz, but not to trains at basal 

rates (~0.5 Hz). They also discover that endocytosis in response to basal firing is 

sensitive to conventional PKC’s, but endocytosis evoked by stressful firing is not. 

Therefore they conclude that endocytosis evoked under stressful conditions is

clathrin-mediated and can be blocked by cyclosporin A (therefore presumably a
2+Ca /calmodulin, calcineurin pathway), and that endocytosis in response to basal 

firing is clathrin-independent and mediated by PKC. I could investigate the 

possibility of calcineurin as a downstream target of Ca2+/calmodulin, by over

expressing a constitutively active calcineurin with over-expression of mutant 

calmodulin in the same cell.

Finally a recent paper by Artalejo suggests that two phases of endocytosis, (which she 

calls rapid and slow) are mediated by different isoforms of dynamin. RE is blocked 

by anti-dynamin- 1  antibodies, (but not anti-dynamin- 2  antibodies), substitution of 

extracellular calcium with barium, and is resisitant to anti-clathrin antibodies. 

Replacement of calcium with barium however has little effect on slow endocytosis, 

which is sensitive to anti-clathrin and anti-dynamin2  antibodies but not anti- 

dynaminl antibodies (Artalejo et al. 2002). She suggests that rapid endocytosis is 

associated with kiss and run events and is the more common form of vesicle 

endocytosis, but under heavy stimulation and full vesicle fusion with the plasma 

membrane, slow endocytosis which is clathrin mediated is switched on.

However it should be noted that all of the above mentioned studies, except the last 

one (Artalejo et al. 2002) used cesium-based pipettes, a condition which will lead to 

intracellular potassium depletion and an inhibition of clathrin-mediated endocytosis 

(Larkin et al. 1983; Heuser and Anderson 1989; Wu et al. 2001; Artalejo et al. 2002, 

see chapter 4 section 4.4.9). Therefore care should be taken when interpreting these 

results, as recorded endocytosis is likely to be dominated by clathrin-independent 

mechanisms. I have investigated the role of calmodulin in endocytosis in response to
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2 0 0 ms depolarisations and a train of brief (1 0 ms) depolarisations using either cesium- 

based or potassium-based internal recording solutions. I find that endocytosis from 

virally infected cells is not altered in response to either stimulus when cesium-based 

internal solutions are used. Therefore Ca2+/calmodulin is unlikely to regulate this 

endocytotic pathway. However in response to the train of depolarisations endocytosis 

is inhibited in cells over-expressing mutant, but not WT calmodulin when a 

potassium-based internal solution is used. This implies that calmodulin is required 

for this clathrin-mediated pathway. Further experiments are required to determine the 

roles of potential downstream targets, such as calcineurin and/or dynamin. However 

I believe that a valid experimental model now exists to investigate the role of these 

proteins in clathrin-dependent endocytosis. Namely the train of depolarisations as the 

stimulus, over-expression of the mutant calmodulin, and the distinction between 

clathrin-dependent and clathrin-independent endocytosis offered by changing internal 

solution composition from potassium-based to cesium-based. This approach in 

combination with an imaging technique to monitor endocytosis is likely to be very 

informative.

Studies from neurones and neuroendocrine cells suggest that three basic mechanisms 

of endocytosis can occur; clathrin-dependent retrieval of vesicles, bulk retrieval of 

large areas of membrane and fast recapture of vesicles that have not fully collapsed 

into the membrane, colloquially called ‘kiss and run’ endocytosis (reviewed in Royle 

and Lagnado 2003). Kiss and run fusion has gained popularity recently as the most 

common form of endocytosis in central synapses during ‘physiological’ stimulation, 

especially from optical fluorescence studies (Aravanis et al. 2003). Interestingly it 

has been suggested that in response to a nerve impulse, synapses with low release 

probability primarily use the kiss-and-run mode, whereas high release probability 

terminals predominantly use the compensatory mode of vesicle retrieval (Gandhi and 

Stevens 2003). Therefore an understanding at the molecular level of all modes of 

endocytosis is warranted.
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Chapter 8. Final discussion

There are three main conclusions from the experiments presented in this thesis.

Firstly, exocytosis is preferentially coupled to P/Q-type channels, secondly 

calmodulin regulates N-type calcium channel inactivation, and thirdly calmodulin is 

required for the filling or release of the IRP/RRP. At the end of each chapter I have 

discussed the relevance of these observations. In this final discussion I will consider 

four questions which continue from these initial observations and could form the 

basis of future experiments designed to gain a more thorough understanding of 

regulation of stimulus-coupled secretion in bovine adrenal chromaffin cells.

8.1 Is there a physical interaction between P/Q-type channels and SNARE 

proteins?

I have shown that exocytosis in chromaffin cells is preferentially coupled to P/Q-type 

channels. In the discussion of chapter 5 I offer several mechanisms that could 

account for this, including preferential inclusion of P/Q-type channels and SNARE 

proteins within lipid rafts (section 5.12). Here I expand my discussion and consider 

the possibility of a direct specific coupling between P/Q-type channels and the 

secretory machinery as a mechanism to explain the enhanced exocytotic efficiency 

compared to N-type channels. The cytoplasmic loop between domains 2 and 3 of N 

and P/Q type channels (L2-3) has been shown to be able to bind to SNARE proteins. 

This ‘synprint’ site, {synaptic protein interaction) is found between residues 718-963 

and can bind syntaxin 1A and SNAP-25 as well as synaptotagmin reviewed in (Sheng 

et al. 1998 and Catterall 1998). Targeting of the exocytotic machinery to calcium 

channels is a mechanism to increase the efficiency of synaptic transmission. As 

synaptic protein interactions with the synprint site are competitive, they may occur in 

series and represent steps in the pathway of docking and release (Walker and De 

Waard 1998). A hypothesis put forward by Professor Catterall and others propose 

that at resting calcium concentrations P/Q and N type channels can bind to syntaxin 

and SNAP-25. Calcium influx can greatly increase the affinity of this coupling, and
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may therefore contribute to early priming steps of the fusion process. As calcium 

levels rise and reach threshold for release (20-50 pM), this binding affinity is reduced 

and syntaxin and SNAP-25 are displaced and allow synaptotagmin to bind in order 

for membrane fusion to proceed (Sheng et al. 1996). This hypothesis predicts a direct 

coupling between the source of calcium entry and vesicles. Recently it has been 

shown that splice isoforms exist for both channels subtypes, which lack this 

‘synprint’ (syntaxin binding) site in their domain II-III linker (Rettig et al. 1996; 

Kaneko et al. 2002). The bovine adrenal chromaffin cell P/Q-type channel(s) have 

not yet been cloned but hopefully should soon be available (J. Weiss personal 

communication). It will be interesting to determine (if the synprint site is present on 

chromaffin cell P/Q-type channel), how disruption of this site will affect stimulus- 

coupled secretion. Several groups have studied the effects of calcium channel 

activity and secretion by either cleaving SNARE proteins with specific toxins or by 

injecting peptides or antibodies designed to inhibit the interaction between SNAREs 

and the calcium channels. In neurones, experiments disrupting the physical link 

between N type channels and SNARE proteins can displace vesicles from the 

channels and shift the calcium dependence of neurotransmitter release to higher 

levels (Catterall 1999). As well as spatially coupling vesicles to the source of calcium 

entry, interactions with SNARE proteins can affect the biophysical properties of the 

channel, and so in addition to regulation by calmodulin may underlie the difference in 

inactivation between the two channel subtypes.

8.2 Does calmodulin regulation of N-type channels limit their ability to 

contribute to stimulus-coupled secretion?

It was hypothesised that calmodulin regulation of N-type channel inactivation could 

limit the ability of this channel to contribute to exocytosis. It was not possible to test 

this directly as over-expression of mutant calmodulin not only reduced channel 

inactivation but also altered exocytosis by acting on the secretory machinery. Ideally 

a separation of the effects on the channel and secretory machinery would be 

desirable. This could be investigated by engineering a double mutation in the N-type
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channel removing both the calmodulin and co-CTX GVIA binding sites. In this case 

the mutant channel could be over-expressed with endogenous N-type calcium 

channels blocked by application of co-CTX GVIA. Thus it would be possible to 

compare the role calmodulin plays in regulating stimulus-coupling exocytosis 

between the channel subtypes without affects on the secretory machinery.

To investigate this in a more physiological context these studies could be expanded to 

examine the channel subtypes ability to couple to exocytosis in response to action 

potential (AP) firing. Firstly secretion could be monitored with AP firing before and 

after toxin application to assess the contributions of individual calcium channel 

subtypes. Then the role of calmodulin regulation of N-type channels could be 

assessed in the same manner previously described for single pulses in voltage clamp, 

over-expression of the double mutant N-type channel and block of endogenous N- 

type channels. A problem with this is that simultaneous recording of APs and ACm 

are not possible. Stimulating with APs requires current clamp and measuring Cm 

responses requires voltage clamp and it takes time to switch between voltage and 

current clamp, which would greatly reduce the temporal resolution currently observed 

by stimulating cells and measuring ACm in voltage clamp. To address this problem 

mock APs can be generated in voltage clamp by using a series of ramps to mimic an 

AP (Chan and Smith 2001). However the ability of these mock APs to accurately 

represent an AP has recently questioned (Duan et al. 2003). In this latter study they 

measured real APs in current clamp and used this template to reconstitute APs 

waveforms under whole cell patch clamp.

It will be interesting to determine how calmodulin affects the complete AP duration. 

Calmodulin activates small conductance potassium channels (Xia et al. 1998) as well 

as inactivating N-type channels, which themselves regulate BK channel activity 

(Marrion and Tavalin 1998). Therefore to determine calmodulin regulation of 

exocytosis specifically through its regulation of membrane conductances, distinct 

from effects on the secretory machinery AP’s could be recorded in current clamp 

from cells over-expressing WT and mutant calmodulin and then the template from 

these AP’s could be converted into a voltage clamp waveform to mimic AP firing in 

uninfected cells. Thereby neglecting the need to infect these cells, eliminating
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unwanted side effects of viral infection (smaller calcium current amplitudes, and an 

increase in asynchronous secretion), and the effects the mutant calmodulin exerts on 

the secretory machinery.

8.3 What is the functional significance of calmodulin regulation of N-type 

calcium channels?

I have shown that in bovine adrenal chromaffin the vast majority of calcium current is 

carried by N and P/Q-type channels, and exocytosis is preferentially coupled to P/Q- 

type channels even in response to brief depolarisations when there is no difference in 

the degree of inactivation between the two calcium subtypes. The exocytotic response 

to a train of brief depolarisations is almost the same after blockade of N-type 

channels as it was before despite a significant reduction in calcium entry. The 

functional consequence of calmodulin-dependent inactivation of N-type channels 

may be simply to prevent excess calcium entry, which could be detrimental to the cell 

and allowing exocytosis to persist via calcium entry through P/Q-type channels. 

Therefore stimulus-coupled secretion is not compromised and the cell is protected 

from an overload of calcium. If that is the case, what is the physiological relevance 

of the N-type channel? I believe that the N-type calcium channels in chromaffin 

cells have a functional role and a calmodulin interaction may be important for this. In 

neurones specific calcium channel subtypes appear to be important for delivering the 

calcium needed for different cellular functions. For example it has been proposed 

that calcium entry through L-type channels in the cell body primarily leads to gene 

transcription, whereas calcium entry through P/Q and N-type channels at the synapse 

initiates neurotransmitter release (West et al. 2002; Deisseroth et al. 2003). L-type 

channel calcium current preferentially increases CREB phosphorylation, even though 

other channels support equivocal or greater calcium entry (Dolmetsch et al. 2001). 

The transduction of the calcium signal to CREB activation is essential on calmodulin 

binding to the channel and its subsequent activation by calcium flowing through the 

channel (Dolmetsch et al. 2001; Mori et al. 2004). Therefore the same molecule 

interacting with different calcium channel subtypes can regulate disperse cellular
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events. One could envision the physiological role of calmodulin regulation of L-type 

channels in the modulation of gene transcription and its regulation of N-type channels 

by preventing high and possibly dangerous levels of calcium from entering the cell. 

However the prevailing view that calcium-dependent gene expression is triggered by 

calcium influx through L-type channels is based predominantly from studies, which 

used chronic potassium depolarisation to mimic neuronal activity. This stimulation is 

likely to assess only slowly or non-inactivating channel subtypes ability to couple to 

gene transcription. N-type channels inactivate quickly and their potential 

contribution to gene expression would be overlooked in these experiments. Indeed it 

has been shown that CREB phosphorylation is transient following electrical 

stimulation but relatively sustained following chronic depolarisation by potassium, 

indicating a differential regulation of CREB phosphorylation under physiological 

conditions (Brosenitsch and Katz 2001). An elegant study has shown that both 

chronic depolarisation by potassium and electrical stimulation of dissociated primary 

sensory neurons induces expression of immediate early genes Nurrl and Nurr77 and 

an increase in tyrosine hydroylase mRNA (a marker for induction of dopaminergic 

traits), (Brosenitsch and Katz 2001). However the two stimuli rely on calcium entry 

through different channel subtypes and utilize diverse downstream effectors. Chronic 

potassium depolarisation requires calcium entry through L-type channels and 

activation of the MAPK pathway, whereas electrical stimulation (5Hz) requires 

calcium entry through N-type channels and activation of PKC and PKA (Brosenitsch 

and Katz 2001). This study shows that physiological stimuli couple calcium entry 

through non-L-type channels to mediate gene transcription and show that N-type 

channels can directly link membrane depolarisation to gene expression. With this in 

mind, a functional interaction of calmodulin with N-type calcium channels in bovine 

adrenal chromaffin cells may involve mediating gene transcription reminisant of the 

process described for L-type channels, but missed as non-physiological stimuli were 

used to assess its involvement. This may specifically be worth investigating as L- 

type channels only contribute to a small fraction of the calcium current, or are 

quiescent in cultures of adult bovine adrenal chromaffin cells (Engisch and Nowycky
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1998; Currie and Fox 1997; Currie and Fox 2002), yet obviously gene transcription 

occurs.

A fast calmodulin-dependent kinase and a slow MAP kinase dependent cascade are 

thought to mediate CREB activation by phosphorylation of its ser-133 residue. 

Ca2+/calmodulin can lead to local activation of ras, which leads to stimulation and 

nuclear translocation of MAPK, a process that may involve PKA (reviewed in 

Deisseroth et al. 2003). It is interesting to note that ras has recently been shown to 

immunoprecipitate with N-type channels in DRG neurons after GABA receptor 

stimulation, with subsequent activation of the MAPK pathway, an affect that is 

inhibited by block o f N-type calcium channels with co-CTX GVIA (Richman et al. 

2004). Clustering of calcium channel subtypes and neuronal receptors with specific 

signalling molecules in microdomains is likely to dictate whether or not a given 

channel subtype is important in regulating gene expression and this co-localisation is 

likely to vary for individual cell types. Future experiments could test the hypothesis 

that activation of gene transcription in bovine adrenal chromaffin cells requires 

calcium entry through N-type calcium channels with or without an implicit role for 

calmodulin in this process.

8.4 What is the relevant Ca2+/calmodulin target that regulates release from the 

IRP/RRP?

In chapter 7 I discuss various different proteins, which may mediate the reduction in 

exocytosis observed after over-expressing of a mutant calmodulin incapable of 

binding calcium. The major observation from my experiments was the elimination of 

the IRP, with no effect on release in response to long depolarisations, or at the end of 

a train of brief depolarisations suggesting that release from the SRP is not affected. 

Since the SRP is primarily defined from experiments of flash photolysis of caged 

calcium, experiments of this nature should be performed to quantify SRP pool size 

from WT or mutant over-expressing cells to verify this. Additionally pool refilling 

may be affected through Ca2+/calmodulin regulation of proteins required for this, but 

as I did not investigate pool refilling I will limit the rest of this discussion to
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mechanisms, which could account for the alterations in exocytosis observed in my

experiments. My results (reduction in release from the IRP/RRP) indicate that
2+Ca /calmodulin is required either for priming vesicles to obtain fusion competence, 

stabilization of the IRP/RRP, calcium sensing, or a combination of these. This is 

discussed in more detail below.

Munc-13 is a priming protein that is essential for the maturation of vesicles to 

become fusion-competent in neurones (reviewed in Rosenmund et al. 2003).

However, two key pieces of evidence suggest that it is not the relevant 

Ca /calmodulin target in my studies. Firstly, when the calmodulin binding site was 

mutated in munc-13, and expressed in neurones basal pool sizes were not affected 

and the importance of this interaction appears to be in mediating refilling of the RRP 

after bouts of stimulation when cytoplasmic calcium is raised (Junge et al. 2004). 

Secondly, in contrast to bovine brain, munc-13 expression is low in bovine 

chromaffin cells (Ashery et al. 2000) and secretion from munc-13 knockout mice is 

normal (Voets 2000), suggesting that although over-expression can enhance secretion 

in chromaffin cells, it is not a normal required priming protein in this cell type 

(although it is possible that other isoforms of the protein are important in chromaffin 

cells). Therefore I predict that the observed reduction in exocytosis in my studies
^ I

results from perturbation of a Ca /calmodulin interaction with one or more of the 

SNARE proteins (Synaptobrevin, SNAP-25 or syntaxin). This could be explained 

either as an inhibition of a tight trans-SNARE complex, a destabilization of the RRP, 

and/or a reduction in the co-operativity of release.

The SNARE complex consists of a twisted coiled-coil bundle made up of four a- 

helices (one from synaptotagmin, one from syntaxin and two from SNAP-25). This 

complex brings vesicle and plasma membranes into close contact and is necessary for 

fast stimulus-coupled release (Sutton et al. 1998). Recent work has shown that the 

vesicular lipid bilayer itself inhibits synaptobrevin interactions with syntaxin and 

SNAP-25 in the absence of calcium (Hu et al. 2002) and that Ca2+/calmodulin is 

required to allow synaptobrevin to change from cis lipid binding to trans lipid binding 

(de Haro et al. 2004). Addition of an antibody that prevents full SNARE complex 

formation results in the loss of the RRP, but not from the SRP, implying that the SRP
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may be able to fuse from a ‘loose’ SNARE complex (Xu et al. 1999). This suggests 
2+ %

that Ca /calmodulin may be required for conversion of a ‘loose’ SNARE 

conformation into a ‘tight’ one and explains the reduction in release from the 

IRP/RRP but not from the SRP in my experiments. Alternatively the antibody could 

result in impaired binding of synaptotagmin and therefore a reduction in the RRP 

size. Nonetheless there is plentiful evidence to suggest that calcium is required for 

the formation of a tight trans-SNARE complex (Chen et al. 2001, Matos et al. 2003). 

Zippering of a loose SNARE complex into a tight trans-SNARE complex increases

the rate of vesicle fusion, is calcium-dependent and involves proteins known to be
2+

regulated by Ca /calmodulin, therefore this may be the relevant target for 

perturbation after over-expression of mutant calmodulin. Biochemical assays could 

be performed to assess whether trans-SNARE complexes are altered from cells over

expressing mutant calmodulin.

The RRP is thought to be in equilibrium with the SRP and a potential way for 

exocytosis to be modulated is by changing the stability of the vesicles residing in the 

RRP by altering the forward or reverse priming rates (Sorensen 2004). Complexins 

are an example of proteins that affect the stability of the RRP (reviewed in 

Rosenmund et al. 2003). They are not thought to change the size of the RRP but are 

thought to stabilize the tight conformation of the core complex as knock-outs of these 

proteins reduce the efficiency of calcium-dependent release (Reim et al. 2001; 

Tokumaru et al. 2001; Chen et al. 2002; Pabst et al. 2002; Bracher et al. 2002). 

Perhaps a role of the Ca /calmodulin interaction with synaptobrevin and CaMKII 

interaction with syntaxin is to maintain the stability of the RRP. Indeed CaMKII 

binds to syntaxin in the open form, when it is able to bind to SNAP-25 and 

synaptobrevin (Ohyama et al. 2002), maybe this interaction stabilises the trans- 

SNARE complex, and reduces dissembly and muncl8 binding to syntaxin. This 

could be prevented when the mutant calmodulin is over-expressed leading to a 

reduction in the efficiency of release.

It may be possible that over-expression of mutant calmodulin perturbs the calcium- 

dependency of exocytosis. The evidence that synaptotagmin 1 is the primary calcium

sensor for fast stimulus-coupled transmitter release is convincing (Koh and Bellen
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2003; Yoshihara et al. 2003), however whether SNARE proteins either directly 

themselves, or by interacting with synaptotagmin can alter the calcium cooperativity 

of release is still a subject of debate. Evidence to suggest that SNARE proteins may 

themselves sense calcium is now discussed. Reducing the expression levels of 

syntaxin and synaptobrevin through genetic manipulation in drosophila led to a 

reduction in the calcium cooperativity from n = 3.4, to n = 2.4 and 2.6 respectively 

(Stewart et al. 2000). In this study they ruled out perturbations caused by their 

mutants on calcium entry through the calcium channels and spatial arrangement of 

the vesicles and the source of calcium entry concluding that the SNARE proteins 

themselves were part of the calcium-sensing complex. As discussed earlier (section 

7.5.3.3), mutations in a putative divalent cordination site on SNAP-25 leads to slowed 

secretion presumably due to the deletion of one calcium-binding site in the calcium 

sensor for exocytosis (Sorensen et al. 2002). Therefore it is conceivable that 

Ca /calmodulin via its interactions with synaptobrevin or CaMKII via syntaxin could 

also affect the calcium cooperativity of neurotransmitter release. Whether this effect 

is direct, or involves an indirect effect on synaptotagmin association with the core 

complex would have to be assessed. Although I found no difference in the calcium- 

dependency of exocytosis between WT and mutant calmodulin over-expressing cells 

(figure 7.2.1), the results from the method I used (Engisch and Nowycky 1996), will 

be dominated by fusion from the SRP. To investigate the calcium-dependency of 

release from the RRP flash photolysis of caged calcium experiments can be 

performed (Sorensen 2004). The calcium cooperativity of neurotransmitter release 

from the RRP in chromaffin cells was calculated as 2.5-3.0 using this technique 

(Sorensen et al. 2002), which is considerably higher than the value reported here, and 

by (Engisch and Nowycky 1996), when both pools are assessed together. Therefore 

using the flash photolysis technique I may detect an alteration in calcium 

cooperativity between WT and mutant calmodulin over-expressing cells. If this 

occurs then over-expression of either mutated synaptobrevin or syntaxin (incapable of 

interacting with Ca2+/calmodulin or CaMKII) could be investigated in a similar way 

to determine the downstream target of Ca2+/calmodulin. In addition to determining 

the molecular basis for the reduction in the IRP/RRP, future experiments can be
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conducted to investigate whether Ca2+/calmodulin plays a role in pool refilling, and if 

so characterization of the molecular targets underlying this. Other future experiments 

include an amperometric analysis of single fusion events to determine whether
n I

Ca /calmodulin effects fusion pore kinetics.

Furthermore I have described a simple technique to isolate clathrin-dependent from 

clathrin-independent mechanisms and shown some preliminary evidence to suggest 

that over-expression of mutant calmodulin specifically affects a clathrin-mediated 

endocytosis pathway in these cells. Future experiments could be conducted to 

examine the downstream targets of this regulation.

In summary, Ca2+/calmodulin plays a central role in regulating neurotransmitter 

release. It regulates several diverse membrane currents to finely tune calcium entry, 

the trigger for release. It also interacts with many proteins necessary for all stages of 

the vesicle cycle, (docking, priming, and retrieval of membrane post-fusion). To 

understand the exact molecular mechanisms and physiological importance of each of 

these interactions is a challenge for the future.
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Appendix 1. Examination of an unidentified calcium-
dependent ionic current

When I started these studies it was noted that with long depolarisations (800ms) the 

kinetics of the tail current slowed. This suggested that an additional channel was 

being activated and that I was not recording calcium channels in isolation. This 

appendix describes experiments I conducted to try to characterise and inhibit this 

unknown conductance.

A step from -80mV to +20mV will activate a number of calcium channels resulting 

in an inward calcium current. At the end of the voltage step a calcium current of 

larger amplitude and smaller duration is recorded (figure A l. 1). This ‘tail’ current 

corresponds to the current flowing through channels that are not closed at the end of 

the depolarising step and its amplitude and direction is relative to the size of the 

voltage step and hence the driving force for calcium ions.

A l.l Tail current recorded from a 100ms depolarisation.

500pA

500ms

A 100ms depolarisation from -80m V to +20mV evokes a membrane calcium current which begins to 
inactivate during the course of the depolarisation. At the end of the pulse the membrane voltage is 
stepped back down to -80m V and a large transient inward current, colloquially termed a ‘tail current’ 
is observed (surrounded in this figure by a blue oval).
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As the length of the depolarising pulse increases, the tail current and calcium 

conductance get smaller because calcium channel inactivation has already shut many 

channels. Therefore one would expect that an 800ms pulse would not induce a 

significant tail current as the vast majority of calcium channels will inactivate before 

the end of the depolarisation. However it was observed upon inspection of 800ms 

pulse traces that a tail current with slow inactivation kinetics was present and 

occasionally the inactivating 800ms current went positive (figure A 1.2). The obvious 

explanation for this is that I was not recording pure calcium current, but a mixed 

current that also contained an outward conductance. Therefore the tail current was a 

result o f either calcium flowing through calcium channels that were still open (and 

therefore not inactivated), or that it resulted from flow of ions through another type of 

channel that was being switched on, or that it corresponds to a mixture of both these 

possibilities.

A1.2 Slow tail current recorded from an 800ms depolarisation.

An 800ms depolarisation from -80mV to +20mV in which the current actually goes outward towards 
the end of the pulse and produces a tail current with slow inactivation kinetics. The blue dashed line 
represents Op A.

The calcium-dependency of the tail current was examined. Figure A 1.3 displays 

sample traces resulting from an 800ms depolarisation in either the whole cell
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configuration with intracellular [BAPTA] raised from 0.3mM to lOmM, or in the 

perforated patch configuration with either calcium or barium in the extracellular 

solution. It is apparent that there is less inactivation during an 800ms pulse when 

calcium is buffered with lOmM BAPTA or calcium is replaced with barium 

(discussed in detail in chapter 6). However the slow tail current also disappears. A 

fast tail current similar to the one shown in figure A 1.1 is probably present as only a 

fraction of the channels inactivate when calcium is buffered with lOmM BAPTA or 

when barium is used as the extracellular divalent charge carrier with this stimulus. 

This will be missing in the traces due to the slow sampling rate used to record an 

800ms depolarisation, (1 point every 2ms).

A 1.3 C alcium -dependency o f  the tail current

Whole cell (0.3 mM BAPTA) Perforated patch calcium

300pA

400ms

Whole cell (10 mM BAPTA) Perforated patch barium

Sample 800ms traces recorded on the left in the whole cell configuration with the intracellular 
[BAPTA] either 0.3mM (black) or lOmM (red). On the right are perforated patch recordings with 
either calcium (blue), or barium (orange) as the extracellular divalent charge carrier.

Having discovered that the slow tail current displayed calcium-dependency, possible 

candidate channels mediating this current were assessed. Initially it was thought that 

the current would be mediated by either a calcium-dependent chloride or potassium
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current. Calcium-activated chloride channels looked a promising candidate, as 

isolated calcium-activated chloride currents display a slowly inactivating tail current 

(Evans and Marty 1986). The slow chloride tail current is thought to arise from a 

change in channel open probability (Po) with voltage. Depolarisations to positive 

potentials evoke an outward current that slowly increases in amplitude until a steady- 

state level is reached, indicative that Po increases at positive membrane voltages. 

After repolarisation the inward current slowly declines towards a steady-state value 

giving rise to tail currents with a slow time course (several hundred ms), as the 

channels return to a lower level of Po (Evans and Marty 1986). These channels, as 

their name suggests are activated by raised intracellular calcium, and it has been 

reported that the amplitude of a chloride mediated tail current can be related to the 

amount of inward charge carried by calcium flow through voltage-gated calcium 

channels (Currie et al. 1995). Alternatively the current could be mediated by a 

calcium-activated potassium channel. Three types of calcium-activated potassium 

channels have been identified based on biophysical and pharmacological criteria, 

large conductance (BK), small conductance (SK) and intermediate conductance (IK). 

BK and SK channels are widely expressed in the nervous system whereas IK 

expression is limited mainly to epithelia cells (Sah and Faber 2002). Both BK (Marty 

andNeher 1985; Lovell et al. 2000) and SK (Artalejo et al. 1993) are expressed in 

cultured bovine adrenal chromaffin cells. Before commencing pharmacological 

studies a current voltage relationship was undertaken to discover the tail currents 

reversal potential and hopefully give an indication of the channels molecular identity. 

To do this an 800ms depolarisation to +20mV was applied, immediately followed by 

a 100ms step to a membrane voltage ranging ffom-120mV to +100mV (figure A 1.4). 

These experiments were performed in both the whole cell and perforated patch 

configuration and lead to a current that was outward rectifying and reversed just 

positive of +20mV.
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A1.4 Current-voltage relationship of the tail current.

A.
+20mV 

-80m V ~

800ms

100ms
W h o le  cell recording tail potential -1 2 0 m V . Perforated recording Tail potential -1 20m V .

W h o le  cell reco rd ing  T a il po tentia l + 4 0 m V  Perforated recording Tail potential + 4 0m V
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A. An 800ms prepulse to +20mV was delivered immediately followed by a 100ms test pulse to a new 
membrane potential, ranging from -120mV to +100mV.
B. Sample current traces recorded in either the whole cell or perforated patch configuration in 
response to test pulses o f either -120mV or +40mV.
C. I/V plots, the peak amplitude o f the test pulse is plotted against membrane voltage. Points represent 
the mean current size ± s.e.m. Perforated patch recordings are shown on the left, (n = 10), whole cell 
configuration recordings on the right, (n=4).
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The reversal potential (ERev) of around +25mV was surprising, suggesting that the 

current was not mediated by a calcium-activated chloride or potassium channel.

Using the Nersnt equation, the ERev for chloride ions with the standard intracellular 

and extracellular solutions in the whole cell configuration is calculated to be ~ - 

70mV. ERev Cl" (Eci) is more difficult to assess in the perforated patch configuration, 

as in these experiments I used gramicidin A as the perforant, which produces 

channels impermeable to chloride ions (Busath 1993). This means that by using 

gramicidin (to gain electrical access) and my standard extracellular solution, a 

physiological Eci will be maintained. The I/V relationship for whole cell recordings 

was the same as that recorded in the perforated patch configuration (figure Al .4). In 

these studies it is not possible to directly calculate the ERev for potassium channels 

using the Nersnt equation as the intracellular solution contains cesium instead of 

potassium. However one would expect the ERev to have a highly hyperpolarized 

membrane potential, so given the reversal potential of the measured tail current (~ 

+25mV, figure Al .4), I do not believe that it is mediated by activation of a calcium- 

activated potassium channel. Also calcium-activated potassium channels in bovine 

adrenal chromaffin cells have been shown to activate at potentials more positive than 

-30mV with an outward current that increases with amplitude as the membrane 

voltage becomes more polarized (Marty and Neher 1985), with no inward current 

recorded through these channels.

As an additional check to see whether the current was supported by chloride ions I 

changed Eci so that it was close to the step potential of +20mV. This was achieved 

by using a cesium-chloride based internal instead of the standard cesium-glutamate 

one. In this case the calculated ECi would be ~ +2mV. It would therefore be possible 

to observe whether there is a difference in inactivation during the standard 800ms 

long pulse indicative of a contaminating outward current (if this was the case one 

would expect less inactivation as Eci is now close to the step potential reducing the 

driving force for current flow). Also if the tail current is mediated by chloride ions 

then the tail current should be larger in amplitude due to a larger electrochemical 

driving force at -80mV. Similarly the tail current should be smaller in amplitude at
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positive membrane potentials when recording with the cesium-chloride based 

internal.

Electrochemical driving force (Edf) = Voltage -  ECI

-lOmV = -80mV -(~-70m V )

-82mV = -80mV -  (~ +2mV)

The % inactivation over the 800ms prepulse was unchanged for the two recording 

solutions, 91.0 ± 1.5 % n = 4 for cesium-glutamate based internal and 88.7 ± 2.4 % n 

= 3 for cesium-chloride based internal. A similar I/V relationship was observed with 

both recording conditions (figure A 1.5) and the amplitude of the inward tail current 

recorded with a test pulse potential of -120mV was -63.7 ± 12.6 pA n = 4 for cesium- 

glutamate and -40.0 ±5.3 pA n = 3 for cesium-chloride based internal respectively. 

With a test pulse potential of +40mV the mean amplitude was +28.3 ±21 and +45.0 ± 

20pA respectively. If you normalise the amplitude of the test pulse to the peak of the 

prepulse then you obtain a fractional ratio of 0.27 and 0.24 with a test pulse o f - 

120mV and 0.12 and 0.26 with a test pulse to +40mV for cesium-glutamate and 

cesium-chloride solutions respectively. Therefore an 800ms depolarisation does not 

show a significant decrease in measured inactivation and the I/V is not shifted in the 

manner predicted from a current carried by chloride ions. There is an absence of 

highly specific blockers for calcium-activated chloride currents (Frings et al. 2000). 

General chloride channel blockers such as the fenamtes, nifluric and flufenamic acid 

or the disufonic stilbene derivatives DIDS and SITS have been used, although their 

reported potency is variable depending on the cell type being examined (Frings et al.

2000). Application of lOpM DIDS, a concentration shown to block chloride channels 

in bovine adrenal chromaffin cells (Doroshenko et al. 1991) did not affect current 

amplitude or the I/V relationship (figure Al .5). Therefore I concluded that the 

current was unlikely to be mediated by a calcium-activated chloride current.
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A1.5 Cesium-glutamate verses cesium-chloride based internal solution.

A. Cs-Glutamate based.

Cs-Cl based.

-80mV
-70mv

B. ECI ~ -70m V ECI ~ +2mV

(Cs-Glutamate) (CsCl)

Whole cell recording tail potential -120mV. vVhole cell recording Tail potential -120mV.

200ms

200ms

Whole cell recording Tail potential +40mV Whole cell recording Tail potential +40mV.

100pA

200ms I

100pA

200ms

A. Scheme showing how the calculated driving force for chloride changes with membrane voltage for 
internal solutions containing either cesium-glutamate or cesium-chloride.
B. Sample traces from whole cell experiments when the test potential is either -120mV or +40mV 
from cesium-glutamate or cesium-chloride based internal solutions.
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C. I/V curves, data points are the mean ± s.e.m peak amplitude of the test pulse following an 800ms 
prepulse. On the left for cesium-glutamate based internal (n = 4), and on the right for cesium-chloride 
based internal (n = 3).
D. I/V before and after lOpM DIDS using cesium-glutamate based internal (1 cell perforated patch 
others whole cell).Limited data points were recorded to ensure currents were recorded before calcium 
current rundown was appreciable. Data is mean ± s.e.m peak amplitude of the test pulse following an 
800ms prepulse, n = 3. There was no significant change in I/V relationship or current amplitude 
following DIDS application.

A search of the literature revealed a study in which calcium currents were measured 

in pancreatic a-cells using similar recording solutions to the ones used in this thesis 

(Gromada et al. 2001). In this study they state that they apply 20mM TEA-C1 to their
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external solution in order to block an outward current that persists after replacement 

of intracellular potassium with cesium. They presumed that this outward current was 

a potassium conductance but they did not directly investigate this. Therefore I next 

examined whether TEA-C1 could inhibit the calcium-dependent outward current 

observed in my studies. This would act as an additional check to investigate whether 

this current was in fact due to activation of a calcium-activated potassium channel.

BK channels can be blocked by TEA in the low millimolar range (Blatz and Magleby 

1987). A previous study examining calcium-dependent potassium channels in bovine 

adrenal chromaffin cells reports an 87% reduction in current after application of ImM 

TEA (Marty and Neher 1985). To investigate this possibility, in addition to the 

standard 145mM intracellular cesium, lOmM TEA-C1 was substituted with lOmM 

NaCl of the standard extracellular solution. This substitution reduced the amount of 

inactivation observed in response to an 800ms depolarisation and prevented the 

current from ever going outward. The degree of inactivation was 96 ± 3 % reduced to 

8 7 ± 2 % n  = 4, p = 0.001 when standard extracellular solution was replaced with one 

containing lOmM TEA-C1 (figure A 1.6). The peak amplitude of the current was not 

significantly different, control value of 326 ± 75 pA verses 350 ± 74 pA n = 4 after 

addition of TEA-C1. However the amount of calcium entering during the pulse was 

increased from 253 ± 68 x 106 Ca2+ ions to 334 ± 65 x 106 Ca2+ ions n = 4 p = 0.009, 

and the peak amplitude of the tail current observed at the end of the pulse was 

reduced from 99 ± 28 pA to 59 ± 6 pA n =4. The remaining tail current may be due 

to calcium flow through channels that are not inactivated by the end of the pulse or 

through the unidentified channel. The latter explanation is more likely as the tail 

current retains its slow kinetics. The tail in both cases could be fit by a double 

exponential with mean ti = 13ms and x2 = 82ms for control and xi = 7 ms and x2 = 

68ms after application of lOmM TEA-CI. As lOmM TEA is only partially reducing 

the amplitude of the tail current (41%), it is possible that a TEA insensitive SK 

channel carries the remaining current. Direct testing of this hypothesis by application 

of apamin was not conducted, but would have been useful in investigating this 

scenario.

264



The amount of inactivation observed during a robust train of depolarisations was also 

reduced upon application of lOmM TEA-C1. Fractional inactivation after a train of 

50, 10ms pulses at 20Hz was 0.39 ± 0.08 in control, reduced to 0.51 ± 0.02 (n = 3) 

after exchange of recording solutions. This difference was not considered significant 

in a paired t-test, p = 0.25. Similarly when unpaired cells were analysed, fractional 

inactivation was 0.38 ± 0.03 n = 17 in standard solution reduced to 0.45 ± 0.02 n = 20 

when the extracellular solution contained lOmM TEA-C1. Again this difference was 

not found to be statistically significant, p = 0.11 (figure Al .7). This may reflect the 

amount and temporal properties of calcium entry, suggesting that the current sensitive 

to TEA-C1 is only switched on when the cell experiences very high calcium levels. 

Mean calcium entry during an 800ms depolarisation is 489 ± 38 x 106 Ca2+ ions 

whereas the total calcium entry during the train of depolarisations is 226 ± 22 x 106 

Ca2+ ions n = 20 over a time period of 3 seconds.
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A1.6 lOmM TEA-CI prevents the recorded current from going outward during a 

long pulse and reduces the peak amplitude of the resultant tail current.

Control + 10mM TEA-CI
800ms C 1.

200pA
200pA

200ms
200ms

200-

180

Control 
t t = 12.8ms 
t2 = 81.5ms

120-

100-

00
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0 100 150 200

Time (ms)

B.

250pA

300ms

130

100 10mM TEA-CI 
t, = 7.4ms 
t_ = 67.9ms

1
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0 SO 100
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A. Current traces from 4 cells in control (left) and after change of external solution to one in which 
lOmM [NaCl] was substituted with lOmM TEA-CI (right). Depolarisations were evoked in response 
to a long (800ms) depolarisation. Current inactivation was reduced from 9 6 ± 3 % t o 8 7 ± 2 % n  = 4 
after application of external solution containing 1 OmM TEA-CI.
B. Overlapping trace from an 800ms depolarisation before (black) and after application of 1 OmM 
TEA-CI (red).
C. Tail currents were averaged together and the mean trace fitted by a double exponential, y = y0 + 
A,e"x/tl + A2e'x/t2. The time course for current decay was similar for each condition, x, -  13 and 7ms, 
and x2 = 82 and 68ms for control and lOmM TEA-CI respectively.
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A1.7 lOmM TEA-CI does not significantly reduce current inactivation following

a train of short depolarisations.

A. B.
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A. Fractional inactivation was determined by dividing the peak current (after 3ms to exclude 
contributions from sodium currents) of each pulse in the train by the peak current of the first pulse. % 
inactivation is a measure of how much the current inactivates during the course of the train. Each 
point is the mean ± s.e.m. Fractional inactivation at pulse 20 was 0.50 ± 0.05 reduced to 0.67 ± 0.02 
(n = 3), after application of external solution containing lOmM TEA-CI this was considered significant 
in a paired t-test, p = 0.03. However by pulse 50 fractional inactivation was 0.39 ± 0.08 reduced to 
0.51 ± 0.02 (n = 3). This reduction was not found to be significant in a paired t-test, (p = 0.25).
B. Results from all cells were then analysed. Fraction inactivation at pulse 50 is reduced from 0.38 ± 
0.03 n = 17 in standard solution to 0.45 ± 0.02 n = 20, in an unpaired t-test this reduction was not 
found to be significant (p = 0.11). In this case no significant difference at earlier pulse intervals was 
detected.

These results show that TEA can inhibit the calcium-dependent outward current, but 

the molecular identity of the channel is still unresolved. As mentioned earlier the 

reversal potential of the measured tail current (~ +25mV, figure Al .4) is at odds with 

the current being mediated by a calcium-activated potassium channel. Therefore the 

effects of TEA shown here may be due to block of some other channel. A possible 

candidate is a TRP (Transient Receptor Potential) channel (Clapham 2003). During 

long pulses or robust trains of depolarisations cytoplasmic calcium concentrations 

will rise substantially. High [Ca2+]i has been reported to activate PLC (Allen et al. 

1997; Ellis et al. 1998). Recent characterization of some TRP family members, 

particularly from the sub-group TRPC, shows regulation by PLC (Clapham et al.

2001). These TRP channels are usually non-selective channels, which have a reversal
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potential close to zero. It is possible that by stimulating the cell with a long (800ms) 

depolarisation or by a robust train of depolarisations, cytoplasmic calcium 

concentrations rise sufficiently to activate PLC and switch on a TRP channel. 

Although I can find no evidence from the literature to support a role of TEA-CI in 

blocking TRP channels, if  the tail current conductance is mediated by ion flow 

through a TRP channel then TEA-CI at lOmM could be considered a partial blocker.

It was beyond the scope of my PhD to thoroughly characterize this current. As 

addition of lOmM TEA-CI reduced the measured inactivation and the amplitude of 

the tail current presumably by inhibiting a calcium-dependent outward current, it 

became routine in my studies to switch to a solution containing lOmM TEA-CI after 

obtaining voltage clamp, therefore reducing the error in evaluating channel 

inactivation in response to long pulses. The remaining error is presumed to be slight 

due to a low driving force for the current as its reversal potential is close to the 

standard depolarisation of +20mV.

A slow tail current is not often seen when inspecting published calcium currents in 

chromaffin cells. This probably results from differences in recording conditions. 

Barium is often used as the charge carrier (preventing calcium-dependent activation 

of the slow tail), short depolarisations are more typically shown, (the slow tail is only 

apparent after long depolarisations), and TEA is often used either as a substitute for 

extracellular sodium or as an additional potassium channel blocker in the 

extracellular solution. Groups using recording solutions similar to ours have 

published calcium currents, which contain a slow tail current in response to long 

depolarisations (Engisch and Nowycky 1996). They do not try to block this current, 

but they mention in their materials and methods that they simply exclude tail currents 

from analysis, as ‘they are composed of at least one calcium-activated conductance of 

unknown origin’.

In summary, following a long depolarisation (800ms), tail current kinetics become 

slower suggesting the activation of a calcium-dependent conductance of unknown 

identity. This undetermined current can be significantly reduced by external 

application of lOmM TEA-CI.
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Appendix 2 Production of a virus

Gene delivery to primary cultures of chromaffin cells has proven very demanding. 

Transfection methods developed for use in stable cell lines have usually proved 

inefficient in transducing neuronal primary cells or slice preparations. I have tried 

transient transfections with fugene 6, lipofectamine 2000, or by electroporation with 

poor transfection efficiency. However viral vectors have been shown to infect these 

cell types with high efficiency. Initially an adenovirus carrying DNA for phogrin (a 

vesicle associated protein) tagged with EGFP (kind gift from Dr Guy Rutter, 

University of Bristol) was applied directly to the cell feeding media and fluorescence 

observed 24 hours later. This experiment proved adenoviral delivery of DNA to be 

extremely effective in primary chromaffin cell cultures and acute slices of chromaffin 

cells. Other viruses like Semliki Forest Virus (SFV) have been used to successfully 

infect chromaffin cells (Ashery et al. 1999; Duncan et al. 1999). SFV’s had the 

advantage until recently of being far less labour-intensive and time-consuming to 

produce compared to adenovirus. However they appear to be more toxic, resulting in 

a narrow window after infection for conducting experiments. During the course of 

my PhD I attempted to make several adenoviruses and SFV’s. This appendix 

describes the methods used to make each type of virus and my results.

A2.1 Adenovirus

Adenovirus are encapsidated double stranded linear DNA viruses, they are very 

stable and very infectious. Adenoviruses can attach to two receptors found on the 

surface of mammalian cells; the car protein is a receptor for the adenovirus fiber 

(Bergelson et al. 1997) and surface integrins a vP3 or a vps can serve as receptors for 

the adenovirus penton (Wickham et al. 1993). Binding to these receptors leads to 

phagocytosis of the entire virus. Once inside the cell the virus travels to the nucleus 

where it forms a virus DNA-cell histone complex and recombines with the host DNA. 

Wild type adenovirus then highjacks the cell protein synthesis machinery, effectively
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shutting down host cell protein synthesis and inducing synthesis of proteins needed to 

make new virions. Eventually lysis of the host cell occurs and the new viral particles 

infect other cells. By manipulating the genome of the adenovirus it is possible to take 

advantage of its efficient cell entry mechanism and eliminate its capacity to replicate 

and lyse the cell. This is achieved by deleting the El region of the virus and inserting 

in its place your gene of interest. This adaptation essentially allows you to easily 

insert a functional gene into the host cell in a well tolerated way. The low 

cytotoxicity of adenoviral gene delivery means that a high number of cells survive the 

infection procedure and express the gene of interest.

I attempted to make three adenoviruses, one containing wild type calmodulin, one 

containing a mutant calmodulin in which all 4 EF hands were rendered incapable of 

binding calcium (DNA kind gift from Dr Aldeman, The Vollum Institute, Portland) 

and the third was NPY-EGFP. NPY is a peptide localised to secretory granules in 

chromaffin cells (DNA kind gift from Dr Aimers, The Vollum Institute, Portland). 

Figure A2.1.1 is a schematic overview of the technique used to make a recombinant 

adenovirus using the AdEasy (Quantumbiotech) kit. Briefly, the DNA of interest is 

sub-cloned into a pShuttle transfer vector (Step 1) which is co-transformed with the 

pAdEasy plasmid (Step 2). This recombinant plasmid is transfected into a specialised 

human embryonic kidney (HEK) cell line, which permits viral replication (Step3).

The recombinant adenovirus is then amplified and purified.
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A2.1.1 Overview of the technique.

Generation o f  a Recombinant 
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Diagram taken from the AdEasy web site: www.quantumbiotech.com
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A2.1.2 Plasmids.

Two types of transfer vectors were used in these studies, a pShuttle-CMV and a 

pShuttle-CMV-IRES-GFP, which were individually recombined with the pAdEasy-1 

plasmid.

A2.1.2.1 pshuttle-CMV

pShuttle-CMV is a useful vector as it contains a multiple cloning site and the cloned 

gene is under control of the human CMV promoter for constitutive recombinant 

expression in a wide variety of cell lines. This plasmid contains a copy of the 

kanamycin resistance gene. NPYEGFP was sub-cloned into this plasmid.
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A2.1.2.2 pShuttle-CMV-IRES-GFP.

In this vector GFP instead o f being linked to the gene of interest is kept separate and 

co-expressed in an Internal Ribosome Entry Segment (IRES). For high expression 

both the gene o f interest and the GFP are placed under the control of the modified 

CMV5 promoter. This plasmid allows for easy visualisation of transfected cells 

without the need to have GFP ligated to the protein of interest and possibly affecting 

its function. As calmodulin is thought to bind to calcium channels and undergo a
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large conformational change upon binding calcium it is preferable not to dramatically 

extend the length of the molecule by adding GFP.
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A2.1.2.2 pAdEasy-1 (AES1010).

This is a large plasmid containing the adenovirus serotype 5 (Ad5) genome, with 

deletions in the El and E3 regions. The gene of interest is inserted into the El region 

after homologous recombination of pAdEasy and the transfer vector in BJ5183 

bacteria. This plasmid contains a copy of the ampicillin resistance gene.
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A2.2 Full details of technique.

The gene o f interest is cut out of its original vector with restriction enzymes (RE’s); 

the pShuttle vectors are also cut with the same RE’s and then dephosphorylated to 

prevent resealing. The piece of DNA containing the gene of interest and the 

linearised plasmid are then ligated using DNA ligase. Using a heat shock technique 

(protocol 1, section 2.4.1), which briefly loosens the plasma membrane allowing the 

insertion of the plasmid, the success of the ligation can be assessed. Only colonies 

containing the plasmid will grow on kanamycin loaded agar plates and these are then 

screened for the presence and correct insertion of the gene of interest by restriction 

analysis. The calmodulin inserts were cut out of their original vector with Bglll, 

therefore creating the possibility that when ligated with the pShuttle-CMV the gene 

could run in either direction. To check the orientation of the insert, colonies were 

picked and grown overnight; the plasmids were then recovered using a miniprep kit 

(Amersham Pharmacia Biotech, GFX Micro Plasmid Kit). The purified plasmid 

DNA was then digested with Hindlll. If the insert is in the correct orientation there 

will be one very large fragment and two smaller fragments, one at 347bp and the 

other at 313bp. If the insert is in the wrong orientation there will be one very large 

fragment, one at 347bp and one at 663bp. Therefore by running the digested DNA on 

an agarose gel it is possible to detect which colonies contain the insert in the correct 

orientation (figure A2.2.1).
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A2.2.1. Checking that the insert is correctly orientated into the plasmid

<Ht -h«+Vfe

DNA ladder

Band at 663bp
Thin band at 347bp, 
thicker bands at 347bp 
and 313bp

A photograph of a restriction digest to check for the correct orientation of the DNA sequence in the 
plasmid. If it has ligated in the wrong direction then a Hindlll digest will cut a unique fragment of 
663bp. From 7 colonies 3 were found to contain the DNA sequence in the correct orientation.

Successful colonies were then amplified using a maxiprep kit (Clontech, Nucleobond 

Plasmid Maxi Kit). To check the integrity of the DNA and that no mutations had 

occurred restriction analysis was performed as before and some of the purified 

plasmid was sent off for sequencing. At this stage transient transfections into cell 

lines, like PC 12 is possible and useful way to test the construct. To create the 

adenovirus the next step is to recombine the pShuttle plasmid with the pAdEasy 

plasmid (see protocol 2, section 2.4.2). Potential colonies containing the recombinant 

plasmid were grown and the plasmids extracted using a miniprep kit. Restriction 

digestion was then performed to verify recombination. A BstXI restriction pattern is 

a good way to check recombination as pAdEasy contains six sites for this enzyme 

yielding restriction fragments of different size (1 — 11921 bp, 2 -  8237 bp, 3 -  5251 

bp, 4 -  4254 bp, 5 -  2379 bp, 6 -  1399 bp). Fragment number two is the only one 

that will vary with the size o f the insert and from one insert to the other. Using either 

pShuttles or NPYEGFP/Calmodulin the second band will shift to around 11-12kb 

(roughly the same size as band 1) if the plasmids have successfully recombined. 

Figure A2.2.2 is a gel showing successful recombination of pAdEasy and pShuttle- 

CMV-NPYEGFP.
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A2.2.2 DNA gel of successful recombinants

PAdEasy plasmid 
digested with BstXI. 
Note the 2nd band @ 

823 7bp which is 
absent in the 
successful 

recombinants. (The 
bottom two bands 

are very faint in this 
photo of the gel).

DNA from successful colonies was then amplified by transfection of the plasmid into 

DH5a cells using the heat shock technique. I then checked again the integrity of the 

construct and performed a maxiprep of the plasmid taking the necessary precautions 

needed as the plasmid size is now very large >40kb. 5-10 pg of DNA was then 

digested with Pacl and ethanol extracted. Viral particles were produced when this 

DNA was transfected into HEK 293A cells. These cells allow the replication of the 

viral particles as they contain the E l region, which is deleted in the pAdEasy plasmid. 

I transfected a small (T25) flask ~30-40% confluent, with fugene 6, other reagents 

like lipofectamine or techniques such as calcium-phosphate transfer have also been 

reported to work well (personal communication E.Ainscow & H. Witrow). After 11 

days a streak of bright green cells was observed under a fluorescent microscope. I 

then amplified the number o f viral particles by spinning down the cells, adding a 

small amount o f PBS and undergoing 3-4 freeze-thaw cycles to rupture the plasma 

membrane and release the virus into the supernatant. This supernatant was used to 

infect larger flasks o f HEK 293A cells. Unfortunately, during amplification I had 

two misfortunes, the first was flask infection, and the second was cell death due to a 

faulty incubator, which maintained a temperature of 42°C and not 37°C. After these 

set backs the project was paused to focus my time on electrophysiology. In the 

interim, discussions with Dr David Yue (John Hopkins Medical School, Baltimore) 

lead to him sending us a small quantity of his calmodulin WT and mutant virus to test

Resealed pShuttle-CMV- 
NPYEGFP.

Sucessfiil recombinants, the 2nd 
band has merged with the 1st.
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on our cells. This virus worked well and was subsequently amplified using the same 

procedure as before. Figure A2.2.3 shows viral production at an early amplification 

stage.

A2.23 HEK293A cells successfully making mutant calmodulin adenovirus

HEK293A cells were used to amplify the virus. Above (left), is a bright field image and (right), 
successfully infected cells are shown by fluorescent microscopy.

Once 10 T75 flasks were infected and ready, the flasks are combined, the cells 

pelleted and the virus released by 4 cycles of freeze-thaw to produce 4mls of crude 

viral lysate. To purify the virus the AdEasy protocol suggests that the lysate is CsCl 

density centrifuged at 32,000 rpm at 10°C for 18-24 hours. The department did not 

have a suitable rotor for this centrifugation, however discussion with Dr Terry Herbet 

(University of Leicester), who has made and used several adenoviruses reported that 

he does not require this purification step for successful infection of the cells he uses 

(primary pancreatic (3 cells). Therefore the crude Jysafe was used to infect our 

chromaffin cells. As can be seen in A2.2.4, infecijon with this adenovirus resulted in 

a high level o f infection in bovine adrenal chromaffin cells.

12 11:32 a m
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A2.2.4. Adenoviral infection of bovine adrenal chromaffin cells.
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On the left is a bright field image from a coverslip of bovine chromaffin cells and successfully infected 
cells are shown by fluorescent imaging on the right. Images were taken 48hrs after infection with 3pi 
of WT calmodulin adenovirus.

In fact these adenoviruses have successfully infected every other cell type tested. 

This includes PC 12 cells, HEK cells, BHK cells and an astrocyte cell line (supplied 

by Ken Harden University of Leicester), (figure A2.2.5).

A2.2.5 Adenoviral infection of an astrocyte cell line.

A bright field image of astrocytes is shown on the left with successfully infected cells shown by 
fluorescent imaging on the right. Images were taken 24hrs after infection with 3 pi of mutant 
calmodulin adenovirus.

Western Blot analysis was used as a functional assay to test for protein expressed by 

the virus (Protocol 3, section A2.4.3). Figure A2.2.6 is a western blot showing that
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virally infected cells greatly over-express calmodulin compared to the expression 

level of endogenous calmodulin shown in the control (C) uninfected lane.

A2.2.6. W estern blot of virally infected cells

A western blot of WT, mutant and uninfected control cells. Cells were infected for 48hrs with 
adenovirus and blotted with anti-CaM and anti-GFP antibodies.

A2.3 Semliki Forest Virus.

SFV is an enveloped virus with a single stranded RNA genome. The genome of the 

SFV is split between two cDNA plasmids, one of which is the cloning vector and 

contains non-structural SFV genes, the other is a helper vector which does contain 

structural genes and therefore encodes for the capsid and other proteins required for 

packaging of infectious particles. The helper plasmid we used, contained three point 

mutations that produce a virus, which needs to be treated by a-chymotypsin to 

become infectious. In vitro transcription of both cloning and helper plasmids 

produces RNA, which is electroporated into baby hamster kidney (BHK-21) cells for 

in vivo production o f recombinant SFV particles. 24-48 hrs post-transfection a high- 

titre of mature virus can be collected from the supernatant and used to infect your 

cells of choice, in our case chromaffin cells. No further purification is necessary. 

This virus has been used successfully to transfect chromaffin cells, hipocampal slice 

cultures, cortical neurones and superior cervical and dorsal root ganglia neurones 

with high efficiency (reviewed in Lundstrom et al. 2001a; Lundstrom et al. 2001b). 1 

attempted to create an SFV encoding NPY-EGFP (full details of the method are in

WT M C WT M C
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protocol 4, section A2.4.4). However despite the integrity of the DNA being checked 

and found to be good and RNA successfully transcribed, the supernatant collected 

from electroporated BHK cells did not infect primary cultures of adrenal chromaffin 

cells. This may have been due to RNA degradation during electroporation, or 

problems with activating the virus with a-chymatrypsin. Other members of the 

laboratory trying to create SFV’s encountered similar problems and so it was decided 

to focus on the adenoviral system to create future viral constructs.

A2.4 Protocol details

A2.4.1 Protocol 1 -  The heat shock technique.

50pl of DH5a bacteria are incubated on ice for 30 minutes with 10pl of ligation 

mixture. The cells are then heat shocked by placing them in a waterbath at 42°C for 

45-60 seconds. The tube is then immediately plunged back into ice for a couple of 

minutes before 0.5 ml of Luria-Bertani medium is added. The cells are left to grow in 

a shaker-incubator at 37°C for one hour before ~200pl of mixture is plated out onto 

agar containing a suitable antibiotic for selection; in our case this was kanamycin 

(1:1000). The plates are left in the incubator (37°C) overnight and colonies are 

subsequently screened.

A2.4.2 Protcol 2 -  Co-transformation of pShuttle and pAdEasy plasmids.

I linearised the pShuttle with Pmel, and gel extracted a band ~9kb. Then 20pl of 

electrocompetant BJ5183 cells were placed into a pre-cooled electroporation chamber 

with the digested shuttle DNA and ~ 300ng of pAdEasy DNA. This mixture was 

electroporated using a BIORADGene Pulser at 2,500V, 200 Ohms, and 25 mFD, with 

a time constant of around 4.5-4.8 seconds. The chamber was then left on ice for a 

couple of minutes before 0.5ml of LB (room temp) was added. Then as much of the 

mixture as possible was transferred to an eppendorf tube and incubated for 40 

minutes in a shaking incubator. Cells were plated onto kanamycin-loaded plates and
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incubated overnight. The next step was the most critical, 24hrs later there will many 

colonies of different sizes, most will contain just the resealed pShuttle plasmid and a 

few will contain the recombinants. As the recombinants will grow more slowly, the 

very small translucent colonies are most likely to contain a recombined plasmid.

A2.4.3. Protocol 3 -  Western Blotting.

Cells were plated at 500,000 cells per well and infected with adenovirus for 48hrs.

The cells were then washed twice with PBS and then 250pl of lysis buffer (RIPA) 

was added for 15 mins at 4°C. 200pl from each well was collected and spun at 

13,000rpm for 1 minute. The supernatant was mixed 50:50 with loading buffer and 

heated at 80°C for 5 mins. 25pi was then loaded per lane to a 15% gel and run for 

lhr at 180V. This was then overlayed with a nitrocellulose membrane and transferred 

for lhr at 60mA and 5V. The membrane was then incubated with 0.5pg/ml, 10ml 

final volume anti-CaM (Research Diagnostics) in 5% milk solution, or a 1:5000 

dilution of anti-GFP (kind gift from Dr Dickins, University of Leicester). The 

antibodies were incubated at 4°C overnight with gentle rocking, washed 4 times with 

Tris-buffered saline with tween (TBST) for around 40mins before application of the 

secondary antibody. Goat anti-mouse horseradish peroxidase was used against CaM 

and goat anti-rabbit against GFP. The secondary was applied for 90 mins at room 

temperature, and then washed 4 times with TBST. Chemiluminance solutions A and 

B (Amersham) were mixed at a ratio of 1:40, and poured onto cleaned sheets of glass. 

The nitrocellulose membrane was laid face down on the glass for 5 mins at room 

temperature and excess solution removed. The membrane was then mounted and 

exposed to film.
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A2.4.4. Protocol 4. Details of the protocol used to generate a SFV and its 

subsequent infection into chromaffin cells.

Vectors and sub-cloning. The vector used for insert ligation was the pSFV2gen, 

which is a low cytotoxic (PD) version (originally supplied by Ken Lundstrom,

Roche), which contains a Multi-Cloning Site (MCS) for BamHI, RsrII, BssHII, Scil, 

Xhol, Spel, Notl, Avrll and Apal. It is essential that potential inserts lack either Nrul 

or SapI sites as one of these is necessary later to linearise the plasmid. Fortunately 

NPY-EGFP is not cut by either of these enzymes. The helper plasmid was pSFV2 

(Life Sciences, Inc), which contains three point mutations from the original, so that 

the virus needs to be treated with a-chymotypsin to become infectious. This plasmid 

was linearised with Spel.

In  vitro transcription. 5pg of pSFV2gen (containing NPY-EGFP) and pSFV2 

Helper plasmid were linearised, and the DNA phenol extracted and ethanol 

precipitated. The DNA was then washed and the pellet resuspended in DPEC treated 

water at a concentration of ~0.6pg/pl. DNA was transcribed in vitro for 1-2 hrs at 

37°C using an SP6 RNA polymerase based reaction (Protocol 5, section A2.4.5 

contains full details of mRNA preparation).

BHK transfection with RNA. BHK-21 cells (cultured in Glasgow Modified Eagle’s 

medium supplemented with 10% (v/v) tryptose phosphate broth, 10% foetal bovine 

serum, 2mM L-glutamine and 100 units/ml penicillin/streptomycin (all Gibco) at 

37°C in 95% (v/v) air, 5% (v/v) CO2), were grown to confluency in a 163cm2 flask. 

The cells were washed with 5mls of Versene, followed by 3ml of typsin/EDTA to 

remove the cells from the flask. 10ml of complete medium (Glasgow MEM/10% 

(v/v) NBCS/10% (v/v) tryptose-phosphate broth, and 2mM L-glutamine) was then 

added, before centrifugation at 400xg for 5 mins. The cells were wash 10 mis 

without serum, and then again in 10ml of sterile 1 x Hanks Balanced Salt Solution 

(HBSS) (w/o Ca2+). Cells were then pelleted as before, and then re-suspended in 

1600pl of 1 x HBSS. 10-3 5pi of in vitro transcribed pSFV2gen RNA along with 10- 

35pl of pSFV2 helper RNA was electroporated (using a BIORAD genepulser) into 

800pl of cells. The cells were shocked as soon as possible after adding the RNA with
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two pulses at 850 V, and 25 pF. The cells were allowed to stand for 5 minutes before 

addition of 8.5mls of complete medium, plating and overnight incubation.

Virus harvest The virus was harvested from the BHK medium in batches between 

16 and 36hrs post transfection. The medium was filtered through a 0.25 mm-pore 

filter and then frozen into aliquots at -20°c for short-term storage.

Infection of chromaffin cells. For infection of ~ 1 x 105-  1 x 106 plated cells, viral 

particles were activated by adding lOpl of chymotrysin A4 (5mg/ml) to 200pl of 

virus stock and incubated on ice for lOmins. 5ml of aprotinin (1 mg/ml) was added to 

inactivate the protease. The activated stock was diluted 1:10 with conditioned 

chromaffin cell media before overlaying the cells to be infected and incubation at 

37PC. This protocol was obtained from Drs Duncan & Shipston at the University of 

Edinburgh.

A2.4.5 Protocol 5. Preparation of mRNA in vitro.

This is the protocol (written by Dr Mike Shipston, Univeristy of Edinburgh), which I 
followed to prepare mRNA.

1. Add DEPC water to each of the digested pSFVl and pSFV2 to make lOOpl final 
volume.
2. Add 100ml phenol, vortex, spin at 13,000rpm for 2 minutes.
3. Aliquot 100 ml chloroform to two new RNAse safe eppendorfs. Using RNAse- 
free tips, pipette the upper phase from the phenol extractions into the chloroform.
4. Vortex and spin again.
5. Pipette upper phase into 2 new RNAse sfare eppendorfs.
6. Add 10ml NaAcetate (3M, pH 5.5).
7. Add 2.5 x volume of absolute ethanol (stored at -20°C) i.e 250pl to each tube, 
then put in -20°C freezer for 10 minutes.
8. Meanwhile, make up NTPs in an RNAse safe eppendoff as follows lOpl 
lOOmM ATP, lOpl lOOmM CTP, lOpl lOOmM UTP, 5pi lOOmM GTP, 65pi DEPC 
water
9. Put NTPs, 5x Buffer, RNA Capping Analogue, Rnasin and DTT (lOmM) on ice to 
thaw.
10. Take DNA out of the freezer and spin for 30 minutes.
11. Aspirate off ethanol taking care not to dislodge DNA pellet. Add lOOpl of 70% 
(v/v) ethanol and briefly spin again.
12. Heat a glass Pasteur pipette in a Bunsen flame until almost melted, remove, pull 
it apart to give a very fine sterile pipette and use this to remove the ethanol.
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13. Resuspend each pellet in DEPC water to give ~ 0.6pg/pl., (started with 5mg, 
assume lost 1/5* in phenol extraction, so resuspend in 6.66ml, 2nd DNA pellet may be 
smaller, so adjust accordingly).
14. Place 2 new RNAse safe eppendorfs on ice and add to each in this order: 20pl 
NTP, lOpl 5x Buffer, 5pi Cap analogue, 5pi of DTT (lOmM), 5pl Rnasin (Human 
placenta - sinks so mix immediately), 2.5pl pSFVl/pSFV2 DNA, 2.5pl SP6
15. Mix thoroughly and spin if there are any drops on the side.
16. Place at 37°C for 1-2 hrs.
When preparing RNA it is important to use RNAse-free eppendorfs and tips, fresh 
DEPC water, and to change your gloves every 5 minutes.
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